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  Abstract   

    Data in this report includes the work on the design of a stand-alone low voltage DC micro grid 

system to power a fully DC single house in remote areas. The main objective of this report was 

to investigate a maximum power point tracking (MPPT) algorithm. By simulation, the behavior 

and efficiency of the system, together with the implemented algorithm were analyzed.  

First the Photovoltaic module was build using MATLAB's SimPowerSystems block, delivering 

power to a boost converter, controlled by the MPPT algorithms feeding a DC load and a battery. 

    MPPT is a technique which is responsible for extracting the maximum power from the 

Photovoltaic (PV) System. The algorithm used for tracking the maximum power point of the 

Photovoltaic module is the Perturb and Observer (P&O) method which is written in an m. files in 

MATLAB and used to calculate the maximum power point for different weather conditions. 

Different data such as input voltage, current and output voltage, power for each simulation have 

been recorded. 
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1. Introduction  
 

     Fossil fuels such as coal, oil, and gas have been for many centuries the primary source of the 

energy generation around the globe. Burning of the fossil fuels is leading to a considerable 

amount of CO2 emission in the atmosphere that will enhance the greenhouse effect to increase, 

causing higher temperature. When the temperature is increasing, that triggers the release of more 

CO2 from the oceans and from the permafrost areas. All the factors mentioned above are causing 

the global warming which have a direct implication on the sea level rises, extreme weather 

conditions, and other serious natural and social impacts. [1-renewable course]  

     The growing energy demand due to the economically aspects and population growth are 

shifting the world energy production from the conventional to sustainable energy sources in 

order to produce enough power. At the UN Climate Change Conference held in Paris at the end 

of 2015, 186 countries had announced their action plan towards the decreasing of their 

greenhouse gas emissions. The target plan for the next 5 years is to keep the rise temperature 

below 2 °C. The main aim of the conference was to make all the countries aware of the global 

warming impact and to outline that the transition towards renewable energy is needed now. Solar 

energy will play an important role in this transition. [3] 

    In some countries, the price that people are paying for 1KWh of solar energy is almost the 

same with the price that people are paying for 1KWh coal energy. In the last 10 years the price of 

Photovoltaic Systems has drop dramatically of around 75%. [2]  

   The low solar price is not the only advantage of the solar power implementation. The 

Photovoltaic systems that are produced around the globe can be installed as grid connection 

modules or can be operated as standalone mode for the remote areas where the grid connection is 

not feasible. Some of the standalone or off grid systems are used also in some applications such 

as outside playgrounds for children’s, street lighting. In some cases the off grid systems are 

installed together with a battery backup which is needed during the evening hours when the 

irradiance level is very low. [4] 

    Photovoltaic systems are harvesting the solar energy and are converting it into electricity and 

in this process two main advantages can be mentioned: firstly is an environmental friendly 
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process and secondly the maintenance cost of such a system is low in comparison with the 

maintenance cost of other renewable energy technologies.  

 

    After highlighting the main advantages of the photovoltaic technology, some of the 

disadvantages of PV should be mentioned.  There are two main disadvantages of PV technology, 

the first one is the high initial installation cost and in the second place the low efficiency 

achieved for  the commercial crystalline silicon solar panels around 22%.[6] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 1.1: Best research solar cells in production by year [7] 

 

     The technology development in the PV industry has shown in the last 50 years an increasing 

in the efficiencies from around 10% in the 1975 to 40%-44% in 2015 for the different Multi-

junction solar sell (two-junction or three junction solar cells).  

Usually the time interval between the development of a new materials and better technology for 

developing higher efficiencies solar cells is around 10 years. In this time period a lot of 

Figure 1-1 Best research solar cells in production by year [7] 
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researches are going on and the main goal is to reduce the manufacturing costs and to optimize 

the manufacturing process.  

1.1 The current state of integration of photovoltaic sources in electricity 

networks 

          1.1.1The evolution of the photovoltaic sources worldwide  

Figure 1-2: Global solar photovoltaic cumulative capacity [8] 

 

    According to the report of Solar Power Europe (SPE) in its Global Market Outlook 2015-2019 

in 2014 around 40 GW of new solar capacity was installed worldwide, compared to 38.4 GW in 

2013. This 40 GW was setting a new record in the solar PV market, which globally has a 178 

GW installed capacity. As we can observe from the graph, Germany has the highest rate of 

installed PV in the world, with a cumulative capacity of 38 GW. Italy has the second biggest 

installed capacity in Europe with 19GW of photovoltaic technology. [2] 
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       1.1.2 The evolution of the photovoltaic sources in Europe 

 

 

Figure 1-3: The evolution of cumulative PV installed capacity in Europe in the period 2000-

2014. [2] 

      In 2009 the European Union defined the targets for the 2020 total PV installed capacity in 

Europe and their targets were much rapidly reached than they expected. Already in 2014 these 

targets were reached and in the same year the total installed capacity in Europe was around 

90GW of PV which is consolidating Europe as a global leader for the cumulative installed 

capacity. Germany is the European and global leader of these industry, with a lot of research 

project carrying out in different field areas such as improving the maximum power point tracking 

methods or developing new materials in order to reduce the production costs. [2] 

     Denmark cumulative PV installed capacity is not shown in the graph, because the percentage 

of this renewable energy source is very low. Denmark has decided to invest more in the wind 

industry and today is the world leader when we are referring to the wind power installed 

capacity. The percentage of energy supply coming from the wind power technology is more than 

40% and the targets for 2020 are optimistic nearly 50% of the energy should come from the wind 

power plants. [9] 
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2. Problem formulation  
       

      2.1 The problem  
  

    Commonly, when a PV module is directly coupled to a load, the operating point is rarely at the 

maximum power point or MPP. Having a satisfactory Maximum Power Point Tracking 

algorithm working together with a high efficiency converter is a must if you are investing in the 

photovoltaic industry. Whether you are using, P&O algorithm connected to a boost converter, 

buck converter or a boost-buck converter any external factors such as temperature, irradiance and 

shadings can lead to overpowering consequences, such as shifting of the I-V curve and implicit 

shifting of the maximum power point.  

    In order to overcome these problems and to maintain the MPP different control strategies have 

to be analyzed and optimized according to the selected algorithm.  

    In this case the Perturb and Observe strategy has to be analyzed together with the advantages 

and disadvantages of this method. The main problem is making the simulation work, since we 

already know the PV array is producing a non-linear output power which has to be properly 

controlled in order to interface it to the DC loads and the battery.  

 2.2 Task at hand 

      This project will analyze a DC micro grid system. The first step was the research part, the 

understanding of the PV array model and the working principle of the DC/DC converters. Later a 

PV array model was built together with a DC/DC converter model in Simulink. A control 

strategy was implemented which will be directly connected to the DC/DC boost converter. This 

converters are connected to the PV array output for MPPT objective, such as extracting the 

maximum available power for a given irradiance level.  

 

    Specifically the DC system that combines all the components that makes the PV array to 

respond to the different external factors has to be modeled.  
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        2.3 Project Delimitations 

 

 The PV array block used in the Simulation part has not the identically same parameters as the 

one used for the Experimental part  

 The PV block is a prebuilt block that is available in the Simulink library  

 Two different solar module were used in this project  

  For the Chapter 3.5 the solar module :  Soltech 1STH-215-P with a Maximum Power 

𝑃𝑚𝑎𝑥 = 213.15 W 

 For the Chapter ….. and for the experimental part the solar moduel: Solar Panel 

Model: JTM90-36M with a Maximum Power 𝑃𝑚𝑎𝑥 = 90 W 

 A fixed step change (Increment value used to increase/decrease the duty cycle D) was used 

for each perturbation 

 The practical implementation of the whole system wasn’t possible and just the boost               

converter prototype was built. 
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3. Modelling of PV Panel 

       3.1 Photovoltaic cell  

 

     Photovoltaic (PV) module consists of a number of PV cells connected in series or in parallel 

depending on the desired specification of voltage and current. The arrangement of the cells in a 

series connection is needed due to the fact that their operating voltage is in the range of hundreds 

of millivolts and the current produced when the solar cell is absorbing the incident light is in the 

rage of some amperes. For this series connection the voltage is added and the PV module is now 

operating at a voltage range of tens of volts and the current range is remaining in the same rage 

of some amperes. In order to increase the current level of a PV module a number of strings are 

connected in parallel and in this manner the preferred power level of the PV module is achieved.                                  

In order to calculate and represent the (I-V) characteristic of a PV module, the voltage value has 

to be multiplied with the number of cells in series and the value of the cell current has to be 

multiplied with the number of strings of module connected in parallel.        

     In practice when the PV panel is mounted on the roof of the house the nominal current and 

voltage values can differ from manufactures datasheet (STC 25 C) characteristics because of 

shadowing effect or due to different orientation of the module in respect to the sun position. The 

fluctuating operating conditions are known as mismatching and can conduct to a serious decrease 

in the overall output power of the PV module.  

                     

 

 

 

 

 

 

 

 

   

 
Figure 3-1: Operation of solar PV under partial shading condition [21] 
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     In order to reduce the effect of mismatching or the effect caused by broken cells the PV 

manufactures are connecting two or three bypass diodes in parallel to a string of series connected 

cells, depending on each manufactures.  

     The bypass diodes are installed on the rear side of the panel and normally in a passive mode. 

They will be active and ready to bypass the exceeding current when a group of cells are not 

working or are producing a current lower than the one of the other subpanels in the string.   

 By adding a second diode in parallel with the first diode the model can enhance and a better 

performance can be achieved. [10] 

 

 

 

 

 

 

 

 

 

Figure 3-2: I–V and P–V Curve under partial shading condition [21] 
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      3.2 Mathematical model of PV Module  

 

   Photovoltaic modules are modeled using an equivalent circuit type, based on the behavior of 

the diode with a characteristic exponential, which differ in the procedure of calculation, accuracy 

and number of parameters involved in the calculation of the characteristic I-V. The model shown 

in the Fig 1.4 is a single diode model, but also other models with two or three diodes can be 

implemented. 

    When the PV cell is absorbing the incident light coming from the sun, electron-holes pairs are 

generated creating an internal electric field which result in a photo-induced current generation. 

The generated photo-current flows in the opposite direction to the forward diode dark current. [1] 

    

 

 

 

 

 

 

 

 

 

Fig 6. Single diode model accounting for Ohmic losses [10]  

 

The equation Eq. 3.1 represents the photo-induced current which is clearly dependent on the 

different features of the semiconductor material used in the manufacturing process of the solar 

cell. The photo current varies linearly in respect with the irradiation level and temperature.  

 

Iph = Iph,STC ∗
G

GSTC
[1 + αl ∗ (T − TSTC)] 

                                                                                                                                               Eq.  3-1 

                                                                                                                                                                              

 

Figure 3-3: Single diode model accounting for Ohmic losses [10] 
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Where: 

 

 G     - Solar irradiation  

GSTC  - Reference solar irradiation  

TSTC   - Reference cell temperature 

Iph,STC- Photo-current at GSTC and TSTC    

αl       - The temperature coefficient of the current, defined in STC as:   

 

αl =
dI

dT
 

                                                                                                                                                Eq. 3-2 

 

When no external voltage is applied, the photo-current continues to flow and it can be measured 

as the short circuit current (Isc). 

The current though the diode Id is representing the non-linearity of the I-V curve. By applying 

the Kirchhoff's current low, based on the equivalent circuit presented in the Fig 1.4 the following 

equation is found: 

 

I = Iph − Id − Ish 

                                                                                                                                                 Eq.3-3 

Where: 

I        - Output current of the Photovoltaic module  

Id       - Current flowing through the diode  

Ish     - Shunt current  

Iph     - Light generated current  

I = Iph − I0[e
e∗(V−I∗Rs)

A∗k∗T − 1] − (
V − I ∗ Rs

Rsh
) 

                                                                                                                                                 Eq.3-4 
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Where:  

 

Rsh   - Shunt resistance 

Rs     - Series resistance  

A     - Dimensionless factor  

k      - Boltzmann constant  

e      - Electron charge  

T     - Temperature  

 𝐼0   - Reverse saturation current of the diode 

     The series resistance Rs represented in the single diode model is essentially influencing the 

slope of the I-V curves at high voltage levels. If we are referring at the open-circuit voltage, it 

can be stated that any decreasing in the cell quality is resulting in a decreasing in the curve slope 

because of the high voltage drop that over the series resistance.  

An approximated equation can be written: 

   

Rs ≈
dV

dI
|  V=Voc 

                                                                                                                                                 Eq.3-5                           

 

     In the case of the shunt resistanceRsh, the lower the value of the chosen resistance, the higher 

the amount of current that is drawn by the resistance is. That will result in a decrease of the 

output current, and in the same time in a decline of the slope of the curve at low voltage level.  

The approximated definition can be written as following:  

 

Rsh ≈
dV

dI
|  I=Isc 

                                                                                                                                                 Eq.3-6 

       The cell efficiency is directly influenced by the values of the two resistances which is 

expressed though the curve factor or through so called fill factor. The expression for the fill 

factor is defined as ration between the multiplication of the voltage and current values of 

maximum power point and the multiplication of the open-circuit voltage and short-circuit 

current.[10] 
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The fill factor is defined as: [11] 

 

FF =
VMPP ∗ IMPP

VOC ∗ ISC
 

                                                                                                                                                 Eq.3-7 

Where:  

FF       - Fill factor  

VMPP   - Voltage value at maximum power point 

 IMPP  - Current value at maximum power point 

VOC     - Open-circuit voltage  

ISC      - Short-circuit current  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

The solar cell efficiency  η can be expressed as following: [11] 

 η =
Pmpp

Pin
=

Impp ∗ Vmpp

Incident solar irradiance ∗ Area of the solar cell 
 

                                                                                                                                                 Eq.3-8 

                                    

Figure 3-4: Characteristic I-V and P-V curves of a photovoltaic module [13] 
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                                                                       η =
𝑉𝑜𝑐∗𝐼𝑆𝐶∗𝐹𝐹

𝐺(𝑡)∗𝐴𝐶1
 

                                                                                                                                                 Eq.3-9 

 

     Where:  

𝐺(𝑡)  - Incident solar irradiance 

𝐴𝐶1  - Area of solar cell    

 Pmpp –maximum power point  

 

                                                                                                 

3.3 PV Array  

     A Photovoltaic array is build-up of multiple solar PV module which are wired together in 

order to produce the necessary amount of power that is needed for fulfilling the requirements of a 

house or office building. The PV modules that are constructing the PV array are producing direct 

current (DC) and can be firstly connected in series to achieve the desired voltage and in order to 

produce more current the individual strings are coupled in parallel.  

   There are four main factors which are playing an important role in the calculation of any 

photovoltaic module output. Firstly the efficiency of converting the solar energy into electricity 

has to be taken into account, which for the today's commercial use the efficiency is between 

15%-24%. Secondly the load resistance decides where the module will operate on the curve of 

current and voltage (I-V). The most efficient operating point is where the maximum power can 

be extracted, the function of maximum power point tracking method is to move this changing 

operating point to the point (Pmax) where the panel produces the maximum power. [11] 

      In Figure 3-5 the I-V curve is represented under different temperature conditions but constant 

irradiance. 
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The current that is generated by the solar cell is directly proportional to the solar irradiance and 

is not highly influenced by the temperature. One of the most affected parameters by the increase 

in the temperature is the open circuit voltage. While temperature is increasing the voltage is 

decreasing.  

   The voltage output of crystalline-silicon cells falls about 0.5% per degree centigrade 

temperature grows. For that reason the module are more efficient in areas where the outside 

temperatures are moderate and the person who is mounting the PV module will leave enough 

space behind the module in order to allow the air to circulate for cooling the panel. 

 

 

 

 

 

Figure 3-5: Output I-V characteristics of the PV module with different temperatures under 

constant irradiance [12] 
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Figure 3-6: The effect of temperature on the P-V characteristic of PV module under constant 

irradiance [12] 

 

     In figure 3-6 it is shown the effect of temperature on the P-V characteristic of the PV module 

under constant irradiance (STC irradiance 1000W/m2). As the cell temperature is increasing 

from 10 °C up to 70 °C the power is decreasing from 53.8W to 39.3W.  As already mentioned 

the current is not highly influenced by the temperature but on the other hand, the voltage is 

directly influenced by the temperature.  

   The common configuration for the solar PV panels is a series connection with 30 to 36 cells. 

Each sell is transforming into electricity around 0.5 V so in total the panel can deliver 15V to 

18V depending on the configuration. The modules are design to charge 12V batteries, but 

without a control method they will not charge the battery completely. The produced current of a 

PV cell is around 2A to 3A depending on the manufacture and because of the series 

configuration the same amount of current is flowing through all the cells.  
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3.5 Matlab- Simulink Model of Photovoltaic module  

 

   For the Simulation part of the Photovoltaic module the PV block from the Simscape library 

was used and the configuration of the Panel was modified in respect with the desired output 

power. 

Table 1. Solar Module Datasheet [Solar Panel Model:  Soltech 1STH-215-P] 

  

   

After understanding the behavior of a Photovoltaic panel under different irradiance and 

temperatures a small simulation experiment was conducted for a better understanding of the 

system behavior under different changes in irradiance. The first part of this simulation was to 

perform a manual MPP tracking under different level of irradiance and constant temperature.  

   The module was connected to a resistive load and by varying the load resistance from 0.5 ohms 

to 13 ohms the maximum power point of the module was found. A current measurement block 

was connected in series in order to measure the current produced by the panel and for the voltage 

measurement a voltage measurement block was connected in parallel to the PV output. Four 

different irradiance level where tested and the measurements values where wrote down in an 

Excel file and then I-V curves and P-V curves for all four irradiance levels where plotted on the 

same graph. 

Specifications Details  Values 

Maximum Power (𝑃𝑚𝑎𝑥)   213.15 W 

Open Circuit Voltage ( 𝑉𝑜𝑐)  36.3 V 

Short Circuit Current (𝐼𝑠𝑐)  7.84 A 

Maximum Power Voltage (𝑉𝑚𝑝𝑝)  29 V 

Maximum Power Current (𝐼𝑚𝑝𝑝)  7.35 A 

Temperature coefficient of 𝑉𝑜𝑐  (%/deg. C)  -0.38 

Temperature coefficient of 𝐼𝑠𝑐 (%/deg. C) 0.065 
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Figure 3-7: PV module and the load simulation for manual MPP 

 

After changing the resistance load values for each irradiance case, the following I-V curves were plotted.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8: I-V curve for different irradiance levels 
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    Different illuminations are changing the values of the short circuit current of the PV module. 

With a low irradiance value we expect a decreasing in the short circuit current, which will shift 

the curve further down to the X-axis. The magnitude of the current output from a PV module 

depends directly on the solar irradiance and can be increasing by connecting solar cells in 

parallel or by increasing the irradiance level. 

    In the case when the irradiance level is bigger than the standard test condition one, therefore 

we will observe an increasing in the short circuit current value and the curve it will shifted up.  

 

 

 

 

 

 

 

 

      

 

 

 

   

    Because the power is a function of the current and voltage, we are expecting that the 

maximum power point it will also shifted to a lower value. For the irradiance values lower than 

the standard test condition value 1000W/m2 the P-V curves are shifted down, and different 

operating points were manual founded. The operating point for each irradiance level was found 

with the same procedure, namely by varying the load resistance from 0.5 ohms to 13 ohms. 

Because the current is influenced directly by the incident light, the P-V curve it will be also 

shifted up, above the reference value of the P-V curve. 

Figure 3-9: P-V curve for different irradiance levels. 
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3.6 Electrical characteristics PV module Simulink   
 

     In the table below the electrical characteristics of the PV module used for the simulation part 

are shown. The solar panel type is a 90 W mono crystalline module.  

Table 2. Electrical characteristics of PV Module [Solar Panel Model: JTM90-36M ] 

  

The I-V and P-V curves for the module are shown in the following graphs. Also the maximum 

power point can be seen on the graphs. 

 

 

 

 

 

 

 

 

 

Figure 3-10: I-V curve characteristic 

Specifications Details  Values 

Maximum Power (𝑃𝑚𝑎𝑥)   90 W 

Open Circuit Voltage ( 𝑉𝑜𝑐)  22.5 V 

Short Circuit Current (𝐼𝑠𝑐)  5.3  A 

Maximum Power Voltage (𝑉𝑚𝑝𝑝)  18 V 

Maximum Power Current (𝐼𝑚𝑝𝑝)    4.99A 

Temperature coefficient of 𝑉𝑜𝑐  (%/deg. C)  -0.38 

Temperature coefficient of 𝐼𝑠𝑐 (%/deg. C) 0.065 

 Cells   36  
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Some of the important parameters of the PV panel are define below:  

 Short-Circuit Current, 𝐼𝑠𝑐 

       When the voltage over the terminals is equal with zero, a short-circuit current can be 

measured. The short-circuit current can be define as the maximum value of the photo generated 

current in the PV module. It is pictured in the upper left corner in the Fig.15.  

 Open-Circuit Voltage, 𝑉𝑜𝑐 

       If no current flows through the external circuit, the open-circuit voltage can be measured 

and is representing the maximum voltage of the PV module. The open-circuit voltage is 

illustrated in the bottom right corner in the Fig 15. 

 

 Maximum Power Point, Mpp 

         A PV module can have a single maximum power point under fixed irradiance and 

temperature, which is representing the maximum possible output power that can be extracted. 

Some of the literature are defining the maximum power point as the operating point of the PV 

module. The Mpp is illustrated below in the Figure 15.  [16] 

 

           

     Figure 3-11: P-V curve characteristic   
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4. The Boost Converter  
   

     The boost converter is used to step-up the voltage from a low voltage level to a high voltage 

level. From the equation of power, we know that   P= voltage (V)*current (I), in case that the 

output voltage will raise, the output current is necessary to decrease.  

A  DC boost converter can be supplied from many sources such as DC voltage sources, batteries, 

fuel cells. The working principle of the converter is to frequently opening and closing an 

electronic switch. Two operation modes of the converter will be presented in the following 

chapter.  

 

 

 

      

 

 
 

 

 

 

 

       

 In the Figure 4-1 an equivalent circuit of a DC-DC boost converter is shown. The circuit was 

built in Simulink, and the input source is a constant 10V DC voltage source. Other components 

such as an inductor, capacitor, diode and a MOSFET transistor are used in order to build the 

convert. The input for the transistor is a pulse generator signal with a frequency of 10 kHz and a 

pulse width of 70%. A 50 ohms resistance is considered the load of the system. 

 

 

 

Figure 4-1: The boost converter Simulink circuit with a DC voltage source 
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    The converter is boosting the voltage from 5V to 23.8V and in the case of the current, the 

input current will be higher than the output current. The input current can be calculated from the 

Eq.4 assumed that we know the desired output boosted voltage, the load current, the efficiency 

and the peak to peak ripple current values.  

 

                                                      𝐼𝑖𝑛 = 𝐼𝑜𝑢𝑡 ∗ (
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
) ∗

1

η
+

∆𝑖𝐿

2
 

                                                                                                                                                                                      

                                                                                                                                                 Eq.4-1  

The power out of the boost converter is equal with the input power multiplying with losses, and 

the losses are expressed by the efficiency factor η.  

𝑃𝑖𝑛 =
𝑃𝑜𝑢𝑡

 η
 

                                                                                                                                                                                                  

                                                                                                                                               Eq.4-2 

Figure 4- 2: The output voltage is boosted and the converter is working as expected. 
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   In the design process of the boost converter, each component of the converter has to be chosen 

carefully in order to satisfy the system requirements. The MOSFET transistor has to be able to 

operate with currents bigger than the input current from the Eq.4-1.  

When you are searching for the transistor, the maximum rated voltage at which the transistor is 

working is a very important limitation. The value of the maximum rated voltage can be found in 

the datasheet and paying attention to this limitation can prevent a possible damage of the 

MOSFET. 

 

   The maximum duty ratio at which the converter can operate is another important practical 

limitation, which has to be taken into account.  

The duty ratio can be defined as following:  

 

 

𝐷 = 1 −
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 

                                                                                                                                               Eq.4-3 

 

    The value for the maximum duty cycle can be determined from the below equation Eq.4-02.  

Each boost converter has a maximum duty cycle, above which the regulator will not be able to 

work as a boost. [15] 

 

                                                           𝐷 =
𝑉𝑖𝑛−𝐼𝑜𝑢𝑡∗[ 𝑅1+𝑅2+2∗𝑅𝐿]

𝑉𝑖𝑛+𝐼𝑜𝑢𝑡∗[𝑅1−𝑅2]
      

                                                                                                                                               Eq.4-4 

Where: 

 𝑅1  -  Parasitic resistance of inductor  

 𝑅2 – Parasitic resistance of transistor  

 RL – Load resistance  
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4.1 Closed switch operation of the Boost converter 
   

       In this chapter the closed switch operation of the Boost converter will be discussed in detail.  

When the gate of the MOSFET transistor used in the Simulation is closed, the diode is reversed 

(like an open circuit).  Applying Kirchhoff’s voltage law in the loop including the source, the 

inductor and the MOSFET transistor. The voltage across the inductor is equal in this case to the 

voltage source.  [14] 

 

                             𝑣𝐿 = 𝑉𝑠 = 𝐿 ∗
𝑑𝑖𝐿

𝑑𝑡
        Or          

𝑑𝑖𝐿

𝑑𝑡
=

𝑉𝑠

𝐿
      

                                                                                                                                  Eq. 4-5 

 Where: 

𝑣𝐿 - Voltage across the inductor  

 𝑉𝑠 - Source voltage  

 𝐿  - Inductor  

 𝑖𝐿 - Inductor current  

 

 

 

 

 

    

        

     From the above figure of the equivalent circuit for the closed switch can be stated that the rate 

of change in current is constant and as a consequence the current raises linearly during the time 

that the switch is closed. The change in inductor current can be calculated as following: 

Figure 4- 3: Equivalent circuit for the switch is closed [14] 
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∆iL

∆t
=

∆iL

D∗T
=

Vs

L
   

                                                                                                                                Eq. 4-6 

Where:  

D   - Duty cycle  

T    - Switching period  

   From the Eq. 4-6 the  ∆𝑖𝐿 can be computed as following: 

                                             (∆𝑖𝐿  )𝑐𝑙𝑜𝑠𝑒𝑑 =
𝑉𝑠∗𝐷∗𝑇

𝐿
 

                                                                                                                                                                   Eq.4-7 

Where:  

 ∆𝑖𝐿- Inductor current ripple 

         

   When the switch is in closed operation mode, the inductor will store energy in the inductor in 

the form of a magnetic field. We have some amount of current flowing through the inductor and 

some amount of energy stored in the inductor.  

 

 

 

 

 

 

                                 

                a)                                                                       b) 

  

 

   

  

Figure 4- 4:  Boost converter waveform a) Inductor voltage b) Inductor current [14]  
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4.2 Open switch operation of the Boost converter 

 

    At the time when the switch is opened, since the inductor current cannot change immediately, 

the diode turn into short circuit or so called forward-biased in order to allows the inductor current 

to flow through.  Energy gets transferred from the inductor to the output capacitor. [14] 

 

      

                                                    

 

 

 

 

 

 

 

 

    Making the assumption that the output voltage 𝑉0 is constant, applying Kirchhoff's voltage 

law, the voltage across the inductor can be founded:  

  

                                             𝑉𝐿 = 𝑉𝑠 − 𝑉0 = 𝐿 ∗
𝑑𝑖𝐿

𝑑𝑡
 

                                                                                                                                                 Eq.4-8 

 The above equation can be rearranged and written as:     

        

                                                              
𝑑𝑖𝐿

𝑑𝑡
=

𝑉𝑠−𝑉0

𝐿
 

                                                                                                            Eq.4-9 

Where: 

𝑉𝑠  - Source voltage 

𝑉0- Output voltage 

 Figure 4- 5: Equivalent circuit for the switch is open [14] 
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 As in the previews mode operation, the rate of change of inductor current is a constant, but in 

this case the sloop is negative and the current is changing linearly. The equation for the change in 

inductor current of the open switch mode is expressed below: 

                                                    

                                                       
∆𝑖𝐿

∆𝑡
=

∆𝑖𝐿

(1−𝐷)𝑇
=

𝑉𝑠−𝑉0

𝐿
  

                                                                                                                                               Eq.4-10 

 Solving the Equation 4-10 for  ∆𝑖𝐿 -inductor current ripple the following equation can be solved: 

  

                                                     (∆𝑖𝐿  )𝑜𝑝𝑒𝑛 =
(𝑉𝑠−𝑉0)(1−𝐷)𝑇

𝐿
  

                                                                                                                                               Eq.4-11 

Using the Equations. 4-7 and Eq. 4-11 for the condition of steady-state operation, the net change 

in inductor current must be equal to zero:  

  

                                         (∆𝑖𝐿 )𝑐𝑙𝑜𝑠𝑒𝑑 + (∆𝑖𝐿 )𝑜𝑝𝑒𝑛= 0 

                                                                                                                                               Eq.4-12  

 

                                                        
𝑉𝑠∗𝐷∗𝑇

𝐿
  + 

(𝑉𝑠−𝑉0)(1−𝐷)𝑇

𝐿
 = 0  

                                                                                                                                               Eq.4-13            

   Solving the Equation 4-13 for  𝑉0     

                                                   𝑉𝑠(𝐷 + 1 − 𝐷) − 𝑉0(1 − 𝐷) = 0                                              

                                                                                                                                               Eq.4-14        

                                                              𝑉0 =
𝑉𝑠

1−𝐷
                                           

                                                                                                                                                                            Eq.4-15       
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   From the Equation. 4-15 we can state that the output voltage is the ratio between input voltage 

and (1- duty cycle).  

    The duty cycle can takes values between zero and one, and in the case that the switch is kept 

always open, the value of the duty cycle is equal to zero and solving Eq.4-15 it is found that the 

output voltage in this case is the same with the input voltage.  

    By increasing the duty cycle, the denominator of the Eq.4-15 is becoming smaller, and that is 

conducting to the rise of the output voltage.   

  

     For the computation of the average current passing the inductor, will start with the 

supposition that the average power provided by the source will be equal with the average power 

absorbed by the load resistor. The output power can be calculated as: [14] 

                                    

                                                          𝑃0 =
𝑉0^2

𝑅
= 𝑉0 ∗ 𝐼0 

                                                                                                                              Eq.4-16 

Where:  

  𝑃0- Output power of the boost converter   

  𝑅 - Load resistance  

  𝑉0 - Output voltage 

  𝐼0 - Output current  

 

The input power can be defined as: 

                                                            𝑉𝑠 ∗ 𝐼𝑠 = 𝑉𝑠 ∗ 𝐼𝐿  

                                                                                                                          Eq.4-17 

  

    By equating the Eq.4-16 and Eq.4-17 and by applying the formula for the output voltage from 

Eq.4-15 the following equation resulting:  [14]  
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                                             𝑉𝑠 ∗ 𝐼𝐿 =
𝑉0^2

𝑅
=

[𝑉𝑠/(1−𝐷)]2

𝑅
=

𝑉𝑠
2

(1−𝐷)2
∗ 𝑅 

                                                                                                                          Eq.4-18 

 

     The next step is to solve the above equation for the average inductor current and after making 

different replacements, the expression for 𝐼𝐿 can be written in the following form:  

 

                                                𝐼𝐿 =
𝑉𝑠

(1−𝐷)2∗𝑅
=

𝑉0
2

𝑉𝑠∗𝑅
=

𝑉0∗𝐼0

𝑉𝑠
 

                                                                                                                                        

                                                                                                                           Eq.4-18 

 

     In order to calculate the maximum and minimum inductor currents, firstly the values for the 

average inductor current has to be calculated. Second step will be the use of Eq.4-7, where the 

values for  𝐼𝐿,𝑚𝑎𝑥 and 𝐼𝐿,𝑚𝑖𝑛  can be found as following:  

 

                                                   𝐼𝐿,𝑚𝑎𝑥 = 𝐼𝐿 +
∆𝑖𝐿

2
=

𝑉𝑠

(1−𝐷)
2

∗𝑅
+ 

𝑉𝑠∗𝐷∗𝑇

2𝐿
 

                                                                                                           Eq.4-19 

                                                    𝐼𝐿,𝑚𝑖𝑛 = 𝐼𝐿 +
∆𝑖𝐿

2
= 

𝑉𝑠

(1−𝐷)2∗𝑅
− 

𝑉𝑠∗𝐷∗𝑇

2𝐿
 

                                                                                                                                                                            Eq.4-20 

Where:  

 𝐼𝐿,𝑚𝑎𝑥-  Maximum inductor current 

 𝐼𝐿,𝑚𝑖𝑛 - Minimum inductor current  

 

      The output voltage Eq.4-15 was founded starting from the assumption that the inductor 

current is continuous, and that is implying that the current is always positive.  Under the 

condition of continuous inductor current, the minimum value of the inductor can be found from 

the Eq. 4-20. [14] 
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In the next equation the boundary between continuous and discontinuous inductor current can be 

expressed as following:  

  

                𝐼𝐿,𝑚𝑖𝑛 = 0 =
𝑉𝑠

(1 − 𝐷)2 ∗ 𝑅
−

𝑉𝑠 ∗ 𝐷 ∗ 𝑇

2 ∗ 𝐿
 

                                                                                                                                              Eq.4-21 

                                                          
𝑉𝑠

(1−𝐷)2∗𝑅
=

𝑉𝑠∗𝐷∗𝑇

2∗𝐿
=

𝑉𝑠∗𝐷

2∗𝐿
 

                                                                                                                                                                            Eq.4-22 

     From Eq.4-22 the minimum value of the inductor current can be found solving the equation in respect 

with the variable L:  

 

                                                                                𝐿𝑚𝑖𝑛 =
𝐷∗( 1−𝐷)2∗𝑅

2∗𝑓
   

                                                                                                                          Eq.4-23 

 

     In order to provide a margin to ensure continuous-current operation the actual value of the 

inductor will be higher than the  𝐿𝑚𝑖𝑛 value.  

       In the design process of a boost converter is often favorable to define L in terms of a desired 

∆𝑖𝐿 as following: [14] 

                                        

                                                               𝐿 = 𝑉𝑠∗𝐷∗𝑇
∆𝑖𝐿

= 𝑉𝑠∗𝐷
∆𝑖𝐿∗𝑓

 

                                                                                                                                                                            Eq.4-24 

Where:  

 𝐿𝑚𝑖𝑛 - Minimum inductor current  

 𝐿       - Inductor current  

 𝑓       - Switching frequency  

 ∆𝑖𝐿    -Inductor current ripple  
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Output Voltage Ripple  

      The previews equations were defined under the hypothesis of constant output voltage, 

meaning an infinite capacitance.  The effect of such a capacitance can be seen in the output 

voltage fluctuation or ripple. 

The change in capacitor charge can be find from the following expression: 

 

                                                                   ⃓∆Q⃓=(
𝑉0

𝑅
) ∗ 𝐷 ∗ 𝑇 = 𝐶 ∗ ∆𝑉0   

                                                                                                                                                                            Eq.4-25 

 

If we solve the equation 4-25 in respect to the voltage ripple the next equation can be found:[14] 

 

             ∆𝑉0 =
𝑉0 ∗ 𝐷 ∗ 𝑇

𝑅 ∗ 𝐶
=

𝑉0 ∗ 𝐷

𝑅 ∗ 𝐶 ∗ 𝑓
 

 

                                                                                                                                                                           Eq.4-26 

                                                                             

                                               
∆𝑉0

𝑉0
=

𝐷

𝑅∗𝐶∗𝑓
 

 

                                                                                                                                                                            Eq.4-27 

Where:  

    
∆𝑉0

𝑉0
   - Output voltage ripple        

    𝑅  -resistance                                                                             
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The capacitance can be calculated from the Eq.4-26 and the expression is given as following:  

 

𝐶 =
𝐷

𝑅 ∗ (
∆𝑉0

𝑉0
) ∗ 𝑓

 

                                                                                                                                                                          Eq.4-28 

    The equivalent series resistance of the capacitor has an important influence on the output 

voltage ripple. The voltage ripple of the equivalent series resistance can be found with the help 

of the next expression: [14] 

                                                     ∆𝑉0,𝐸𝑆𝑅 = ∆𝑖𝑐 ∗ 𝑟𝑐 = 𝐼𝐿,𝑚𝑎𝑥 ∗ 𝑟𝑐  

                                                                                                                                              Eq.4-29 

Where:  

 ∆𝑉0,𝐸𝑆𝑅  - Output voltage ripple due to capacitor equivalent series resistance  

 𝐼𝐿,𝑚𝑎𝑥    -  Maximum inductor current 

   𝑟𝑐         -  Equivalent series resistance  
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5. Maximum Power Point Tracking Algorithm 

     5.1 MPPT main characteristics 
 

     The maximum power point tracking algorithm has the purpose of extracting the maximum 

power from the photovoltaic module and transmit the maximum power to the load.   

     During a day under different irradiance conditions, different maximum power points can be 

observed. If the Photovoltaic module is connected straight to a load, the operating point is 

seldom the maximum power point. Even in the case when a battery is connected directly to solar 

module, the panel is not working at his maximum power point and the battery can be damaged.  

The connection of the panel directly to the battery without of a MPPT means that the module is 

forced to operate at battery voltage, which is in most of the cases lower than the maximum 

operating voltage. In order to overcome this power losses, a maximum power point tracking have 

to be implemented together with a power converter.  

    A power converter is necessary for the sake of adjusting the energy flow from the PV array to 

the load. For this project a boost converter was used to track the maximum power point of the 

array.  

      

 

 

 

 

 

 

 

 

 

 

 

Figure 5- 1: System schematic PV array-MPPT-Load [17] 
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     In the figure 5-1 it is shown the system schematic of the simulated model. As the panel is 

operating, the voltage and current of the photovoltaic module will be sensed and the 

corresponding power will be calculated.  The second step is to determine if you want to move up 

or down on the duty cycle of the converter in order to adjust the maximum power. Different 

maxim power point algorithms are used in the literature for the duty cycle calculations.  

     For this project the Perturb and Observe algorithm was used, and the main idea of the 

algorithm consists in the increase or decrease of the duty cycle based on the comparison of the 

powers.  

 

 

    5.2 Perturb and Observe MPPT algorithm   
 

      The perturb and observe (P&O) algorithm is the most well-known maximum power point 

tracking algorithm which is suitable for any photovoltaic system. As described above the 

algorithm is used for finding the maximum power point. A PV module has a single maximum 

power point under constant irradiance and temperature and the P-V curve is described by a 

parabolic function.  

    Supposing that the operating voltage of the photovoltaic module is perturbed and whether the 

power produced by the PV array is increasing, the operating point has been driven toward the 

MPP. In this particular case the operating voltage has to be perturbed in the same direction.  

    If the power produced by the PV module is decreasing, as a consequence the operating point 

has been driven away from the MPP. In this case, the direction of the perturbed operating voltage 

has to be reversed. In this manner, the operating point of the PV module will progressively reach 

the maximum power point and will fluctuate around it. A detailed visualization of the P-V curve 

can be seen in the figure 5-2 

    In the simulation part of the algorithm, a fixed step change (Increment value used to 

increase/decrease the duty cycle D) was used for each perturbation.  

For a better efficiency a dynamic step value can be used, but that requires more knowledge in the 

specific MPPT algorithms for PV and is beyond the scope of this thesis. [18] 
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     One of the main reasons for choosing the Perturb and Observe (P&O) algorithm instead of 

other well-known was that this method is suitable for any PV module, doesn’t need any 

knowledge about the PV array and works fairly well under different environmental conditions.   

Another advantage of this algorithm is the quickly implementation on digital controllers.  

   There are also some disadvantages of P&O algorithm which will be highlighted below. 

In the first instance after finding the operating point its keeps fluctuating around the MPP and a 

small amount of energy is wasted. Another drawback is that this algorithm has a poor 

performance in case of the rapidly changing of irradiance level and the probability to track the 

MPP in the wrong way. [16] 

  For a better understanding of the algorithm, one can take a look at the flow chart of the Perturb 

and Observe algorithm which can be seen below in the figure 5-3.  

 

 

 

 

 

 

Figure 5-2: P-V characteristic with MPP [19] 
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   As can be seen from the above flowchart the P&O algorithm is fairly easy to follow, 

transforming this into Matlab /C code inside a Simulink function. The final C code of P&O 

algorithm can be found in the Appendix [A. c] 

 

 

 

 

 

 

 

Figure 5- 3: Flow chart Perturb and Observe method [17] 
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6. Simulations and results 
 

      6.1 Constant Irradiance and constant Temperature without battery  
 

     After understanding the working principle of the boost converter chosen for this project, and 

after deciding which maximum power point tracking method is more suitable, a Simulink model 

was built in order to simulate different environmental conditions, like changing irradiance, 

changing temperatures.  

   The first model was simulated with constant irradiance and constant temperature as can be seen 

in the next picture. The simulation was conducted without a battery connected to the output of 

the system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1: System schematic PV-MPPT-Boost converter-Load with constant irradiance and 

constant temperature 
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   In the above simulation, it have been used the 90 W mono crystalline module described in 

figure 6-1 which is connected to a MPPT controller. The boost converter is needed to adjust the 

energy flow from the PV module to the load. The converter is designed to boost the voltage from 

the 18V the 𝑉𝑚𝑝𝑝 value of the PV to a constant 44V the desired output voltage value. The 

photovoltaic electrical characteristics can be found in Chapter 3-6. The photovoltaic panel is 

connected to DC resistive loads but in this scenario the battery was not connected at the output of 

the system. The frequency chosen for the simulation was 20 KHz and the values for the inductor 

and capacitor of the boost converter were calculated in order to meet the design considerations. 

In the above simulation the module is connected to a resistive load of 25ohms. A breaker is 

added in the Simulink model which after 10s will added to the system another resistance which is 

connected in parallel with the first resistance.  

    

    In table 3 can be found the boost converter components together with their characteristics. The 

derived formulas and calculations can be found in Appendix [A. b] 

Table 3.  Boost converter components  
 

    

 Below the graphs for voltage, current, input-output power of photovoltaic panel can be found. 

The 90W mono crystalline panel used for the simulations has a:  

 𝑉𝑚𝑝𝑝 = 18 𝑉   

 𝐼𝑚𝑝𝑝 = 4.9𝐴  (voltage and current close to maximum power point of the PV)  

 

 

 

Components  Characteristics  

Inductor  44 µH-11A  

Capacitor  160 µF -63V  

Diode  Fast recovery rectifier diode 1N400 

MOSFET  60V - 0.07 Ω - 16A 

Resistive load  25 ohms –after 10s (breaker) 15ohms  
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    As can be seen in figure 6-2 after connecting the second resistive load, the voltage is dropping 

from the 𝑉𝑚𝑝𝑝 value to a smaller value of around 10V. By adding a new resistance load to the 

system, the value of the equivalent parallel resistance will be always smaller than any other 

resistance exiting in the circuit. Without a battery connected to the output of the system the 

voltage will decrease depending on the value of the second resistance. The decrease in the 

voltage level will affect also the input and output power of the module. Both powers will 

decrease and the PV module will not operate anymore at maximum power point.  

 

 

      

 

 

 

 

 

 

 

 

Figure 6-2: Photovoltaic voltage with breaker 

     Figure 6-3: Photovoltaic current with breaker 
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   In figure 6-3 can be seen the PV panel current graph where after lowering the load resistance at 

the time interval 10s the current is expecting to increase with decreasing the voltage level. 

    In the first 10 seconds when just 25 ohms resistance is connected as a load, the current is stable 

and is working around the maximum current of the module. After 10 second when the second 

resistance is connecting in parallel with the first resistance the voltage is decreasing as can be 

seen in the figure 6-2 and the current is increasing as we can see in figure 6-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    The desired output voltage of the system was chosen to be 44 Volts and in order to achieve 

this voltage level, a boost converter was used. The input voltage, output voltage, the load 

resistance value and the frequency has to be taken into account in the calculation process of the 

inductance and capacitance. After 10s when the breaker is opening and the second load 

resistance is connecting in parallel with the first load resistance, the boosted voltage has the same 

behavior as the PV voltage and a decrease can be observed.  In order to produce the extra voltage 

from 18V to 44V the boost output current is expecting to drop.  

 

 

Figure 6 -4: Output Voltage of the Boost Converter 
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The output current of the boost converter is dropping as expected in the first 10 second with 

around 2A and as we note in figure 6-5. After connecting the second resistance the current is 

slowly increasing and has the same behavior as the Photovoltaic current shown in figure 6-3. 

  The boosted voltage was achieved with the help of the MOSFET transistor which is receiving a 

PWM signal for opening and closing the gate of the transistor.  As a consequence of the voltage 

rise the current is decreasing.  

 

 

 

 

 

 

    

 

Figure 6-5: Output Current of the Boost Converter 
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     The system was simulated under constant irradiance and constant temperature at standard test 

condition (STC) where the PV maximum power that can be extracted under this conditions is 

90W.  The photovoltaic module is connected to a maximum power point tracker which is using 

the Perturb and Observe algorithm in order to follow the maximum power point of the panel.  As 

can be recognize in figure 6-6, the output power is following the input power with very low 

margins variations.  

   For the first 10 seconds the maximum power tracking is achieved and immediately after the 

breaker the power is dropping to approximately 40W because the load resistance is decreasing. 

More than half of the power is lost because of the load decrease and in this scenario the PV can’t 

draw anymore the maximum available power. In a remote area where no connection to the grid is 

available the amount of power that is lost is influencing the overall efficiency of the PV system.  

   In order to overcome this problem, a battery need to be connected in parallel with the load 

because the MPPT charge controller is working most effective with battery connection. 

Figure 6-6: Input-Output Power under constant irradiance and temperature 
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The rest of the power which normally will be lost is now charged into the battery and during the 

night or during cloudy/rainy days the load can be supplied by the battery. 

 

 6.2 Constant Irradiance and constant Temperature with battery connected  

 

     The second model was simulated with constant irradiance and constant temperature as can be 

seen in the next picture. In this model a battery was connected on the output of the system in 

order to overcome the power losses problems presented in the first simulated model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6-7: System schematic PV-MPPT -Boost converter –Battery with constant irradiance and constant 

temperature 
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   In the above simulation the only difference from the simulation that can be found on Chapter 

7.1 is that in this case a 44V (50Ah) battery is added to the model and was connected in parallel 

with the load resistance. After connecting the battery, the following graphs for voltage-current of 

the PV, boosted output current -voltage and power were plotted in order to observe the 

differences. 

Firstly the PV voltage and current will be plotted and analyzed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    In the above figure, the voltage of the PV module against time was plotted. It was used the 

same panel configuration - 90 W mono crystalline module as in the first simulation from Chapter 

7.1 which was directly connected to a MPPT charge controller.  

    The same configuration of the boost converter was used, the only difference in the above 

Simulink model is the battery connection. The frequency chosen for this simulation was the same 

20 kHz.  

Figure 6 -8: Photovoltaic voltage with battery connection 
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    As can be notice in figure 6-8, the MPPT charge controller is forcing the module to operate at 

maximum voltage. Even after 10 second when the breaker is open and a change in the resistive 

load occurs the MPPT controller is working well and is maintaining the maximum voltage level.   

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

   The current of the photovoltaic module is also stable after two seconds and the operational 

current is achieved. Even after the breaker when a second resistive load is connected in parallel 

with the first resistive load, the current remains constant and no changes are occurring.  

   The MPPT charge controller together with the battery connected at the output of the system is 

maintaining the current at maximum operating point in order to extract the maximum available 

power. The aim of the MPPT is to work around maximum power to get maximum amperes into 

the battery. 

 

 

 

Figure 6-9: Photovoltaic Current with battery connection 
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   The maximum output voltage of the PV is 18V at standard test conditions and with the help of 

the boost converter the voltage was stepped up to the desired voltage level of the system which 

was chosen in the design process. The input voltage, output desired voltage, the load resistance 

value and the frequency are very important parameters in the calculation process of inductance 

and capacitance.  

   After 10s when the breaker is opening and the second load resistance is connecting in parallel 

with the first load resistance, a big spike can be observed in the figure 6-10. The spike is indicate 

that a change in load occurs at that point, however the MPPT algorithm is keeping the boosted 

voltage constant. Because in this simulation a battery is coupled, no voltage drop occurs after the 

breaker and the same behavior is expected also for boost output current.  

 

 

Figure 6-10: Output Voltage of the Boost Converter 
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      The output current of the boost converter is dropping from around 5A to 2A, and the current 

drop is the effect of the voltage raise. After connecting the second resistance in parallel, the 

equivalent resistance of the parallel connection is lower than the load resistances but this drop in 

load resistance is not influencing anymore the current. Considering the connection of lead-acid 

battery at the output of boost converter the current continue to be constant after the breaker.                   

     The boosted voltage was achieved with the help of the MOSFET transistor which by 

receiving a certain 𝑉𝑔𝑠 threshold voltage, the switch is opening or closing. As a consequence of 

the voltage rise the current has to decrease in order to keep the power at the maximum operating 

point.  

 

 

 

 

 

 

Figure 6-11: Output Current of the Boost Converter 
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    In this chapter the system was simulated under constant irradiance and constant temperature at 

standard test condition (STC) where the PV maximum power is 90W.  The module is connected 

to a maximum power point tracker which is using the algorithm (P&O) in order to extract the 

maximum power out of the photovoltaic panel.   

   The input PV power and output boosted power are plotted in the above picture. The output 

power is following the input power with very low margins variations. For the first 10 seconds the 

maximum power tracking is achieved and immediately after the breaker a spike can be noticed in 

the output power, nevertheless the MPPT control algorithm is keeping the power constant 

without changes. In this case the extra power was fed into the battery and it can be used during 

the night or during cloudy days for the sake of providing enough power for continuously load 

operation.  

 

 

Figure 6-12: Input and Output Boosted Power 
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In figure 6-13 the battery current is plotted, where in the first 10s the current is zero because the 

load is absorbing the most of the available power. After the breaker when the resistance load is 

decreasing, the MPPT charge controller is maximizing the current that is feeding into the battery.  

 

 

 

 

 

 

 

 

 

 

 

   

      Figure 6 -14: Battery voltage 

In figure 6-14, the voltage is plotted and a constant 44V is kept constant for the first 10s and 

immediately after the breaker, the voltage starts to decrease slowly.   

Figure 6 -13: Battery current 
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6.3 Fluctuating Irradiance and fluctuating Temperature  
 

    After conducting the simulations from Chapter 7.1 and Chapter 7.2 both under Standard Test 

Conditions (STC), which means that the irradiance level is 1000W/𝑚2 and the module 

temperature is 25C°, in this Chapter a signal builder was made in order to simulate a “real 

environmental” scenario where the irradiance is fluctuating and also the module temperature is 

fluctuating. The signal builder was created in Simulink and can be seen in the figure below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 -15: Irradiance signal and Temperature signal 

 

     In the above picture the irradiance drops 1000W/𝑚2 to 500 W/𝑚2 between the time interval  

 4-6seconds and after 6seconds the irradiance level is increasing back to 1000W/𝑚2 the standard 

test condition level. The module temperature is constant for the first 8seconds of the simulation 

and after 8s is increasing from 25℃ the standard test conditions to 45℃ degrees. The Simulink 

model contains also a breaker which will connects after 10s another 10ohms resistance to the 

system. The new resistance is connected in parallel with a 25ohms resistance. 



Voltage Control of Hybrid Photovoltaic/ Battery Power System   

   

   51 | P a g e  
 

 The 44V (50Ah) battery used in the previews chapter is connected on the output of the converter 

in parallel with the load resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

     As already described in Chapter 5.1 the function of MPPT is to extract the maximum 

available power from PV module by forcing them to operate at the most efficient voltage (𝑉𝑚𝑝𝑝). 

The Perturb and Observe algorithm used for tracking the maximum power point checks the 

output of PV module, compares it to battery voltage then calculate the maximum power that the 

photovoltaic panel can harvest in order to charge the battery. The controller take this and convert 

it to the maximum voltage in order to fed maximum current into the battery.    

The amount of voltage produced by the PV module is slightly affected by the irradiance changes, 

and small fluctuations can be observed in the above figure.  

 

 

 

 

Figure: 6 -16: Photovoltaic voltage with irradiance variation and temperature variation 
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Figure 6 -17:Photovoltaic current with irradiance variation and temperature variation 

      

     The amount of current harvested by the photovoltaic module is directly influenced by the 

irradiance variations. Between the times interval 4-6 seconds the irradiance drops from 

1000W/𝑚2 to 500 W/𝑚2  and the PV current is also decreasing from 5A to 2.5A.  

Within the increase in module temperature the power of module is expected to decrease and also 

the current is slightly dropping with temperature increase. After the 10s breaker the MPPT is 

keeping the current at a constant value and maximize the amount of current going into the 

battery.  
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Figure 6 -18: Output current of the boost converter  

 

    The output current of the boost converter is dropping from around 5A the nominal current 

value to 2A, and the current decrease is the consequence of the voltage raise. The output current 

of the boost converter is following the irradiance curve and as the irradiance is dropping from 

1000W/𝑚2 to 500 W/𝑚2 the current has the same behavior. Shortly after the breaker the current is not 

anymore influenced by the load changes because of the lead-acid battery connected at the output 

of the boost converter which is now getting charged and is maintaining the output current 

constant.  
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Figure 6 -19: Output Voltage of the Boost Converter  

 

    The boosted voltage was achieved with the help of the MOSFET transistor which is a voltage 

controlled component which by applying a voltage between the gate and the source the current is 

allowed to flow between the drain and the source. As a consequence of the voltage rise the 

current has to decrease in order to keep the power at the maximum operating point.  

 As can be seen in figure 6-19 the output voltage is not influencing by the irradiance changes or 

temperature changes and the aim of the controller to keep the output voltage at a constant desired 

value was achieved.  

    After 10s when the breaker is opening and the second load resistance is connecting in parallel 

with the first load resistance, a big spike can be observed in the figure 6-19. The spike is pointing 

out that a change in load occurs but the MPPT control algorithm is maintaining the boosted 

voltage constant. Because in this simulation a battery is connected, no voltage drop occurs after 

the breaker.  
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Figure 6-20: Input and Output Boosted Power 

 

    In this chapter the system was simulated under fluctuating irradiance and fluctuating 

temperature. MPPT solar charge controller is essential for any solar power systems and is used to 

extract maximum power from PV module. The input PV power and output boosted power are 

plotted in the above picture.  

The input and output power of the first PV module can be observed in the above figure, where 

with blue is illustrated the input power and with red is representing the output power.   

  In the following time interval 4-6seconds the irradiance level is decreasing from 1000 W/𝑚2  to 

500 W/𝑚2 and both powers are following the irradiance behavior.   

The Perturb and Observe algorithm has a poor performance under rapidly irradiance changes and 

this behavior can be identify in the figure 6-20. For one second the MPPT algorithm is not 

working as expected but shortly after seven seconds the control algorithm is working again fine.  

  The poor performance of the P&O algorithm is mentioned in the most literature, but in the real 

environment the sudden changes in irradiance are not very common as the irradiance changes 

simulated in the model.  
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7. Experiments Chapter  

      7.1Test Experiment 
    

     The tasks of this experiment are the boost converter performance. Before building the boost 

converter on a PCB, it was decided to scale down the prototype and to conduct a test experiment 

in order to observe the working principle of the boost converter.   

     In the design process of the boost converter, the values for the inductor and capacitor where 

calculated with the help of the equation Eq.4-20 and Eq.4-25. The boost converter was design to 

step up the voltage from 6V to 30V. In this experiment I have used a pushbutton switch instead 

of a MOSFET transistor for open and closing switch. 

Table 4. Boost converter components     

 

In the above table can be found the components that were used in the experiment together with 

their electrical characteristics.  

 

In the table 5 can be found the measurement instruments needed to conduct the test    

Table 5. Measurement instruments  

Experiment Setup   Type  

Power Supply  EA-PS 2343-06B  

Digital Multimeter   KEYSICHT  

Electronic Breadboard  test breadboard  

 

 

Components  Characteristics  

Inductor  23 µH-1A  

Capacitor  47 µF -63V  

Diode  Fast recovery rectifier diode  

Switch  Push button switch  

Led  5mm Led 
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Figure 7-1: Power Supply  

       The first step of the experiment was to set the power supply to 6V for the channel 1 and the 

current to 0.2A.  After setting the voltage and current the power supply will be connected to the 

PCB test board and feed the components.  

 

 

 

 

 

 

 

 

 

Figure 7-2. Experiment setup with the Power supply, Digital Multimeter, electronic breadboard  



Voltage Control of Hybrid Photovoltaic/ Battery Power System   

   

   58 | P a g e  
 

     In the above figure the power supply is connected to the test board and on the output of the 

converter a digital multimeter is connected in order to measure the value of the boosted voltage. 

Because in this experiment wasn’t used a MOSFET transistor with is controlled by a PWM 

signal, the voltage boost is done manually by pressing the push button with different frequencies. 

Pressing the button is equivalent with opening the gate of a transistor and by increasing the 

frequency the voltage will increase.  

  When the switch is open the energy which was stored in the inductor is getting transferred to 

the capacitor and the capacitor will start charging.  When the digital multimeter was shown 30V, 

a 5 mm LED was connected to the capacitor output and was used as a load in order to discharge 

the capacitor.  

   After conducting several experiments in order to understand the boost converter performance, 

it was decided to start designing the boost converter taking into account the PV characteristics 

and the desired output boost voltage.   

 

7.2 First Boost converter experiment  
 

   In this chapter, the design and construction of the boost converter used in the simulation will be 

described. The first step of the construction phase was to find the right electronic components. 

By taking into account the electrical characteristics of the module presented in Chapter 3.5, the 

desired output voltage of the boost converter and the load resistance was chosen.  

In the table below the values for the minimum inductor and minimum capacitor where 

determined with the help of the equation Eq.4-20 and Eq.4-25. The converter is designed to 

boost the voltage from the 18V the 𝑉𝑚𝑝𝑝 value of the PV to a constant 44V the desired output 

voltage value. The frequency chosen for the calculation of the component was 20 KHz. 

The value for the duty cycle can be calculated from Eq.4.3. In the design process another 

important aspect to be taken into account is the output voltage ripples which in this case was 

chosen to be less than one percent. 
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Table 6. Boost converter components  

 

After choosing the right components and by following the boost converter schematic presented 

in Chapter 4. The first boost converter prototype was built.  

 

 

 

 

 

 

 

 

 

 

 

   Figure 7-3:  Boost converter first prototype  

   To provide a margin to ensure continuous current, the value for the inductor and capacitor 

presented in table 6 and used for building the boost converter are bigger than the value calculated 

in the Appendix [A .b’]. 

Components  Characteristics  

Inductor  70 µH-11A  

Capacitor  140 µF -63V  

Diode  Fast recovery rectifier diode 1N400 

MOSFET  60V - 0.07 Ω - 16A 

Resistive load  25 ohms  
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7.2.1 Experiment results  

 

    In order to test if the built converter is working, the following measurements instruments 

presented in the table below are used.  

Table 7. Measurement instruments  

Experiment Setup   Type  

DC Power Supply  EA-PS 2343-06B  

Digital Multimeter   KEYSICHT  

Digital Oscilloscope  Tektronix 200Mhz  

Function Pulse Generator  TTI 50MHz  

 

     The DC power supply was used as the input for the converter. The amount of 

input voltage and input current which will supply the converter were selected with the help of the 

front bottoms available on the power supply. The voltage was firstly selected to 6V and the 

current to 0.4A. The function pulse generator was used to generate a PWM signals. The same 20 

KHz frequency as the one used in the Simulink model was selected for the function pulse 

generator. The TTI function generator allows to use a square wave and allows you to vary the 

duty cycle between 20 and 80 percent. In figure7-4 the pulses can be seen on the oscilloscope 

screen together with the frequency and duty cycle.  

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Current_(electricity)
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Figure 7-4:  Digital Oscilloscope and Function pulse generator  

    The function pulse generator was connected to the gate of the MOSFET transistor in order 

simulate the on/off operation of the transistor. The digital multimeter was connected on the 

output of the converter in order to measure the value of the output boosted voltage.  

 

     After few experiments the MOSFET the temperature of the transistor was increases and after 

few minutes it burned. The power dissipation in the transistor occurs during switching and is 

converting into heat. Each transistor have a limit on the current that they can safely handle and if 

the limit is exceeds because of the high voltages and currents that are present during the 

switching, the transistor can burn off. The first step in solving the current problem was to change 

the transistor and to try again the same experiment in order to observe again the behavior of the 

converter. The second step was to change the actual 25 ohms resistive load with a much higher 

resistance of 100 ohms.  

   Thereafter all the changes, another experiment was conducting but unfortunately the transistor 

experienced the same behavior as the previous one. After more research regarding the thermal 

management, according to Chapter 10.8 [14] it was obvious that the burning of the transistor 

were caused by exceeded his maximum thermal energy.  

  The solution for removing the thermal energy was to add a heat sink on top of the transistor.  
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   7.3 Second boost converter experiment  
 

 In this chapter it will be described the second attempt of building a boost converter in order to 

solve the problems faced in the first experiment.  

Table.8 Components used for the second boost converter  

 

   A new boost converter was built with the above components characteristics but in this 

approach a heat sink was attacked on top of the transistor in order to remove the thermal energy 

produced by switching losses. The heat sink lower the junction temperature for a certain power 

dissipation in a MOSFET transistor by decreasing the total thermal resistance of the junction to 

surroundings. [14]  

 

  

 

 

 

 

 

 

  

 

 

     

Figure 7-5:  Boost converter second prototype  

Components  Characteristics  

Inductor  350 µH-11A  

Capacitor  160 µF -63V  

Diode  Fast recovery rectifier diode 1N400 

MOSFET  60V - 0.07 Ω - 16A 

Resistive load  100 ohms  
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Figure 7-6 : Boost converter testing  

  For the testing part were used the same measurement instruments presented in table 7. The DC 

power supply was connected to the input of the converter, function pulse generator to the gate of 

the transistor and the digital multimeter to the output of the converter in order to measure the 

boosted output voltage.  

 

 

 

  

 

 

 

 

 

Figure 7-7 : DC power supply- Digital Multimeter  

 

   Firstly, the input voltage was set to 11V and the input current to a small current value of 0.3A 

and with a frequency equals to 20KHz and a duty cycle of 60% the voltage was boosted to 30V.               
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The duty cycle describes the proportion of “ON” time of the transistor and by increasing the duty 

cycle the power is also increasing. The maximum duty cycle that can be simulated from the 

function pulse generator is around 80% but is not recommended to work with this high duty 

cycle because of possible damage of the components. 

   Unfortunately, after increasing the current and voltage to higher values, the MOSFET transistor 

burnt. The next aim after changing again the transistor was to couple the boost converter to the 

Simulink simulation and try to give a PWM signal to the gate of the MOSFET transistor  with 

the help of an Arduino in order simulate the on/off operation of the transistor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                         Figure 7-8: Arduino UNO approach  

  The Arduino UNO was chosen for trying to connect the Simulink model to the boost converter 

in order to control the gate of the transistor. This approach failed also after a lot of testing due to 

the fact that the Arduino has a limited output frequency of 400Hz and the frequency of the 

Simulation is 20Khz.  

USB 
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8. Conclusion   
 

     In this report the simulation of a stand-alone PV system was made. The maximum power 

point tracking charge controller algorithm was implemented and simulated in Simulink. The 

boost converter Simulink model was firstly build and validated through simulations. [Ch.4] 

The next step was to couple the system and to analyze the behavior of the system under three 

different scenarios. 

 Scenario  1 – Constant Irradiance and constant Temperature without a battery connection 

 Scenario  2 –  Constant Irradiance and constant Temperature with a battery connection   

 Scenario 3 - Fluctuating Irradiance and fluctuating Temperature with a battery 

connection  

The main purpose of the project was to implement a suitable control method in order to keep the 

output voltage stable and to extract the maximum available power from the panel.  

  For first simulated scenario [Ch.6-1] the maximum power point tracker method Perturb and 

Observe is working very well and the output voltage of the boost converter was reached the 

constant value chosen in the design process. The only loss of power was observed after the 

breaker when the load resistance was decreases.  

 

  The second scenario [Ch.6-2] is showing that MPPT charge controller is working most efficient 

together with a battery connected at the output of the system. MPPT controller monitors the 

output of PV module, compares it to battery voltage then is increasing or decreasing the duty 

cycle in order to arrive to the maximum power that PV panel can harvest to charge the battery 

and correlate it to the best voltage to obtain maximum current into battery.  

 

   For the third scenario where the irradiance and temperature are varying the controller is 

following the input power with very small margin variations and the efficiency is quite high for 

this scenario. The MPPT charge controller is most effective in cold weathers where the module 

temperature is low.  
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   The practical implementation in order to validate the model couldn’t be finish because of the 

different problems faced during the construction of the boost converter. One of the main problem 

that have to be solve is to find a suitable method for reducing the power dissipation that is taking 

place in the transistor during the on/off switching states.  

 

8.1 Future research and improvements  
 

   The attention has to be paid mostly on the prototype construction of the boost converter, where 

the focused has to be on the MOSFET transistor which is the most important component in the 

circuit.    

 More research in understanding the Transistor Snubber Circuit can be done.  

The Snubber circuits can possibly lower the power losses in the transistor during 

switching and protect the device from the switching stresses of high voltages and 

currents. 

 The function pulse generator is not the most suitable method for applying a voltage 

between the gate and the source of the transistor and another procedure have to be found.  

The Perturb and Observe algorithm is the most cost-efficient and easy to implement for any PV 

module without knowing any information about the panel but for abrupt irradiance changes is not 

the most efficient algorithm.  

 Incremental Conductance algorithm is more suitable in the case of a very rapidly changes 

of the irradiance level. But the better efficiency of the algorithm is coming with a cost 

increasing.  

 

 Normally, PV module works better at cold temperatures where the sun is most of time 

shining and the MPPT charged controller is used to extract maximum power available.  

 

 In remote areas where no grid connection is available the system can be completely 

implemented.  
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9. Nomenclature  
 

Symbol   Explanation         Unit 

 

αl   The temperature coefficient of the current                [%/deg.C] 

𝐴𝐶1      Area of solar cell                      [m^2] 

℃    Celsius          [°] 

D   Duty cycle                  [%] 

DC   Direct current                                [-] 

𝐷𝑚𝑎𝑥   Maximum duty                 [%] 

DT   Length of time when the switch is closed                          [s] 

e   Electron charge                 [C] 

FF   Fill Factor                 [%] 

𝑓   Switching frequency               [Hz] 

G   Solar irradiation                      [W/m2]  

G(t)      Incident solar irradiance         [W/m2] 

GSTC    Reference solar irradiation                    [W/m2] 

𝐼𝑑   Current flowing through the diode               [A] 

𝑖𝐿   Inductor current                 [A] 

𝐼𝐿,𝑚𝑎𝑥   Maximum inductor current                [A] 

𝐼𝐿,𝑚𝑖𝑛   Minimum inductor current                [A] 

𝐼𝑚𝑝𝑝   Maximum power point current               [A] 

I   Output Current of the Photovoltaic module               [A] 

Id    Current flowing through the diode                [A] 

Iph      Photo-induced current generated by the incident radiation            [A] 

Iph,STC   Photo-current at GSTC and TSTC                  [A] 

Isc   Short-Circuit Current                 [A] 

Ish   Shunt current                   [A] 
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𝐼0   Reverse saturation current of the diode               [A] 

K    Boltzmann constant               [J/K] 

L    Inductor                   [H] 

𝐿𝑚𝑖𝑛   Minimum inductor current value                 [H]  

Pin   Input Power      .           [W] 

Pmpp   Maximum power point               [W] 

Pout   Output power of the boost converter              [W] 

𝑃0   Output power of the boost converter               [W] 

R   Load resistance                 [Ω] 

𝑟𝑐    Equivalent series resistance                [Ω] 

RL   Load resistance                  [Ω] 

Rsh   Shunt resistance                 [Ω] 

R𝑠   Resistance series                 [Ω] 

𝑅1   Parasitic resistance of the inductor                [Ω] 

𝑅2   Parasitic resistance of the transistor               [Ω]  

T   Operating temperature of the PV cell              [℃] 

T   Switching period                                                   [s] 

TSTC    Reference cell temperature               [℃] 

U   Output voltage of the Photovoltaic module             [V] 

Ud    Voltage though the diode                                                                 [V] 

Us   Voltage though series resistance              [V] 

𝑉𝑠   Input Source Voltage                 [V] 

VL   Load Voltage                 [V] 

Vmpp   Maximum power point voltage              [V] 

𝑉𝑜𝑐   Open circuit voltage                [V] 
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𝑉𝑜   Output Voltage               [V] 

∆𝑖𝐿   Inductor current ripple             [%] 

𝑣𝐿   Voltage across the inductor             [V] 

∆𝑉0

𝑉0
   Output voltage ripple               [%] 

∆𝑉0,𝐸𝑆𝑅   Output voltage ripple due to capacitor equivalent series resistance       

𝜂   Efficiency                [%] 

𝑣𝐿               Voltage across the inductor             [V]  

 

 

9.1 Abbreviations  
 

 

Symbol                                   Explanation  

       

a             Diode ideal constant             

AC             Alternate current 

CCM             Continuous Conduction Mode                         

DC             Direct current        

dI              Current derivative       

dV              Voltage derivative  

EG             Energy gap                               

I-V             Current-voltage       

KWh             Kilowatt hour    

MOSFET            Metal oxide semiconductor field effect transistor            

MPPT             Maximum power point tracking     

MW             Mega-watts              

PV             Photovoltaic               

P-V            Curve of an ideal photovoltaic           
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PWM            Pulse Width Modulation     

STC            Standard test condition              

P&O            Perturb and observe              

SPE            Solar Power Europe      

UN                United Nations            

VU            Voltage unbalance             

W            Watts               

∆𝑡          Time derivative     
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Appendices:  
 

A. Boost Converter  
 

a. Subsystem of the Converter  
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b. Matlab  .m  file for calculating inductor and capacitance value   
 

 

%calculating duty cycle  
%Input values  

 
Vs = 18;             % [V] Input Source Voltage (PV) 
Vout = 44;           % [V] Output desired Voltage  
R1 = 25;             % [ohms] Resistance load before the breaker 
R2 = 15;             % [ohms] Resistive load after the breaker  
f = 20000;           % [HZ] frequency  
delta_V = 0.01;      % [%] Output voltage ripple less than 1%  

  

  
D = 1-(Vs/Vout) 

  
L = [D*(1-D)^2*R1]/(2*f) 

  
C = D/(R1*delta_V*f) 

 

b’. 
 

D = 

 

    0.5909 

 

 

L = 

 

   6.1807e-05 

 

 

C = 

 

   1.1818e-04 

 

c. Perturb and Observe .m file  
 

 

 

function D   = PerturbandObserve_cod(V_PV, I_PV, T) 

  

% define internal values as persistent variables  

persistent Pn  Po  difP d dd n; 

  

%initialize the internal values  

if isempty(V_PV) 

    V_PV=20; 

end 

if isempty(I_PV) 
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    I_PV=0; 

end 

if isempty(Pn) 

    Pn=0; 

end 

if isempty(Po) 

    Po=0; 

end 

if isempty(difP) 

    difP=0; 

end 

if isempty(d) 

    d=1; 

end 

if isempty(dd) 

    dd=0; 

end 

if isempty(n) 

    n=1; 

end 

  

if  (T>n*0.02) 

    n=n+1; 

    % calculated measured array power  

    Pn=V_PV*I_PV; 

    difP=Pn-Po; 

    Po=Pn; 

    if (dd==0)                 % to avoid dP/dd=inf 

        if difP>1 

            dd=0.01; 

            d=d+dd; 

        elseif (difP<-1) 

                dd=-0.01; 

                d=d+dd; 

         else 

                dd=0; 

             

        end 

    else 

        if ((difP>-1)&&(difP<1)) % leave little margin 

            dd=0; 

            d=d+dd; 

        elseif ((difP/dd)>0)     % increase the duty cycle-positive slope 

                dd=0.01; 

                d=d+dd; 

        else                     % decrease the duty cycle-negative slope  

            dd=-0.01; 

            d=d+dd; 

             

        end 

    end 

end 

  

D=d/(d+1);  % calculate duty 

  

end                                                                 [22]  



Voltage Control of Hybrid Photovoltaic/ Battery Power System   

   

   76 | P a g e  
 

 Perturb and Observe subsystem.  

 

 

 

 

 

 

 

 

 

 



Voltage Control of Hybrid Photovoltaic/ Battery Power System   

   

   77 | P a g e  
 

B. Battery graphs Chapter 6.3 
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C. Photovoltaic Panel Array  

a. Block Parameters defined by the user in Simulink 

 

b. Diode current equation in detail 
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D. Datasheets for Inductor, Diode, Capacitor, MOSFET Transistor  

 

a. Fast recovery rectifier diode datasheet  
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b. Aluminum Capacitor Axial Standard  datasheet  
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2. First experiment prototype-Capacitor datasheet  
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c. MOSFET transistor  
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d. Inductor 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 


