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 I 

Abstract 

 

The aim of this project is an evaluation of the electrical parameters of a 600W 

photovoltaic system; the system consists of four PV modules installed in the yard of the 

Institute of Electrical and Electronics Engineering (Boumerdes) at a fixed altitude angle of 

45º. The MPPT charge controller manages the power flow from the PV modules and 

batteries to the inverter which supplies a small load. The values of current and voltage at the 

PV modules and battery stages are taken every five minutes from the morning to the evening, 

then the results are analyzed using Weibull++ Software to define the parameters of 

distribution that the data is following, then conclude the mean values of power. The power 

data are divided into intervals, then the probability of each interval is calculated. The 

resulting probabilities is used to predict the power generated by the system through that day. 

 Keywords: Photovoltaic system, PV modules, MPPT charge controller, inverter, 

Weibull. 
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GENERAL INTRODUCTION 

    Due to environmental pollution and global warming effects, renewable energies are 

considered as the best alternative to fossil energy to avoid these problems. Solar energy is 

the most important since it is available anywhere and at least 10 hours per day; the sun can 

provide enough energy to our planet.  

     Since the beginning of time, people have been fascinated by Sun. Throughout history, 

they tried to benefit from it and recently scientists have found how to convert this solar 

energy into an electrical one by using different techniques. Solar energy can be concentrated 

and used in order to heat water; the vapor of this water drives a turbine. This is called indirect 

conversion. The direct conversion is done by using photovoltaic technology. 

     Photovoltaic cells are the basic elements that convert this solar energy; they are made out 

of semiconductor materials. Photovoltaic modules are a combination of these cells and the 

combination of these modules gives us photovoltaic arrays. The arrays connected to loads, 

together are called a Photovoltaic system. They can be on grid-connected or off grid-

connected.   

    A photovoltaic power system can be used to provide alternative and inexhaustible source 

of electrical power to our homes through the direct conversion of solar irradiance into 

electricity. The process of acquiring a photovoltaic power system involves designing, 

selecting and determining the specifications of the different components employed in the 

system. The success of this process depends on a variety of factors such as geographical 

location, weather condition, solar irradiance, and load profile. 

    The purpose of this project is to evaluate the electrical parameters of a real system of 

600W installed in the IGEE -Boumerdes. The report is structured into four chapters.  

    Firstly, chapter one details a general overview of the PV system and Weibull ++ software. 

The second chapter illustrates the components utilized in the implementation of the system 

installed and the components of measurement. The third chapter shows the implementation 

of the system and analyzes its results. Finally, the fourth chapter defines the distribution of 
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data and its behavior, then determines the electrical parameters and the mean values of 

energy production that are estimated. Weibull++ software is used to carry out this study. 

 

 



 

 
 

Chapter One 

GENERAL OVERVIEW 

ON PV SYSTEM AND 

WEIBULL++ 
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1.1 Introduction 

In this chapter, a general overview about solar cells, their principal of operation and the 

effects of temperature and irradiance on them will be given. Also, the Weibull distribution 

and its characteristics will be discussed. 

1.2 History of solar cells 

Solar cell’s early days go back to 1839, Edmund Becquerel, a French physicist, 

discovered the solar cell effect while experimenting with an electrolytic cell made up of two 

metal electrodes. From that day, scientists and researchers kept developing the photovoltaic 

cell technology, yielding many of the following discoveries: [1] 

• 1873–1876: Selenium’s Photoconductivity is discovered by English electrical 

engineer Willoughby Smith. 

• In 1883, New York inventor Charles Fritts created the first solar cell by coating 

selenium with a thin layer of gold. 

• In 1887, German physicist Heinrich Hertz first observed the photoelectric effect. 

• 1953–1956: Silicon Solar Cells are produced commercially. 

• Thomas Faludy filed a patent in 1995 for a retractable awning with integrated 

solar cells. 

• In 1994, the National Renewable Energy Laboratory developed a new solar cell 

from gallium indium phosphide and gallium arsenide that exceeded 30% 

conversion efficiency. 

• 2005: DIY Solar Panels Became Popular.[1] 

1.3 Working principle of solar cells 

The working principle of all today’s solar cells is essentially the same. It is based on the 

photovoltaic effect. In general, the photovoltaic effect means the generation of a potential 

difference at the junction of two different materials in response to visible or other radiations. 

Most cells are made of a layer of silicon, which is a semiconductor. A layer of phosphorus 

is added at the top and a layer of boron at the bottom. The whole is placed between two glass 

plates for protection. As soon as sunlight shines on a solar cell, electrons are detached from 

the top of the cell under the influence of this radiation; there is a free electron and its 

http://physics.info/photoelectric/
https://jimmeijer.com/solar-power-energy-from-the-sun/
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corresponding hole. Because an electric field arises at the interface due to the uneven charge 

distribution, the electrons can only go one way. As a result, a voltage difference between the 

top and bottom of the cell occurs. If you connect the top and bottom, a current will flow 

across the wire. Since the voltage across the cell is very low (only 0.5V), several cells are 

often knotted together in a module. [2] As the following Figure illustrates: 

 

 

  

 

 

1.4 Solar cell equivalent circuit and characteristic equation  

The equivalent circuit of a solar cell is shown below: 

 

The characteristic equation of a solar cell, which relates solar cell parameters to the output 

current and voltage is given by: 

 

Figure 1.2: The equivalent circuit of a solar cell. 

Figure 1.1: Schematic of the working principal of the solar cell. [2] 
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I = IL −  I0 {exp [
q(V+IRs)

nKT
] − 1} −

V+IRs

RSH
                                                                          (1.1) 

 

 where: 

• I: output current (A). 

• I0: reverse saturation current (A). 

• V: voltage across the output terminals (V). 

• n: diode ideality factor (1 for an ideal diode). 

• q: elementary charge. 

• K: Boltzmann's constant value. 

• T: absolute temperature at 25°C.    

• RSH: shunt resistance (Ω).  

• Rs: series resistance (Ω).[3]          

1.5  Photovoltaic Generator       

A solar cell is the most basic element in a photovoltaic system. Cells are too small to do 

much work. They only produce about 0.5 V, and usually the system requires 12V or more 

to charge batteries or run motors. A typical module is a group of PV cells connected in series 

and encapsulated. The key purpose of encapsulating a set of electrically connected solar 

cells, is to protect them and their interconnecting wires from the typically harsh environment 

in which they are used. Usually commercial modules consist of 36 or 72 cells. For high 

voltage requirements, modules are connected in series; but for high current requirements, 

they are connected in parallel. High power requirements need connections in series and in 

parallel. Such a combination of modules is called a PV array (see figure1.3). [4] 
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1.6  Solar Cell parameters  

The main parameters that are used to characterize the performance of solar cells are the 

peak power 𝑃𝑀𝐴𝑋, the short-circuit current 𝐼𝑆𝐶 , the open circuit voltage 𝑉𝑂𝐶 and the fill factor 

FF. The cell voltage, current and power at the maximum power point are 𝑉𝑀𝑃𝑃, 𝐼𝑀𝑃𝑃, and, 

𝑃𝑀𝑃𝑃, respectively. [5] 

1.6.1  Short Circuit current (𝑰𝒔𝒄)  

The short-circuit current Isc is the current that flows through the external circuit when the 

electrodes of the solar cell are short circuited. It is the maximum possible current in the 

circuit. [5] The equation of the short circuit current is directly proportional to the available 

sunlight:    

I SC =  qg(Ln + Lp)  =  𝐼𝐿                                                                                                   (1.2) 

Where: 

• IL: light generated current (A). 

• g: the generation rate. 

• Ln: the electron diffusion lengths (cm). 

• Lp: the hole diffusion lengths (cm). 

• q: elementary charge (C). 

 

Figure 1.3: The photovoltaic generators.  
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1.6.2  Open Circuit voltage (VOC)  

The open-circuit voltage is the voltage at which no current flows through the external 

circuit. It is the maximum voltage. In other words, open circuit voltage represents the 

maximum possible voltage value, which occurs when a high impedance load is connected to 

the circuit or in the case of no-load.[5] 

Voc= 
kT

q
 ln(

IL

Io
+ 1) =

kT

q
 ln (

IL

Io
)                                                                     (1.3)  

Where: 

• Io: Dark saturation current. 

• k: Boltzmann’s constant. 

• T: Temperature in Kelvin (Tc°+273). 

1.6.3  Maximum Power Point (MPP) 

In the case of a short circuit or an open circuit operating point, no power is generated. As 

a result, the operating point should fall into the range of the maximum power output of the 

PV cell. This operating point is determined by choosing the correct value of the connected 

load.[5] 

The maximum power output is defined as the product of the voltage and the current at the 

MPP: 

Pmax  =  VMPP × IMPP                                                                                         (1.4) 

Where VMPP and IMPP are voltage and current values that give the maximum operating 

power.  

1.6.4  Fill Factor (FF) 

The fill factor (FF) is an indicator of the quality of the PV cell. It is the ratio between the 

maximum power (Pmax = Impp*Vmpp) generated by a solar cell and the product of Voc 

with Isc. The maximum value of the fill factor is theoretically unity. The maximum practical 

value in silicon is 0.88.[5] 
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    FF = 
Pmax. practical

Pmax.theorotical 
 = 

Vmp×Imp

Voc×Isc
                                                                      (1.5) 

For a good I-V curve profile with fill factor close to unity, the current should stay constant 

while the voltage increases till the operating point reach the knee of the curve. After that 

point, the current of PV cell should gradually decrease. 

1.6.5  Efficiency of solar cells 

Efficiency is defined as the ratio of energy output from the solar cell to input energy from 

the sun. In addition to reflecting the performance of the solar cell itself, the efficiency 

depends on the spectrum and intensity of the incident sunlight and the temperature of the 

solar cell. Therefore, conditions under which efficiency is measured must be carefully 

controlled in order to compare the performance of one device to another. Terrestrial solar 

cells are measured under AM1.5 conditions and at a temperature of 25°C. Solar cells 

intended for space use are measured under AM0 conditions.[6] The efficiency of a solar cell 

is determined as the fraction of incident power which is converted to electricity and is 

defined as: 

Pmax = VocIscFF                         (1.6)          ;             η =
VocIscFF

Pin
                            (1.7) 

Where: 

• Voc: the open-circuit voltage. 

• Isc: the short-circuit current. 

• FF: the fill factor and η is the efficiency. 

The input power for efficiency calculations is 1 kW/m2 or 100 mW/cm2. Thus, the input 

power for a 100 × 100 mm2 cell is 10 W and for a 156 × 156 mm2 cell is 24.3 W. 

1.7  I-V and P-V curves of a PV device 

A current-voltage (I-V) curve shows the possible combinations of the current and voltage 

output of a photovoltaic (PV) device. The I-V curve is based on the device being under 

Standard Test Conditions (1 kW/m2, AM 1.5, 25°C Cell Temperature). The main points of 

the I-V curve characteristics are the short-circuit current (Isc), the open-circuit voltage (Voc) 
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and there is a point on the knee of the curve where the maximum power output is located. 

the power-voltage (P-V) curve is the product of the current and voltage for each point in the 

I-V curve. This product represents the output power for that operating condition. The MPP 

produced by the PV generator is reached at a point on the characteristic where the product 

I-V is maximum (see Figure1.4). [7] 

 

 

 

 

 

                       

 

 

 

 

 

 

 

1.8 Temperature effects 

Solar cells are sensitive to temperature like all other semiconductor devices. Increases in 

temperature reduce the band gap of a semiconductor, thereby affecting most of the 

semiconductor material parameters. The decrease in the band gap of a semiconductor with 

increasing temperature can be viewed as increasing the energy of the electrons in the 

material. Lower energy is therefore required to break the bond. In the bond model of a 

semiconductor band gap, reduction in the bond energy also reduces the band gap. Therefore, 

increasing the temperature reduces the band gap. [8] 

Figure 1.4: I-V and P-V curves of a PV device.[7] 
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In a solar cell, the parameter most affected by an increase in temperature is the open-

circuit voltage and this change affects the power too. The impact of increasing temperature 

is shown in the figure below: 

    The open-circuit voltage decreases with temperature because of the temperature 

dependence of I0. The equation for I0 from one side of a p-n junction is given by: 

I0 = qA
Dni

2

LND
                                                                                                            (1.9) 

Where: 

• q: the electron charge.  

• A: the area. 

• D: the diffusivity of the minority carrier.  

• L: the minority carrier diffusion length. 

• ND: the doping concentration. 

• ni: the intrinsic carrier concentration.  

In the above equation, many of the parameters have some temperature dependence, but 

the most significant effect is due to the intrinsic carrier concentration(ni). The intrinsic carrier 

concentration depends on the band gap energy (with lower band gaps giving a higher 

intrinsic carrier concentration), and on the energy which the carriers have (with higher 

Figure 1.5 (a): The effect of temperature 

on the PV module’s voltage.  

Figure1.5 (b): The effect of temperature 

on the PV module’s power. 
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temperatures giving higher intrinsic carrier concentrations). The equation for the intrinsic 

carrier concentration is: [8] 

ni
2 = 4 (

2πKT

h2 )
3

(me
∗mh

∗ )3/2exp (−
EG0

KT
) = BT3exp (−

EG0

KT
)                       (1.10) 

Where: 

• T: the temperature. 

• h and k are constants. 

• me and mh are the effective masses of electrons and holes respectively. 

• EGO: the band gap linearly extrapolated to absolute zero temperature. 

• B: a constant which is essentially independent of temperature. 

 

The following expression is used to calculate the cell temperature: 

 

 𝑇𝑐𝑒𝑙𝑙=𝑇𝑎𝑚𝑏 + (
𝑁𝑂𝐶𝑇−20

0.8
) . 𝐺                                                                              (1.11) 

 

   Where: 

• 𝑇𝑐𝑒𝑙𝑙 : cell temperature (°C). 

• 𝑇𝑎𝑚𝑏: ambient temperature. 

• G: solar insolation (kW/m2). 

Substituting these equations back into the expression for I0 and assuming that the 

temperature dependencies of the other parameters can be neglected, gives: 

I0 = qA
D

LND
BT3 exp (−

EG0

KT
) ≈ B′Tγexp (−

EG0

KT
)                                       (1.12)  

 

where  

• B': a temperature independent constant. 

• A: a constant value. 

• Γ: used instead of the number 3 to incorporate the possible temperature 

dependencies of the other material parameters. 

 

    For silicon solar cells near room temperature, I0 approximately doubles for every 10 

°C increase in temperature. [8]     
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The impact of I0 on the open-circuit voltage can be calculated by substituting the equation 

for I0 into the equation for Voc as shown below: 

𝑉𝑜𝑐 =
𝐾𝑇

𝑞
𝑙𝑛 (

𝐼𝑠𝑐

𝐼0
) =

𝐾𝑇

𝑞
𝑙𝑛𝐼𝑠𝑐 −

𝐾𝑇

𝑞
𝑙𝑛 [𝐵′𝑇𝛾𝑒𝑥𝑝 (−

𝑞𝑉𝐺0

𝐾𝑇
)] 

𝑉𝑜𝑐 =
𝐾𝑇

𝑞
(𝑙𝑛𝐼𝑠𝑐 − 𝑙𝑛𝐵′ − 𝛾𝑙𝑛𝑇 +

𝑞𝑉𝐺0

𝐾𝑇
)                                                              (1.13) 

Where EG0 = qVG0. 

Assuming that dVoc/dT does not depend on dIsc/dT, dVoc/dT can be found as: 

𝑑𝑉𝑜𝑐

𝑑𝑇
=

𝑉𝑜𝑐−𝑉𝐺0

𝑇
− 𝛾

𝐾

𝑞
                                                                    (1.14) 

The above equation shows that the temperature sensitivity of a solar cell depends on its 

open circuit voltage, with higher voltage solar cells being less affected by temperature. For 

silicon, EG0 is 1.2, and using γ as 3 gives a reduction in the open-circuit voltage of about 

2.2 mV/°C: 

dVoc

dT
= −

VG0−Voc+γ
KT

q

T
≈ −2.2mV per℃ for Si                                           (1.15) 

The short-circuit current, Isc increases slightly with temperature, since the band gap 

energy EG decreases and more photons have enough energy to create e-h pairs. [8]  

However, this is a small effect and the temperature dependence of the short-circuit current 

from a silicon solar cell is: 

1

Isc

dIsc

dT
≈ 0.0006mA per ℃ for Si                                                                              (1.16) 

or 0.06% mA per °C for silicon. 

The temperature dependency FF for silicon is approximated by the following equation: 

1

𝐹𝐹

𝑑𝐹𝐹

𝑑𝑇
≈ (

1

𝑉𝑜𝑐

𝑑𝑉𝑜𝑐

𝑑𝑇
−

1

𝑇
) ≈ −0.0015𝑝𝑒𝑟 ℃𝑓𝑜𝑟 𝑆𝑖                                              (1.17) 

The effect of temperature on the maximum power output, Pm, is: 

PMvar =
1

PM

dPM

dT
=

1

Voc

dVoc

dT
+

1

FF

dFF

dT
+

1

Isc

dIsc

dT
                                              (1.18) 

1

P𝑀

dP𝑀

dT
≈ −(0.004 to 0.005)mW per ℃ for Si                                                 (1.19) 

or 0.4% to 0.5% per °C for silicon. 
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1.9  Effects of the irradiation on the module’s Performance 

In a solar cell, the parameter most affected by an increase in irradiation is the short-circuit 

current and this change affects the power too, but has a small effect on the PV module’s 

open circuit voltage. The impact of increasing irradiation is shown in the figures below: 

 

 

Figure 1.6 (a): Irradiations effect on the PV module’s current. 

Figure 1.6 (b): Irradiations effect on the PV module’s power. 
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1.10 Overview on Weibull++ Software 

1.10.1 Definition 

Weibull++ software is the industrial standard in life data analysis (Weibull analysis) for 

thousands of companies worldwide. Weibull++ provides the most comprehensive toolset 

available for reliability life data analysis, calculated results, plots and reporting. The 

software supports all data types and all commonly used product lifetime distributions. The 

software is also packed with tools related to data analysis, such as warranty data analysis, 

degradation data analysis, non-parametric data analysis, recurrent event data analysis, 

reliability test design and experiment design & analysis (DOE). [9] 

1.10.2 Weibull distribution 

Statistical distributions have been formulated by statisticians, mathematicians and 

engineers to mathematically model or represent certain behaviors. The Weibull distribution 

is one of the most widely used lifetime distributions to represent the models. It is a versatile 

distribution that can take on the characteristics of other types of distributions, based on the 

value of the shape parameter 𝛽 as illustrated in figure 1.7. [9] 

           

The probability density function (pdf) and cumulative density function (cdf) are 

mathematical functions that describe the distribution. The pdf and cdf of the Weibull 

distribution are represented mathematically or on a plot where the x-axis represents the 

variable, and the y-axis represents the function. [9] 

Figure 1.7: The Weibull distribution with different values of 𝛽.[10] 

https://www.reliasoft.com/products/reliability-analysis/weibull/life-data-analysis
https://www.reliasoft.com/products/reliability-analysis/weibull/degradation-data-analysis-example
https://www.reliasoft.com/products/reliability-analysis/weibull/reliability-test-design-example
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The 2-parameter Weibull pdf is given by: 

f(x) =  
β

η
(

x

η
)

β−1

e
−(

x

η
)β

                                                                                                 (1.20) 

where: 

             𝑓(𝑥) ≥ 0      ,      𝑥 ≥ 0      ,       𝛽 > 0    ,     𝜂 > 0         

and: 

• 𝜂 : the scale parameter, or the characteristic life. 

• 𝛽 : the shape parameter (or slope). 

The 2-parameter Weibull cdf is given by: 

F(x) = 1 − e
−(

x

η
)β

                                                                                                     (1.21) 

The mean value Τ of the Weibull pdf is given by: 

Τ = η. Γ(
1

𝛽
+ 1)                                                                                                             (1.22) 

Where Γ (
1

𝛽
+ 1) is the gamma function.  

Γ(n) = ∫ 𝑒−𝑥𝑥𝑛−1∞

0
𝑑𝑥                                                                                                 (1.23) 

1.10.3 Mixed Weibull distribution 

The mixed Weibull distribution (also known as a multimodal Weibull) is used to model 

data that does not fall on a straight line on a Weibull probability plot. Data of this type, 

particularly if the data points follow an S-shape on the probability plot, may be indicative of 

more than one mode at work in the population. Field data from a given mixed population 

may frequently represent multiple modes, each mode has its subpopulation, the Mixed 

Weibull Equation is depending on the number of subpopulations chosen.[9] The mixed 

Weibull cdf is given by:  

𝐹(𝑥) = ∑ 𝜌𝑖
𝑛
𝑖=0 . 𝑒

−(
𝑥

𝜂𝑖
)𝛽

                                                                                            (1.24) 

Where 𝜌 is the portion:        

∑ 𝜌𝑖 = 1

𝑛

𝑖=1
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1.10.4 Confidence bounds 

Because life data analysis results are estimates based on the sampling of units, there is 

uncertainty in the results due to the limited sample sizes. "Confidence bounds" (also called 

"confidence intervals") are used to quantify this uncertainty due to sampling errors by 

expressing the confidence that a specific interval contains the quantity of interest. Whether 

or not a specific interval contains the quantity of interest is unknown.Confidence bounds can 

be expressed as two-sided or one-sided. Two-sided bounds are used to indicate that the 

quantity of interest is contained within the bounds with a specific confidence. [9] 

1.10.5 Kolmogorov-Smirnov test 

In statistics, the Kolmogorov–Smirnov test (K–S test) is a nonparametric test of the 

equality of continuous or discontinuous samples. One-dimensional probability distributions 

can be used to compare a sample with a reference probability distribution or to compare two 

samples. It is named after Andrey Kolmogorov and Nikolai Smirnov. 

The Kolmogorov–Smirnov statistic quantifies a distance between the empirical 

distribution function of the sample and the cumulative distribution function of the reference 

distribution or between the empirical distribution functions of two samples.  

The Kolmogorov–Smirnov test can be modified to serve as a ‘fitness’ test. Weibull++ is 

a statistical software that supports it.[10] 

1.11 Conclusion 

This chapter describes the working principal of solar cells, solar cell parameters, the 

effects of temperature and irradiance on photovoltaic modules. It also describes the Weibull 

distribution features. 
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2.1 Introduction 

This chapter delves in the main components of the implementation circuit. The circuit is 

designed to be used a small stand-alone system which can be extended. It consists of four 

PV modules, a MPPT charge controller, a single-phase inverter, two batteries and a small 

load.  

2.2 The Photovoltaic modules identification 

The ENG36P150W Photovoltaic module is used in the implementation, which is made 

of 36 poly-crystalline cells connected in series. The table 2-1 presents the characteristics of 

the solar module under standard test conditions (STC) from the data sheet. The size of each 

PV module is illustrated in figure 2.1(All lengths are taken in cm.). 

Since the maximum voltage from each module is 18.65V, it needs to be increased to 

exceed 24 volts at the MPPT solar entrance. To do that, each two PV modules are 

connected in series, then the two strings in parallel as shown in the figure 2.2. The PV 

modules are installed in the institute yard on a support at a fixed altitude angle of 45º as the 

figure 2.3 depicts.  

Table 2.1: ENG36P150W characteristics under STC. 

𝑃𝑚𝑎𝑥 150W 

𝑉𝑜𝑐 23.06 

𝐼𝑠𝑐 9.30 

𝑉𝑚𝑝𝑝 17.68 

𝐼𝑚𝑝𝑝 8.49 

𝑁𝑂𝐶𝑇 45 

𝑇. 𝐶. 𝑉𝑜𝑐
1 -0.32% 

𝑇. 𝐶. 𝐼𝑠𝑐
2 0.05% 

T.C.𝑃𝑚𝑎𝑥
3 -0.45% 

                                                           
1 Temperature coefficient of 𝑉𝑜𝑐 (%/deg.C). 
2 Temperature coefficient of 𝐼𝑠𝑐 (%/deg.C). 
3 Temperature coefficient of 𝑃𝑚𝑎𝑥(%/deg.C). 

Figure 2.1: Dimensions of the 

PV Module. 
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After several tests, the datasheet values appear to be inaccurate. An identification test is 

done to the array to derive more accurate parameters. 

 

Figure 2.2: The connection of the PV 

Modules. 

Figure 2.3: The PV array site. 
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2.2.1 Identification test 

To conclude the new I-V and P-V curves, two variable resistors of 10.5Ω each, which 

can support up to 21 A are connected in series to the PV array terminals. Firstly, the value 

of current and voltage are taken at full resistance, then the resistance is reduced and new 

values are taken each time. The values of current and voltage for different values of 

resistance are taken at specific conditions (irradiance is around 1000 w/m and the ambient 

temperature is 28 ℃).    

Figure 2.4: I-V and P-V curves for the PV array. 
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After dividing the voltages and currents over two, the I-V and P-V curves for a single 

module are plotted:   

 

 

The cell’s temperature is found using the formula 1.11 from chapter 1 

𝑇𝑐𝑒𝑙𝑙 = T𝑎𝑚𝑏 + (
𝑁𝑂𝐶𝑇−20

0.8
) 𝐺                           

T𝑐𝑒𝑙𝑙 = 28 + (
45 − 20

0.8
) 1 

𝑇𝑐𝑒𝑙𝑙 = 59.25℃ 

∆T = Tcell − 25 

∆T = 34.25℃ 

 

 

Figure 2.5: I-V and P-V curves for one module. 



Chapter 2: System Hardware Components 
 

Page | 24  
 

Using Matlab-Simulink, the I-V and P-V curves at the same temperature using the data 

sheet characteristics are plotted: 

  

Figure 2.6: The Solar module Configuration. 

Figure 2.7: I-V and P-V curves at 25℃ and 59.25℃ 
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2.2.2 Test results analysis 

The I-V and P-V curves from figures 2.2.5 and 2.2.7 illustrate a wide difference 

between the datasheet values and the measured values of current, voltage and power. 

• Both the measured short circuit current and the measured maximum current are 

lower by 1.8A and 1.35 A (approximately) respectively compared to the datasheet 

values.  

• The open circuit voltage is higher by 0.2 volt but the Maximum Voltage is lower by 

2.8 V. 

• The measured maximum power is 88.42W knowing that the datasheet maximum 

power can reach up to 129W. 

From the datasheet of the modules, the STC values of Voc, Isc and 𝑃𝑚𝑎𝑥are calculated as 

follows: 

Voc =
40.9

2⁄

(1 − 0.32% ∗ 34.25)
= 22.97V 

Isc =
15.61

2⁄

(1 + 0.05% ∗ 34.25)
= 7.67A 

𝑃𝑚𝑎𝑥 =
88.42

(1 − 0.45% ∗ 34.25)
= 104.53𝑊  

• The value of 𝑉𝑚𝑝𝑝 and 𝐼𝑚𝑝𝑝 in STC can’t be calculated because of the environment. 

2.3 Charge Regulator 

The main task of the charge controller (regulator) is to manage the power going into the 

battery bank from the solar array.  It ensures that the batteries are not overcharged during 

the day and that the power doesn’t run backwards to the solar panels overnight. It also 

prevents the batteries from getting fully discharged because of the load consumption. 

There are mainly three varieties of Charge controllers: Ordinary ON or OFF control, PWM 

and MPPT. Their performance in a system is very different from each other. [11] 
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2.3.1 Ordinary ON or OFF control 

Ordinary ON or OFF controllers consist of a relay that opens the charging circuit when 

a preset high-voltage point is reached and closes the circuit again when a preset low-

voltage threshold is reached, allowing charging to continue. It is the simplest control 

strategy to control the charging and discharging of batteries. [12] 

2.3.2 PWM charge controller 

Modern charge controllers use Pulse Width Modulation (PWM) to slowly lower the 

amount of power applied to the batteries as they get closer and closer to full charge. This 

type of controller allows the batteries to be charged with less stress, extending battery life. 

It can also keep the batteries in a fully charged state (called “float”) indefinitely. PWM is 

more complex, but does not have any mechanical connections to break. [12] 

2.3.3 MPPT charge controller 

The main advantage of the MPPT charge controller is tracking the maximum power, 

since the solar array generate different values of voltage depending on the load resistance, 

the voltage is controlled by a DC-DC converter where the duty cycle is varied to track the 

Maximum Power Point (MPP). Different methods are used to approach the Maximum 

Power Point as: 

• Hill Climbing/Perturb and Observe (HC/P&O): it uses the duty cycle of boost 

converter as the judging parameter when the task of the maximum power point 

tracking is implemented. When the condition dP/dV = 0 is accomplished, it means 

that the maximum power point has been tracked. The duty cycle in every sampling 

period is determined by the comparison of the power at present time and previous 

time. [13] 

• Incremental Conductance (IncCond): this technique employs the slope of the PV 

array power characteristics to track MPP. The slope of the PV array power curve is 

zero at the MPP, positive when the voltage is smaller than the MPP voltage and 

negative when the voltage is greater than the MPP voltage. The derivative of the 

power of the PV module is given by [13]: 
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𝑑𝐼

𝑑𝑉
= −

𝐼

𝑉
                                                                                                              (2.1) 

•  Constant voltage: it is the simplest MPPT control method. The operating point of 

the PV array is kept near the MPP by regulating the array voltage and matching it 

to a fixed reference voltage Vref. The Vref value is set equal to the VMPP (STC) or 

set to a fixed calculated value. [14] 

The charge controller used in the implementation is MPPT T40 (see Appendix A). 

which has a 10% to -30% higher efficiency than the ordinary charge controller. It also has 

standby energy saving (more than 30% energy than ordinary controller) and a standby 

power consumption of only 10mA-15mA.  

 

Figure 2.8: MPPT T40 Charge Controller. 

The charge regulator settings: 

• Battery float voltage: 27.6V 

• Battery (under voltage) protection: 21.2V 

• Battery (under voltage) recovery voltage: 25.2V 

The charge regulator stops charging the batteries directly if they reach 27.6V and stops 

absorbing power from them when they reach 21.2V. It starts absorbing power again when 

they reach 25.2V. 
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2.4 Batteries 

The battery is utilized to provide energy to the load when the PV array cannot derive 

enough energy at night or in a cloudy day, this function provided by the battery is called 

‘‘battery’s autonomy’’. 

The deep-cycle lead-acid batteries are the most suitable for solar system since they are 

specially designed for frequent cyclic performance. By using strong grids and specially 

designed active material, they offer more cyclic life.  

To provide a 24V, two RITAR DC12-120 batteries are connected in series to the MPPT 

terminals (see Appendix B), with a capacity of 120Ah for each battery, a 12 V nominal 

voltage, an internal resistance of 4.5mΩ at 25℃, a wide operation temperature range: -20 

to 60 ℃ and a high short circuit current of 2.22KA. 

2.5 Inverter 

A single-phase voltage-source inverter is an electronic device or circuitry that changes 

direct voltage (DC) into alternating voltage (AC). Inverters are constructed from 

controllable power switches (IGBT or MOSFET…) controlled according to the type of ac 

output waveform wanted (magnitude and frequency), however the output waveform is not 

sinusoidal, to ensure a sinusoidal signal, modulating techniques are used to control the 

amount of time and the sequence used to switch the power valves on and off. The 

modulating techniques most used are: sinusoidal pulse width modulation (SPWM), the 

space-vector (SV) technique and the selective-harmonic-elimination (SHE) technique. 

There are many different single-phase inverter topologies. Based on the switch leg 

numbers, inverters can be sorted as half-bridge inverters or full-bridge (H-bridge) 

inverters. [15] 

2.5.1 Half-bridge inverter 

The Half bridge inverter consists of two switches and two capacitors. For each half of 

the period a switch is on and the other one is off. The two switches should not be on at the 

same time. [15] 
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2.5.2 Full-bridge inverter 

The full-bridge inverter consists of four switches. The operation is divided into two 

identical periods where the switches S1 and S4 are on in the first half of the period while 

switch S2 and S3 are off. In the second half of the period, switches S1 and S4 turn off and 

switches S2 and S3 turn on. [15] 

Figure 2.9a: Full bridge inverter and its corresponding output 

Figure 2.9b: Half bridge inverter and its corresponding output. 
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Phoenix Inverter 24/800 is used in the implementation (see Appendix C). it’s a single-

phase inverter which can produce a true sinewave AC voltage with an RMS value of 230V 

and a frequency of 50Hz starting from a DC voltage of 18.4 to 34.0 V and producing a 

maximum power of 800W. 

 

 

2.6 Load 

Loads are the power consuming units of the PV system. There are two types of loads (ac 

and dc) depending on the type of electrical power that they require for their operation. [16] 

For this implementation both ones are accepted. 

Eight resistive lamps are connected in series to the inverter, the total load impedance is 

267.2Ω where each lamp has a resistance of 33.4Ω. 

 

2.7 Data acquisition system   

The data acquisition system is supposed to measure the data of the irradiance, 

temperature, current and voltage; then send them through WIFI to be processed using Lab-

View Software. The system consists of two circuits: the first one is fixed on the PV array 

Figure 2.10: Pure Sinewave Inverter. 
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to measure the irradiance and temperature using a photodiode and an IC temperature 

sensor (LM 35), then send them to the main circuit. The latter is composed of Hall-effect 

and voltage measurement sensors which are responsible for measuring the current and the 

voltage respectively.    

Two ESP32 microcontrollers are used to transfer the data from the first circuit to the 

main one then to the laptop through through WIFI.  

Unfortunately, the system didn’t work as desired, and couldn’t be fixed because of the 

lack in time and material.  

To solve this problem, the data is measured manually using a solar power meter, 

thermometer and multimeters. 

Figure 2.11: Data acquisition system. 
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2.8 Solar Power Meter 

TES-1333 Solar Power Meter is used to measure the amount of solar irradiance 

throughout the day; it can display four digits with a Max indication of 1999 W/m², a 

resolution of 0.1W/m², a high accuracy within ±10W/m² and data hold which has a 

maximum memory of 99 sets.  

 

2.9 Thermometer 

TES-1310Thermometer is used to measure the ambient temperature around the solar 

panels; it can display 4 digits with a switchable Resolution of 0.1° /1.0 °, a range of -50℃ 

to 1300℃, a high accuracy within 0.2% and a data hold function.  

Figure 2.12: TES-1333 Solar Power Meter. 

Figure 2.13: TES-1310Thermometer. 
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2.10 Conclusion 

In this chapter, the main implementation components are introduced, the PV modules 

and the batteries are responsible for providing power to the inverter with the help of the 

MPPT charge controller that control the power flow.  

An identification test is done to determine more accurate parameters, since the ones 

given by the datasheet are not accurate. The test demonstrates a wide difference in the 

voltage and current values at specific conditions; where the irradiance is around 1000w/m² 

and the ambient temperature is 28℃, which increases the temperature of the cells to 

59.25℃. 
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3.1  Introduction 

The implementation and the measurement results are discussed in this chapter. First of 

all, a diagram of the implementation is represented and demonstrated, then a set of graphs 

represent the results of the change in irradiance, temperature, current, voltage and power 

versus time. The graphs are plotted and described individually. 

The PV array and Batteries are connected to the MPPT charge controller through two 

Circuit Breakers (16A), then the MPPT provides power to the Single-Phase Inverter which 

converts the DC voltage into AC voltage with an RMS value of 230V. A load of eight lamps 

is connected to the inverters output terminals. Four multimeters are used, two of them are 

connected to the PV array and batteries positive terminals respectively to measure the output 

current. The other two are connected to the PV array and batteries to measure the voltage. 

 

 

Figure 3.1: Overall system circuit diagram. 
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The values of temperature and irradiance are measured simultaneously with the values 

of current and voltage every five minutes from morning (7:00AM) to evening (5:00 PM) for 

fifteen days of the month of May. 

3.2  Measurement results 

The data of two days is taken as a sample to study in this chapter, a sunny and a cloudy 

day (May the 15th2019 and May the 21st 2019 respectively).  

Due to the effect of irradiance, the temperature of the cell increases to reach a peak value 

at noon in sunny days. Figures 3.3a and 3.3b illustrate the difference between the ambient 

temperature and the cell temperature at a sunny and a cloudy day. 

 

 

 

 

Figure 3.2: The implemented circuit used in the study. 
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It is clear that the irradiance affects the cell temperature directly. In the sunny day, 𝑇𝑐𝑒𝑙𝑙  

increases with the increase of irradiance, while in the cloudy day, 𝑇𝑐𝑒𝑙𝑙 keeps changing due 

to the change in irradiance (the sun hides behind the clouds). 

The change in cell temperature affects the open circuit voltage, however the MPPT T40 

uses the constant voltage method, which leads to fixed voltage values. The MPPT charge 

controller first calculates the MPP voltage, takes it as a reference and tries to keep it fixed. 

Figure 3.3a: Cell temperature and ambient 

temperature for a sunny day. 
Figure 3.3b: Cell temperature and ambient 

temperature for a cloudy day. 

Figure 3.4a: The PV voltage changes for a 

sunny day. 

Figure 3.4b: The PV voltage changes for a 

cloudy day. 
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The figures 3.4a and 3.4b prove that the MPPT T40 utilizes the constant voltage method 

to identify the MPP, because in both cases the voltage is around 26V. The charge controller 

calculates the first value of the MPP corresponding to the temperature at that moment, then 

tries to maintain the voltage fixed. 

Since the voltage is approximately stable, the main factor controlling the power 

provided by the PV array is the current, which changes due to the change in the irradiance. 

 

Figure 3.5a and 3.5b demonstrate how the weather affects the irradiance, which keeps 

changing in cloudy days due to the change in the density of the clouds. 

In sunny days, the irradiance exceeds 1200W/m². However, in cloudy days it keeps 

varying between 300 to 600W/m². 

 

 

 

Figure 3.5a: The irradiance changes for a sunny 

day. 
Figure 3.5b: The irradiance changes for a cloudy 

day. 
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Even though in sunny days the current provided by the PV array exceeds thirteen 

amperes, in cloudy days the current keeps varying between two to seven amperes and 

exceeds it for small durations of time when the clouds stop hiding the sun or partially hide 

it. 

In sunny days the PV array generates more current than what the inverter requires to 

supply the load. Therefore, the MPPT charge controller charges the batteries with the 

remaining current. i.e. Around 4A when the current reaches its peak values. However, in 

cloudy days the current generated by the PV array can’t satisfy the power requirement of the 

inverter. Thus, the MPPT charge controller starts absorbing current from the batteries. 

 

 

 

Figure 3.6a: The PV current change for a 

sunny day. 

Figure 3.6b: The PV current change for a cloudy 

day. 
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Since power is the product of the current and the voltage (the voltage is approximately 

stable), the change in power is propotional to the change in current where the main factor 

controlling the power (and the current) change is the irradiance. 

The power generated by the PV array varies from 25 W to reach a peak of 384W in a 

sunny day, but in cloudy days the power keeps varying from 20W to 200W only. 

The inverter generates a signal output of 230 Vrms and 0.86 Arms with a power of 200W, 

and to generate this signal the MPPT absorbs around 240W from the PV array and the 

batteries to supply the inverter.  

The power absorbed or delevired to the batteries depends on the power generated by the 

PV array. 

 

 

 

 

Figure 3.7a: The power flow for a sunny day. Figure 3.7b: The power flow for a cloudy day 
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3.3  Conclusion 

In this chapter the implementation of the project and the measurement results are 

clarified. As a start, the fixed voltage at the PV array output proves that the MPPT T40 

charge controller utilizes the constant voltage method, where it calculates the first value of 

MPP, then takes its voltage as a reference and tries to keep it constant. 

Secondly, processing the data collected yields information on the way the current 

changes (proportionally to the irradiance) and how the clouds affect it. 

Finally, the study shows how the power flow changes with time, and what’s the 

maximum power the PV array can generate in the site at the best conditions in the month of 

May, which are 1267W/m² irradiance, 27℃ and a power of 384 W. 
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4.1  Introduction 

The collected data i.e. Irradiance, temperature and power are processed using Weibull++ 

software, where the Kolmogorov–Smirnov test is applied to the collected data to determine 

which distribution it follows. Based on the distribution and its parameters, the mean value, 

pdf and cdf of the data are deduced. 

4.2  Weibull++ study and analysis 

The study took place over the span of 15 days, some of which were sunny while others 

were cloudy. The data of sunny days is similar and the data of cloudy days is similar too. 

Therefore, in this study only two days are chosen, one day is sunny and the other is cloudy.  

In order for the data to be relevant it should be confirmed by the Kolmogorov-Smirnov 

test where it follows the probability line and stay within the confidence bounds. 

For our purposes, the irradiance data measured during a sunny and a cloudy day from the 

sample period are used to define the fitting distributions, their parameters and the mean 

values. The figures 4.1 and 4.2 show the different distributions.  

 

                               Figure 4.1: The irradiance data cdf for a sunny day. 
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The irradiance data of a sunny and a cloudy day are fitted with a three subpopulations 

mixed Weibull distribution. The irradiance mean value for the sunny day is 826.64 

w/𝑚2whereas that of the cloudy day is 436.58 w/𝑚2. The parameters are used to define their 

respective cdfs according to equation 1.23: 

𝐹𝑠𝑢𝑛𝑛𝑦(𝑥) = 0.20 [1 − 𝑒−(
𝑥

230
)1.95

] + 0.23 [1 − 𝑒−(
𝑥

741.6
)7.1

] 

                                           +0.57[1 − 𝑒−(
𝑥

1147
)13.8

]                                                                       (4.1) 

𝐹𝑐𝑙𝑜𝑢𝑑𝑦(𝑥) = 0.13 [1 − 𝑒−(
𝑥

334
)9.64

] + 0.65 [1 − 𝑒−(
𝑥

473
)1.9

] 

                                            +0.22[1 − 𝑒−(
𝑥

571
)20.1

]                                                                        (4.2) 

 

Where x represents the irradiance. 

The same procedure using the temperature data of a sunny and a cloudy day is repeated. 

See the figures 4.3 and 4.4: 

 

Figure 4.2: The irradiance cdf and its parameters for a cloudy day. 
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Figure 4.3: The temperature cdf and its parameters for a sunny day. 

 

Figure 4.4: The temperature cdf and its parameters for a cloudy day. 
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The temperature data of a sunny and a cloudy day are fitted with a Weibull distribution. 

The temperature mean value for the sunny day is 26.3℃ and the mean value of cloudy day 

is 22.5℃. The parameters are used to define their respective cdfs according to equation 1.21: 

Fsunny(x) = 1 − e−(
x

27.3
)

22.6

                                                                                              (4.3) 

Fcloudy(x) = 1 − e−(
x

21.9
)

26.9

                                                                                             (4.4) 

Where x represents the temperature. 

After that, the same procedure is used with the power data of a sunny and a cloudy 

day. See the figures 4.5 and 4.6. 

 

 

 

 

Figure 4.5: The power cdf for a sunny day. 
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The power data of a sunny and a cloudy day are fitted with a four subpopulations mixed 

Weibull distribution. The power mean value for the sunny day is 265.3W whereas that of the 

cloudy day is 128.9W.  

As a result, the mean value change in temperature between a sunny and a cloudy day is 

small (3.8℃). Chapter three explained that the change in temperature does not affect the 

performance of the system due to the constant voltage method used by the MPPT charge 

controller. Therefore, the performance of the system is affected by irradiance only. The mean 

value change in irradiance is about 390W/𝑚2, which translates to a change in power of 

137W. 

The parameters of power distributions are shown in the table 4.1: 

 

 

Figure 4.6: The power cdf for a cloudy day. 
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Table 4.1: The cdf parameters of the power data. 

Parameters Sunny  Cloudy 

Beta (1) 2.84 2.9 

Eta (1) 72.3 35.4 

Portion (1) 0.21 0.07 

Beta (2) 12.0 9.2 

Eta (2) 150 84.4 

Portion (2) 0.107 0.40 

Beta (3) 6.25 33.9 

Eta (3) 288 181 

Portion (3) 0.418 0.174 

Beta (4) 34.9 3.98 

Eta (4) 341 193.9 

Portion (4) 0.265 0.347 

 

The cdf equations according to their parameters: 

𝐹𝑠𝑢𝑛𝑛𝑦(𝑥) = 0.21 [1 − 𝑒−(
𝑥

72.3
)2.84

] + 0.107 [1 − 𝑒−(
𝑥

150
)12.0

] 

                                          +0.418[1 − 𝑒−(
𝑥

288
)6.25

] +0.265[1 − 𝑒−(
𝑥

341
)34.9

]                           (4.5) 

𝐹𝑐𝑙𝑜𝑢𝑑𝑦(𝑥) = 0.07 [1 − 𝑒−(
𝑥

35.4
)2.9

] + 0.40 [1 − 𝑒−(
𝑥

84.4
)9.2

] 

                                            +0.174[1 − 𝑒−(
𝑥

181
)33.9

] +0.347[1 − 𝑒−(
𝑥

193.9
)3.98

]                      (4.6) 

Where x represents the power. 

Assuming that the weather conditions are known (i.e. temperature, Sunny/Cloudy day) 

from the experiment, the relevant distribution of power, its parameters and its cdf that 

correspond to the data allow us to determine the powers probability during that day.  

Equations 4.5 and 4.6 are used to calculate the cdf for a given power data, as the table 4.2 

illustrate. 
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Table 4.2: The cdf of different power values. 

 Sunny day  Cloudy day 

X F(x) x F(x) 

50 0.062 50 0.07 

100 0.191 80 0.266 

200 0.358 100 0.492 

300 0.623 150 0.577 

400 1 200 1 

 

One of the pdf properties is defined as: [17] 

P (𝑥1 < 𝑥 ≤ 𝑥2) = F (𝑥2) – F (𝑥1)                                                                                    (4.7) 

This equation can be used to calculate the probability of the power interval during a sunny 

and a cloudy day. The figures 4.7 and 4.8 show the intervals and their corresponding 

probabilities. 

 

 

 

Figure 4.7: The power intervals probability during a sunny day. 
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The same procedure is used to identify the power probability that the PV array can 

generate during a sunny day or cloudy day. For example, if the system requires 200W to 

operate, then according to the figure 4.8, the power probability of powering the system from 

the PV array is 0.642 in a sunny day. Therefore, the probability of using batteries as backup 

to operate the system is 0.358. 

Finally, repeating the same procedure using the all days data of the sample period. See 

figures 4.9, 4.10 and 4.11. 

  

 

 

 

 

Figure 4.8: The power intervals probability during a cloudy day. 
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Figure 4.9: The irradiance cdf and its parameters for all the sample period. 

 

Figure 4.10: The temperature cdf and its parameters for all the sample period. 



Chapter 4: Data Analysis using Weibull++ 
 

Page | 52  
 

 

The irradiance data of all the sample period is fitted with three subpopulation mixed 

Weibull distribution. The irradiance mean value is 701.60W/𝑚2. The cdf equation for 

irradiance is: 

𝐹(x) = 0.18 [1 − e−(
x

237
)2.22

] + 0.52 [1 − e−(
x

610
)3.3

] 

                                                +0.30[1 − e−(
x

1130
)11.8

]                                                               (4.8) 

 

Where x represents the irradiance. 

The temperature data of all the sample period is fitted with Weibull distribution. The 

temperature mean value is 25.04℃. The cdf equation for temperature is: 

F(x) = 1 − e−(
x

26.0
)

31.02

                                                                                                      (4.9) 

 

Where x represents the temperature. 

Figure 4.11: The power cdf and its parameters for all the sample period. 
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The power data of all the sample period is fitted with three subpopulation Weibull 

distribution. The power mean value is 230.9W. The cdf equation for power is: 

 

F(x) = 0.29 [1 − e−(
x

71.6
)3.46

] + 0.43 [1 − e−(
x

192
)3.41

] +0.38[1 − e−(
x

350
)13.3

]                (4.10) 

 

Where x represents the power. 

It is also possible to write the equation of the power probability density function of all the 

sample period according to the equation 1.20. 

f(x) = 0.014 (
x

71.6
)

2.46

e−(
x

71.6
)

3.46

+ 0.008 (
x

192
)

2.41

e−(
x

192
)

3.41

 

                                          +0.014(
x

350
)12.3e−(

x

350
)13.3

                                                     (4.11)                                                               

                                                              

Where x represents the power. 

 Weibull++ is used to plot the power probability density function of all the sample period. 

See figure bellow. 

. 

Figure 4.12: The power data pdf for all the sample period 
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4.3 Conclusion 

The data used in this study is the irradiance, temperature and power. Weibull++ software 

is used to define which distribution the data measured follows. The parameters of 

distribution, the mean value, the cumulative density function (cdf) and the probability 

density function (pdf) of the data are determined.  

The power data are divided into intervals, then the probability of each interval is 

calculated using its cdf. The resulting probabilities can be used to predict the power 

generated by the system through that day. 
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General Conclusion 

 

In order to study the data distribution of any PV system. Collection of data for the 

longest time possible is necessary to make the results more accurate. In this project, 

electrical parameters of a 600W system are recorded during the month of May for fifteen 

days, ten hours daily and each five minutes. 

We faced many problems when collecting the data starting with the failure of the data 

acquisition circuit. Also, the constant voltage method used by the MPPT made the 

temperature effects on the system unclear. 

After implementing the system, we tried to identify the real parameters of the PV 

modules. Unfortunately, because of the temperature, the MPP voltage and current at STC 

couldn’t be calculated.   

A sunny and a cloudy day are taken as samples in this study. After calculating the power 

generated by the PV array, Weibull++ software is used to determine which distribution the 

data is following and its mean value. According to the parameters of the distribution, a cdf 

is concluded. Which allowed us to calculate the probability of power intervals and starting 

from these probabilities, the consumers can have an idea about the amount of power that a 

system can generate at different conditions (time of the year, weather conditions and the 

site), where they will have more information than the datasheet can provide. 

For future works the data should be collected automatically, the duration between each 

value should be as small as possible. Therefore, the distribution will be more precise and 

that may reduce the number of subpopulations which leads to more accurate cdf. The study 

should also take a long time, thus all weather cases in the site will be taken in 

consideration. 
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Appendix A: Datasheet of the MPPT Charge Controller. 

Table A.1: MPPT T40 main parameters. 

Parameters / Model MPPT10 MPPT20 MPPT30 MPPT40 

Maximum power 

current 
12A 20A 30A 40A 

Installation Line 

(mm2） 
4mm² 8mm² 10mm² 12mm² 

Installation Line 

(AWG) 

10(AW 

G) 

8(AW 

G) 

7(AW 

G) 

6(AW 

G) 

Weight 280g 300g 475g 480g 

Dimensions 143×89×46（mm） 187*97*61（mm） 

System load loss ≤13mA 

Loop Buck ≤100mV 

Battery float voltage 13.8V（12V system）/27.6V（24V system） 

Battery (under voltage) 

protection 
10.6V（12V system）/21.2V（24V system） 

Battery (undervoltage) 

recovery voltage 
12.6V（12V system）/25.2V（24V system） 

Charge mode MPPT+PWM MODE 

Operating Temperature -10℃~60℃ 

Storage Temperature -30℃~70℃ 

Humidity requirements ≤90％, No condensation 

Temperature 

compensation 
-4mV/Cell/℃ 
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Appendix B: Datasheet of the Batteries. 

Product Features 

• Capacity range :26Ah —3000Ah. 

• Voltage class:2V/6V/12V. 

• Low self-discharge rate: ≤ 3%/month. 

• Good high rate discharge performance. 

• Long design life （ 25 5 years(≤28Ah). 

• High sealed reaction efficiency: ≥ 99%. 

• Wide operation temperature range: -20 ~60. 

• Structure: compact design, shorter internal connectors between cells. 

• Plate: Pasted flat type, with patent deep cycle formula of AM. 

• Terminal: two or more types terminals are convenient for selection. 

• Vent system: gases can be vented through flame arrester/ filter. 

• Separator: using improved AGM separator, makes lower resistance; higher 

assembling pressure to increase deep cycle life. 

• Battery case: made of high strength ABS(UL94-HB) and UL94-V0 is optional. 

• Terminal sealing: double sealing technics (mechanical + epoxy gule). 
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Main Parameters 

Table B.1: RITAR DC12-120 main parameters. 
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Appendix C: Datasheet of the Single -Phase Inverter. 

Table C.1: Datasheet of Phoenix Inverter 24/800. 
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