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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
45°, 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.
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Chapter 1: General Overview on PV System and Weibull++

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]
e 1873-1876: Selenium’s Photoconductivity is discovered by English electrical
engineer Willoughby Smith.
e In 1883, New York inventor Charles Fritts created the first solar cell by coating
selenium with a thin layer of gold.
e In 1887, German physicist Heinrich Hertz first observed the photoelectric effect.
e 1953-1956: Silicon Solar Cells are produced commercially.
e Thomas Faludy filed a patent in 1995 for a retractable awning with integrated
solar cells.
e In 1994, the National Renewable Energy Laboratory developed a new solar cell
from gallium indium phosphide and gallium arsenide that exceeded 30%
conversion efficiency.

e 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
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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:

Electrical load

()
=
A
Photovoltaic cell
OC current flow
Phosphorous-doped (N-type)
Borondoped (P-type) silicon layer ~0.3:m
silicon layer ~ 250 : m (+)

Figure 1.1: Schematic of the working principal of the solar cell. [2]

1.4 Solar cell equivalent circuit and characteristic equation

The equivalent circuit of a solar cell is shown below:

/
O ll l| O o)
Rs »
’ph l() SZ[ Id Rp 4
© O -

Figure 1.2: The equivalent circuit of a solar cell.

The characteristic equation of a solar cell, which relates solar cell parameters to the output
current and voltage is given by:
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[=1L =1lo {exp[ KT

where:

q(V+IRS)] } V+IRg
Rsu

I: output current (A).
I,: reverse saturation current (A).

V: voltage across the output terminals (V).

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

g: elementary charge.

K: Boltzmann's constant value.
T: absolute temperature at 25°C.
Rgy: shunt resistance (Q).

R;: series resistance (Q).[3]

1.5 Photovoltaic Generator

(1.1)

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 figurel.3). [4]
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Figure 1.3: The photovoltaic generators.

1.6 Solar Cell parameters

The main parameters that are used to characterize the performance of solar cells are the
peak power Py, 4%, the short-circuit current I, the open circuit voltage V. and the fill factor
FF. The cell voltage, current and power at the maximum power point are Vypp, Iypp, and,

Pypp, respectively. [5]
1.6.1 Short Circuit current (I.)

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= qgln+Lp) =1, (1.2)

Where:

e I light generated current (A).
e : the generation rate.
e Ln: the electron diffusion lengths (cm).

e Lp: the hole diffusion lengths (cm).

g: elementary charge (C).
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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]

V0C=%Tln(i—z+ 1) =< () (1.3)

Where:
e |o: Dark saturation current.
e k: Boltzmann’s constant.

e 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:

Pnax = Vmpp X Iupp (1.4)

Where Vmpr and Ivep 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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F _ Pmax.practical _VmeImp (1 5)
Pmax.theorotical VocXIse )

For agood 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 AMO 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:

_ VoclscFF

Pmax = VoclscFF (1.6) ; (1.7)

Where:

e V. the open-circuit voltage.
e s the short-circuit current.
e FF: the fill factor and 7 is the efficiency.
The input power for efficiency calculations is 1 kW/m? or 100 mW/cm?. Thus, the input
power for a 100 x 100 mm? cell is 10 W and for a 156 x 156 mm? cell is 24.3 W.

1.7 1-V and P-V curves of a PV device

A current-voltage (1-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 Figurel.4). [7]

Maximum power =

/Current vs.voltage @ ===0Za@ \\ --1p
' mp

-—
o

3
o

Maximum
power point

\ Power vs. voltage

Voltage (V) Vinp Voc

Current (A)
Power (W)

Figure 1.4: I-V and P-V curves of a PV device.[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]
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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:

?:‘ . . . . . N

B2 ‘ T T T T T T T
Incident Irrad. = 1000 Wim®

e Cellz temp. =10 °C, Pmpp = 213.4W

Cells temp. =25 °C, Pmpp=2002W

Cels temp. =40 °C, Pmpp=1867W

Cells temp. =355 °C, Pmpp=173.1W

Cels temp. =70 °C, Pmpp=158.3W

200

Incident Irrad. = 1000 Wim®
Cells temp. =10°C, Pmpp=213.4W
2F Cells temp. = 25°C, Pmpp=2002W
Cellz temp. =40 °C, Pmpp = 1867 W
s Cllz temp. =55 °C, Pmpp=173.1W
Cells temp. =70 °C, Pmpp=158.3W

0 | | | — 0 1 1 1 1

0 10 20 30 40 50 0 10 20 30 40
Voltage [V] Voltage [V]
Figure 1.5 (a): The effect of temperature Figurel.5 (b): The effect of temperature
on the PV module’s voltage. on the PV module’s power.

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

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

lo = qA (1.9)

Where:

e (: the electron charge.

e A:the area.

e D: the diffusivity of the minority carrier.
e L: the minority carrier diffusion length.
e Np: the doping concentration.

e n;: 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(n;). 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
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temperatures giving higher intrinsic carrier concentrations). The equation for the intrinsic

carrier concentration is: [8]

n? =4 (ZT::TY (mzm; )3/ 2exp (— %) = BT3exp (— %) (1.10)
Where:

e T: the temperature.

e hand k are constants.

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

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

e B: aconstant which is essentially independent of temperature.

The following expression is used to calculate the cell temperature:

NOCT-20
) G

Teen=Tamp + ( 0.8 (1-11)

Where:
o T,y : cell temperature (°C).
e T,np. ambient temperature.
e G: solar insolation (kW/mz2).
Substituting these equations back into the expression for lp and assuming that the
temperature dependencies of the other parameters can be neglected, gives:

— gA-2-BT3 _Eeo) ~ prTY _Eoo
lp = qA - BT exp (—=2) ~ B'TVexp (- 122) (1.12)
where
e B atemperature independent constant.
e A:aconstant value.

e I used instead of the number 3 to incorporate the possible temperature
dependencies of the other material parameters.

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

°C increase in temperature. [8]
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The impact of lo on the open-circuit voltage can be calculated by substituting the equation
for lo into the equation for Vo as shown below:

v —KTl (ISC)_KTZ I KTl [B’TV ( qVG())]
“_qnlo_qn“ qn exp KT

V,, = % (inlse — InB' — yInT + Z<2) (1.13)

Where Eco = qVeo.
Assuming that dVoc/dT does not depend on dlsc/dT, dVoc/dT can be found as:
dVoc Voc—VGo _ K

T T 14 p (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, EGO is 1.2, and using y as 3 gives a reduction in the open-circuit voltage of about

2.2 mV/°C:

KT
dVoc VGo—Voc+YF

o = - ~ —2.2mV per°C for Si (1.15)

The short-circuit current, lsc increases slightly with temperature, since the band gap
energy Ec 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 dlgc

—=% ~ 0.0006mA per °C 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 dFF (L% _1

o (o ;) ~ —0.0015per °Cfor Si (1.17)

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

1 dPy 1 dVoc , 1 dFF | 1 dlg

Phvar = Py dT Vo dT trFar Igc dT (1.18)
1 &Py —(0.004 to 0.005)mW per °C for Si (1.19)
Py dT

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:

& ;I T T T T T T T T
Cells temp. =25 °“C
ra = —
Incident Irrad. = 1000 W/
200.2 W
(-] = —
Incident Irrad. = 300 W./nr
=
‘E Y Incident Irrad. = S00 W/ ]
3
*r Incident Irrad. = 200 WW/me N
2 | —]
Incident Irrad. = 200 W/m™
-1 | —]
o 1 I N |
0 10 20 50
“Woltage W]
Figure 1.6 (a): Irradiations effect on the PV module’s current.
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[ — Incident Irrad. = 300 W/m= 1
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| ——— Incident Irrad. = 400 V/m™ 1441 W
140 — Incident Irrad. = 200 VW/m= - _]
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- v
= -
s 100 —
=
£
BOI- BT W 7
i -
80 - —
a0l 324 W -
-
20 —
0 I I 1 I A
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Yolkage V]

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 £ as illustrated in figure 1.7. [9]

Q=1 R=4 WEIBULL SHAPE
FACTOR

Figure 1.7: The Weibull distribution with different values of 5.[10]

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]
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The 2-parameter Weibull pdf is given by:

1 x
f(x) = %(ﬁ)B il (1.20)
where:

fx)=0 , x=0 , B>0 , n>0
and:

e 7 :the scale parameter, or the characteristic life.
e [ :the shape parameter (or slope).

The 2-parameter Weibull cdf is given by:

X

Fx)=1—e @ (1.21)
The mean value T of the Weibull pdf is given by:
T=n r(% +1) (1.22)

Where I' (% + 1) is the gamma function.

I'(n) = foooe_"x"_1 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:

X

— (B
G (1.24)

F(x) =Xiopi-e
Where p is the portion:

Il
[E

Pi

'ﬁ'M:
[y
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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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Chapter 2: System Hardware Components

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 45° as the

figure 2.3 depicts.
Table 2.1: ENG36P150W characteristics under STC.
Prax 150W
Ve 23.06
I, 9.30
Vinpp 17.68 2
Lo 8.49 B
NOCT 45
T.C.V,,t |-0.32%
T.C.I,2 0.05%

T.C.Pyax® -0.45% \ e

Figure 2.1: Dimensions of the
PV Module.

! Temperature coefficient of V. (%/deg.C).
2 Temperature coefficient of I, (%/deg.C).
3 Temperature coefficient of P, (%/deg.C).
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ENGIOEISINY ENG36P150W1

ENG36P150W2

ENG36P150W3

Figure 2.2: The connection of the PV
Modules.

B o A S )

Figure 2.3: The PV array site.

After several tests, the datasheet values appear to be inaccurate. An identification test is
done to the array to derive more accurate parameters.
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2.2.1 ldentification test

To conclude the new I-V and P-V curves, two variable resistors of 10.5Q 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 °C).

16 : . : : .
e X: 25.9
X:0 . Y:1366
14 Y: 1561 -
12 A
\
\
10 \
\
\
8 \
\
\
\
6t \
\\,
\l
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\
2f X:40.9
Y:0 \
2 i i i ; ; ; ok
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Figure 2.4: 1-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:

L — = [o®
X:0 Y:6.828
7T Y:7.805 \\.
6 \
\\
5 \
\
\
4 \
3 i ‘\
2:F \
\
X
1r 3 1
|\ X:2045
\ (Y:0
0 i I Bt 4‘.
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25
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80

0r
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40r

3071

20T

{
\
\

| x:2045 T

| Y:0
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25

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

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

NOCT-20
Teeu = Tamp + ( 08 )G
45 — 20
Teen =28+ ( 0.8 )

Tcell = 59250C
AT = Tcell — 25

AT = 34.25°C
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Using Matlab-Simulink, the I-V and P-V curves at the same temperature using the data
sheet characteristics are plotted:

Block Paramete
PV array (mask) (link)

Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.
Parameters  Advanced

Array data Display I-V and P-V characteristics of ...

Parallel strings [1 | Lo @ 1000 W/m2 & specified temperatures -

T_cell (deg. C) [[59.25 25 ]

Series-connected modules per string |1 ‘ 8

Plot

Module data Model parameters

Module:  User-defined v Light-generated current IL (A) 8.558

Maximum Power (W) | 149.946 Cells per module (Ncell) |36 ‘ 8 Diode saturation current I0 (A) | 3.1832e-10

Open circuit voltage Voc (V) (23.06 i Short-circuit current Isc (A) 8 Diode ideality factor 1.0199
Voltage at maximum power point Vmp (V) i Current at maximum power point Imp (A) 8 Shunt resistance Rsh (ohms) 172.6494
Temperature coefficient of Voc (%/deg.C) i Temperature coefficient of Isc (%/deq.C) 8 Series resistance Rs (ohms) 0.1468

Cancel Help Apply
Figure 2.6: The Solar module Configuration.

Voltage (V)

200

150 —

Power (V)
=
S
T

50 —

X:23.06
Y:0

25
Voltage (V)

Figure 2.7: 1-V and P-V curves at 25°C and 59.25°C
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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.

e 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.

e The open circuit voltage is higher by 0.2 volt but the Maximum Voltage is lower by
2.8 V.

e 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 V_, I, and P,,,are calculated as

follows:
40.9/2
V.. = = 2297V
°¢ (1 -0.32% * 34.25)
15.61/
2
I.. = =7.67A
5¢ (14 0.05% * 34.25)
88.42
= 104.53W

P =
max = (1 — 0.45% * 34.25)

e The value of V},,,,,, and I, 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:

e 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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dal 1
4--1 (2.1)
e 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:

e Battery float voltage: 27.6V
e Battery (under voltage) protection: 21.2V
e 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 VV nominal
voltage, an internal resistance of 4.5mQ at 25°C, a wide operation temperature range: -20
to 60 °C 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]

Page | 28



Chapter 2: System Hardware Components

w

=
—
IFT
iyl
w

3
L
1T
Ly

g3 _]Ei " JEE

Figure 2.9a: Full bridge inverter and its corresponding output

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]
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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.

"Qwvic'ron energy pure sinewave inverter

phoenix 24 | 800 ?

Figure 2.10: Pure Sinewave Inverter.

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

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

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

Page | 30



| Chapter 2: System Hardware Components

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/m?2 and data hold which has a

maximum memory of 99 sets.

Figure 2.12: TES-1333 Solar Power Meter.

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

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/m?2
and the ambient temperature is 28°C, which increases the temperature of the cells to
59.25°C.
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Chapter 3: Implementation and Measurement Results

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.

ENG36P150W

ENG36P150W3

ENG36P150W1

ENG3I6P150W2

{m

{m

e
A P
e T

P

8|

—=

Bk}

PV +

PV

battery +
load

input-

battery -

input+ output1

output2

S a

Resistive Load
=267.2 ohms

’4

MPPT T40 Charge Controller

l——0

Single Phase Inverter

Figure 3.1: Overall system circuit diagram.
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Single phase invertes

v o e :’m;_ 1@'
e

A ,-.'QEF "@J’

Figure 3.2: The implemented circuit used in the study.

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 15""2019 and May the 21% 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.
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Figure 3.3a: Cell temperature and ambient
temperature for a sunny day.

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

It is clear that the irradiance affects the cell temperature directly. In the sunny day, T,.;

increases with the increase of irradiance, while in the cloudy day, T,.;; 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.
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Figure 3.4a: The PV voltage changes for a
sunny day.

Figure 3.4b: The PV voltage changes for a
cloudy day.

Page | 37




Chapter 3: Implementation and Measurement Results

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

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/mz2. However, in cloudy days it keeps
varying between 300 to 600W/m2.
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Figure 3.6a: The PV current change fora  Figure 3.6b: The PV current change for a cloudy
sunny day. day.

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

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 VVrms 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.
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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/m? irradiance, 27°C and a power of 384 W.
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Chapter 4: Data Analysis using Weibull++

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.
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Figure 4.1: The irradiance data cdf for a sunny day.
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Figure 4.2: The irradiance cdf and its parameters for a cloudy day.

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/m?whereas that of the cloudy day is 436.58 w/m?2. The parameters are used to define their

respective cdfs according to equation 1.23:

X . X :
Fo‘unny(x) = 0.20 [1 - 6_(m)195] 4+ 0.23 [1 — e_(74-1.6)71]

+057[1 - o 6™ )
X vo. X \1.
Fetouay (x) = 0.13 [1 — e‘(ﬁ)m] +0.65 [1 - e‘(m)”]
+022[1 - e_(%)zo.l] (42)

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:
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Figure 4.3: The temperature cdf and its parameters for a sunny day.
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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°C and the mean value of cloudy day
is 22.5°C. The parameters are used to define their respective cdfs according to equation 1.21:

x 22.6
Founny () = 1— ¢~ (&73) (43)

< 1269
Fcloudy(X) =1- e_(m) (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.
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Figure 4.5: The power cdf for a sunny day.
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Figure 4.6: The power cdf for a cloudy day.

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°C). 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/m?, which translates to a change in power of

137W.

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

X% X 12,
Faunny (x) = 0.21 [1 —~ e‘(m)284] +0.107 [1 _ e—<1so)“°]

+0.418[1 — ¢ G0 **| +0.265[1 — ¢ GiD™’]

X 2. X o
Fcloudy(x) = 0.07 [1 - e_(m)zg] + 0.40 [1 — e‘(m)”]

+0.1741 — e‘%)”"’] +0.3471 — e‘<19’§.9>3'98]

Where X represents the power.

(4.5)

(4.6)

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.

Page | 48



Chapter 4: Data Analysis using Weibull++

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(x; <x<x3)=F(x)—F(xq) 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.
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Figure 4.7: The power intervals probability during a sunny day.
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Figure 4.8: The power intervals probability during a cloudy day.

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.
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Figure 4.9: The irradiance cdf and its parameters for all the sample period.
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Figure 4.10: The temperature cdf and its parameters for all the sample period.
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Figure 4.11: The power cdf and its parameters for all the sample period.

The irradiance data of all the sample period is fitted with three subpopulation mixed
Weibull distribution. The irradiance mean value is 701.60W/m?2. The cdf equation for

irradiance is:

FG) = 0181 e @37 | + 052 [1 — e @10

+o.30[1 _ e‘<ﬁ)”‘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°C. The cdf equation for temperature is:

X )31.02

F(x) = 1— e (30 (4.9)

Where x represents the temperature.

Page | 52



Chapter 4: Data Analysis using Weibull++

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) = 029[1 - "5 "] + 0431 — e 62| +0.38[1 — TG0 (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.

2.46 3.46 2.41 3.41
f(x) = 0.014 (%6) e"(718)  +0.008 (1%2) e~(152)

X
_)13.3

+0.014(;0) 123G (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.
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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

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

12A 20A 30A 40A
current
Installation Line

4mm? 8mm? 10mm? 12mm?
(mm2)
Installation Line 10(AW 8(AW 7(AW 6(AW
(AWG) G) G) G) G)
Weight 2809 3009 475¢ 480g
Dimensions 143x89%x46 (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°C~60°C

Storage Temperature

-30°C~70°C

Humidity requirements

<90%, No condensation

Temperature

compensation

-4mV/Cell/°C
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Appendix B: Datasheet of the Batteries.

Product Features

Capacity range :26 Ah —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.

Nominal Capacty Walght Dimansion _— -‘EII1:-I|r|I
Volmge =C_iC_ Hasistanog rrnanm..
Modal Langih Width Halght Total Haight [re
(V) [AR) mm  ingh ingh mm jnch mm  jnoh (MO

1228 12 28 17.86 8.1 |FAFIRT24( 166 | 6.54 | 175 | 6.89 | 125 | 492 | 125 | 482 10.0 B00 D
DCi2-288 12 28 18.30 8.3 | FPI1 | 165 | 6.50 | 126 | 496 | 174 | 685 | 174 | 685 1.5 850 D
1228 12 28 18.98 8.8 | FIF3 |166 |6.54 | 175 | 6.89 | 125 | 492 | 125 | 482 9.0 A50 D
DCi2288 12 28 1940 ( 8.8 | FPF1 (165 | 6.50 | 126 | 496 | 174 | 685 | 174 | 685 10.0 280 D
CeD6-180 3 180 5843 | 265 Fi2 |306 |12.05( 168 | 6.61 | 222 | 874 | 227 | 8494 3.0 333d &
DOE-200 4 200 63195 79 |F1&F4 | 322 [12.68( 178 | 7.01 | 236 | 890 | 247 | 9.72 25 3700 &
062008 3 200 A 15 g Fi2 | 260 |10.24( 180 | 7.08 | 247 | 972 | 252 | 9482 2.5 3510 8
DOBZSE 4 225 TS 32 Fi4 |243 | 9.57 | 188 | 7.40 | 275 (10.83| 275 |10.83 2.0 31980 B
DeC12:40 12 40 288 13 F&F11 |198 | 7.80 | 168 | 6.54| 471 | 673 | 171 | 6.73 8.0 1000 D
DCI265 12 55 39,69 18 | FISF1 | 229 | 9.02 | 138 | 5.43 | 210 | 827 | 235 | 925 7.0 1100 [H
DC12.85 12 65 & .31 3| F&F1 | 350 [13.78| 167 | 6.57 | 180 | 709 | 183 | 720 6.5 1500 c
DCI2TS 12 75 51.82 235 | FISFI1 | 260 [10.24| 169 | 6.65 | 210 | 827 | 235 | P35 6.5 1720 [H
Dol 12 - T4 12 75 572 23 |F1S8/F11| 280 |10.24( 189 | 8.85 | 210 | 837 | 235 | 925 6.0 1720 c
DC12480 12 a0 52 82 24 FSF1 | 350 |13.78| 167 | 6.57 | 180 | 709 | 183 | 7.20 6.0 1840 [H
DeCA2.808 12 80 50,05 227 | FSF1 | 350 [13.78( 167 | 6.57 | 180 | 709 | 183 | 720 6.5 1700 c
DCi280 12 a0 62 84 245 |FISF2 | 308 [12.05( 169 | 665 | 210 | 827 | 235 | 925 E.2 1940 [H
DeCH2804 12 a0 62 84 285 |FISF2 | 308 [12.05( 169 | 6.65 | 210 | 827 | 235 | 925 E.T 1850 c
DCI2100 12 100 6. 15 30 | FRF2Z | 328 |12.91| 172 (6.77 | 222 | 874 | 222 | 874 5.0 2100 [H
CeCA2-100& | 12 1040 H3.05 2 |FEF12 | 328 |12.01| 172 |8.77 | 232 | 874 | 222 | 874 5.0 e foi] c
DCi24008 | 12 100 53195 29 |FISF2 | 306 |12.05( 169 | 6.65 | 290 | 837 | 235 | 925 4.8 2150 [H
OG220 12 120 T7.18 a5 FSFI2 | 407 |16.02| 177 | 6.97 | 225 | 886 | 225 | 884 4.5 2330 C
O304 | 12 120 T4.97 34 |F5F12 | 407 |16.02( 177 | 897 | 225 | 888 | 295 | 888 4.5 ki c
DCI24208 | 12 115 Ti.58 32 FSFI2 | 328 |12.91) 172 |6.77 | 222 | 874 | 222 | 874 4.2 2130 C
DC2134 12 134 i 51 415 | F&F2 | 340 [13.39| 173 | 6.81 | 280 (11.02| 285 | 11.22 4.5 2480 [H
DC12:445 12 145 a7 .02 a4 FSFI2 | 340 (13.39) 173 | 6.81 | 280 |11.02| 285 | 11.22 4.5 2830 C
DCI24A50 12 150 98.12 445 | F&FI2 | 483 [19.02( 170 | 6.68 | 240 | 9.45 | 240 | 945 4.2 2780 [H
DC124504 | 12 150 96, 38 4317 | F&F2 | 483 |[19.02( 170 | 6.68 | 240 | 945 | 240 | 945 4.5 2800 C
DCI2480 12 160 103 50 |Fi8F2 | 530 |20.87| 209 | 8.23 | 214 | 8.43 | 219 | 8562 4.5 2960 E
DeCA2480 12 180 116.9 53 |Fi8F2 | 530 |20.87| 209 | 8.23 | 214 | 8.43 | 219 | 8462 4.0 333d E
DCI2-200 12 200 1323 60 |FI8FI0 | 522 |20.55( 240 | 9.45 | 219 | 862 | 240 | 945 4.0 3700 E
DeCA22004 (| 12 00 1301 54 |Fi&/F12| 523 |20.55( 240 | 9.45 | 210 | 882 | 240 | 945 4.0 3430 E
DCi2aha | 12 235 1411 64 |FIG/F12| 522 |20.55( 240 | 9.45 | 210 | 882 | 240 | 945 3.8 ] E
12260 12 260 1832 T4 Fi4 | 520 |20.47| 268 (10.55) 220 | 866 | 225 | .88 3.5 4810 E
FTi2-560 12 55 3060 18 FHl 21 |11.46| 106 | 417 | 222 | 874 | 230 | 906 6.0 1460 E
FTi2-900 12 il 5843 285 | F&F1 | 6563 |22 17| 114 | 4.48 | 188 | 740 | 188 | 740 5.8 2350 E
FTi2-1000 12 100 6615 30 | F14F8 | 508 |20.00( 111 | 4.37 | 236 (9326 | 236 | 929 5.2 2400 E
FT1Z40040 | 42 1ad 5395 i Fi&F8 | 508 |20.00) 494 | 4.37 | 236 | 929 | 236 | 929 BE.5 2400 E
FT12340080 | 12 110 6836 3 &) 410 |16.14| 1080 | 4.29 | 285 |11.22| 294 | 11.67 4.8 2850 E
FT12- 1060 12 105 T1.66 325 | Fia™ | 508 |20.00( 111 | 4.37 | 236 | 929 | 236 | 929 5.0 2400 E
FTi2-HilD 12 110 T2 33 (2] &10 |16.14| 1089 | .29 | 285 |11.22| 294 | 11.567 &8 2850 E
FT12- 1500 12 150 5. 82 &35 Fa 565 |22.24) 110 | 4.33 | 288 |11.34| 296 | 11.65 4.3 3250 E
FTI2A600 12 150 108.0 a4 ;] 565 |22.24) 110 | 4.33 | 288 | 11.34| 298 | 11.65 &2 3550 E
FTI2160a0( 12 160 1.4 &6 = SE5 [22.24]) 110 | 4.33 | 288 | 11.34| 296 | 11.65 4.2 3550 E
FTI2A800 12 180 147 52 ;] G600 |22.05) 125 | 482 | 316 |12.44| 3186 |12.44 &0 4150 E
FT12:1850 12 185 1235 L] = SE0 [22.05]) 125 | 492 | 316 [12.44| 316 |12.44 4.0 4250 E
FTIZ1000| 12 110 T2IT 33 ;] 384 |15.15) 108 | 4.29 | 285 1122 | 285 |1122 2.8 2850 E
FT2A8500 | 12 185 1323 il = 560 [22.05]) 125 | 492 | 316 [12.44| 316 |12.44 &.0 4250 E

= —_ - =
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Appendix C: Datasheet of the Single -Phase Inverter.

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

12 Vol 12180 12350 127800 121200

24 Volt: 4180 247300 B0 241200

48 Valt: AR50 A8/800 AR 200
180 350 aoo

Cont. AC power at 25°C (WA) (31 1200
Cont. power at 25°C / 40°C (W 175 7150 300250 F00/ 650 1000 £ 900
Paak power (W) 350 J00 1600 2400
Cutput AC voltage / frequency 4 T10VAC or 230 WAC +/-3% 50 Hzor 60 Hz +-0,1%
Input voltage range {V DC) 10,5-155/21,0-31.0/ 420 - 62,0 02-173/184-340/368-68,0
Low battery alarm { Dy 11,0,22/44 10,9/ 21,8436
Low battery shut down (V DC) 10,5721/ 42 927184/ 388
Low battery auto recovery (V DC) 12,5725/ 50 125525750
Iax. efficiency (1) a7 fBE B0 B3 00 o1/93 /04 /04704
Zero load power (W) 26738 3175060 6/5/4 6/5/6
Zero load power in search mode n.a. n.a. 2 2
Protection (3 a-e
Operating temperature range -4 to +50°C (fan assisted cooling)
Humidity (non-condensing) max 05%

ENCLOSURE
Material & Colour aluminiurm (blue Ral 5012)
Battery-connection 1 1] 13 1]
Standard AC outlets 2300V IEC-320 (EC: fﬁvmﬂLGE 744 (Schuko)

B5 1363 {United Kingdaom)
AM/NZS 3112 jAustralia, New Zealand)

Protection categony P20

Waight (kg / Ibs) 27754 35777 65/143 85/187

Diimensicns (heewed im mm) T2x13 2 200 T2x155x237 104 %104 x 305 104 x 104 ¢ 305
{heened inimches) 28x52x79 28x6.1x03 A1 xT6x 120 41xT76x120

Remate on-off switch Two pole connactor

Automatic transfer switch Filax
STANDARDS

Safety EM 60335-1

Emiission Immunity EM 55014-1/EN 55014-27 EN 61000-6-2 / EN &1000-6-3
1) Battery cables of 1.5 meter (127180 3y Mon-linear load, crest factor 3:1

with cigarette plug) 4 Freguency can be set by DIP switch (487350 model only)
2y Protection key:

&) output shaort cirouit

b owerload

c} battery voltage too high

dj battery voltage too low

&) temperature too high

Cither outlats (at requast)

XV
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