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Design and Simulation of a Photovoltaic System with Maximum Power
Control to Supply a Load with Alternating Current
By
Ja’far Saif Edden Abdel Hafeath Jallad
Supervisor
Prof. Marwan Mahmoud

Abstract

Photovoltaic system is an important topic that can be researched and
studied in Palestine because a solar energy potential is available. This
thesis deals with the design and simulation of an efficient standalone PV
system for an electrical home loads. It provides theoretical study of
photovoltaic and modeling techniques using equivalent electric circuits.
The research includes discussion of various MPPT algorithms and control
methods to maximize the obtained solar power. Simulations by Matlab
Simulink to verify the DC-DC converter design with MPPT control to be
efficient as battery charge controller is investigated. The best inverter
model that would be chosen for generating a sinusoidal output current

supply for a household load is discussed.

This thesis selects a 4.5kWh-day energy load for a household as a
case study to find the optimum design and configuration. The system is
comprised of polycrystalline PV modules each rated at 130W to obtain a
total peak power of 1.56 kW. In addition, one inverter of 3 kW and battery

storage of 11.7 kWh is included in the system.
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Design of a grid tie PV system by using matlab Simulink and testing

the dynamic behavior on this system at varying solar radiation is included

in this thesis.

Based on the economic evaluation, the cost of energy generated by a
standalone PV system were studied is 2.1 (NIS/kWh) while the cost of

energy generated by grid tie PV system is 0.72(NIS/kWh).
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Chapter One

Introduction

The world energy consumption and the resulting CO2 emissions are
increasing substantially and this increase puts in danger the ecological
stability of our earth, making this an important topic in the society, both in
a political and social aspect. The energy production has mainly been based
on energy sources like oil, gas and coal, which until recently was looked
upon as close to inexhaustible. As the world energy consumption is
growing with a high rate and the fossil fuels reserves are decreasing,
needing renewable energy resources has gained more important research.
The sun is a non-polluting resource responsible for the sustained life on
earth and can give us efficient renewable energy in Palestine because a

potential is available.

In this master thesis a standalone PV system will be studied. A
standalone PV system is used in the places where no electrical grid is
available. The PV system will utilize the solar energy as the power source
and transfer the power into the battery through conditioning by power
electronics, after that the energy is stored in battery then converted by
another stage of power electronics to be used in a home load. The power
electronics is an essential part of a PV system, and it is necessary to
understand how to utilize and control this part for optimization of the
power generation. This issue will support teaching in control of power
electronics, through learning many control strategies and know the suitable

parameters to obtain more efficient performance for a standalone PV
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system by using a Matlab Simulink and Psim (Power simulation)

software’s.

The main objective of the present work is to design a standalone PV
system by using Matlab Simulink program and simulate this system on real
conditions (radiation, load home...) as a case study. To achieve this
objective the mathematical models were studied which characterize each
part of system such as PV module, DC-DC converters, Maximum Power
Point Tracking (MPPT) algorithms, Charge controller, battery and inverter.
After that the suitable rated value for all components in a standalone PV
system was calculated according to the energy consumption in kWh for a
home load. In addition, economical study was made to know the cost in
NIS/ kWh for a standalone PV system and compare it with other PV system

which is a grid tie PV system considering the feed in tariff.

The work carried out in this thesis has been summarized in seven

chapters:

In chapter one, the study begins with an introduction to this thesis, it
gives information about objective, procedure and the main outline of the
research. In chapter two, the study describes the types of PV cells and the
mathematical modeling and simulation of PV module by Matlab Simulink
to illustrate the I-V, P-V curve of a practical photovoltaic device and how

it responses in function of radiation and temperature.

Chapter three handles the importance of power electronics (DC-DC

converter) applications in photovoltaic systems. This chapter explains the
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principles of operation and contraction of types of DC-DC converter to be
capable to design mathematically a suitable value of its parameters to work
in the best conditions. The type of battery with the main terms illustrating
its performance is illustrated. Finally the types of charge regulator and their

function are presented.

Chapter four illustrates the importance of using Maximum Power
Point Tracking (MPPT) technologies in PV systems and explains their

main types showing how can MPPT used in Psim and Matlab Simulink.

Chapter five handles DC/AC inverter analysis single phase and three
phase with Sine Pulse Width Modulation (SPWM) strategy. After that a
simulation of the Sine PWM in three phase inverter was made by using

Psim.

Chapter six shows the potential of solar energy in Palestine. It
illustrates calculations of the daily energy consumption for a home, as a
case study, to determine ratings of the PV system elements. Finally a
description of the main PV system types: Stand-alone PV system and grid

tie is described.

Chapter seven is shows the economical study to determine cost of
NIS/ kWh for standalone and grid tie PV system is carried out. Finally, an
evaluation of the environmental impacts when using PV systems is

1llustrated.
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Chapter eight is focused on modeling the standalone PV system by
Simulink with shows the response of all components to produce AC
voltage to home load. And design a grid tie PV system by using matlab
Simulink and observe how the system works with a dynamics behavior of

changing radiations.



Chapter Two
Solar Photovoltaic Technology
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Chapter Two

Solar Photovoltaic Technology

2.1 Introduction

Photovoltaic offer consumers the ability to generate electricity in a
clean, quiet and reliable way. Photovoltaic systems are comprised of
photovoltaic cells, devices that convert light energy directly into
electricity. Because the source of light is usually the sun, they are often
called solar cells. The word photovoltaic comes from “photo” meaning
light and “voltaic” which refers to producing electricity. Therefore, the
photovoltaic process is “producing electricity directly from sunlight.

Photovoltaic are often referred to as PV [1].

This chapter discusses the fundamentals of PV cells and modeling of
a PV cell using an equivalent electrical circuit. The models are
implemented using MATLAB and Psim (Power simulation) software to

study PV characteristics and simulate a real PV module.
2.2 Photovoltaic Cell

Solar cells are made from semiconductor materials (pn junction,
usually silicon), which are specially treated to from an electric field,
positive on one side (backside) and negative on the other (towards the sun).
When solar energy (photons) hits the solar cell, electrons are knocked loose
from the atoms in the semiconductor material, creating electron-hole pairs.

If electrical conductors are then attached to the positive and negative sides,
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forming an electrical circuit, the electrons are captured in the form of

electric current I, (photocurrent).

@

Figure (2.1): Photovoltaic cell [2].

A typical PV cell made of crystalline silicon is 12 centimeters in
diameter and 0.25 millimeters thick. In full sunlight, it generates 4 amperes

of direct current at 0.5 volts or 2 watts of electrical power[2].
2.2.1 Types of photovoltaic cells

There are essentially two types of PV technology, crystalline and

thin-film. Crystalline can again be classified into two types:

» Mono crystalline Cells: These are made using cells cut from a single
cylindrical crystal of silicon. While mono crystalline cells offer the
highest efficiency (approximately 18% conversion of incident
sunlight), their complex manufacturing process makes them slightly
more expensive.

» Polycrystalline Cells: These are made by cutting micro-fine wafers
from ingots of molten and recrystallized silicon. Polycrystalline cells
are cheaper to produce, but there is a slight compromise on efficiency

(approximately 14% conversion of incident sunlight).
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Thin film PV is made by depositing an ultrathin layer of photovoltaic
material onto a substrate. The most common type of thin-film PV is made
from the material a-Si (amorphous silicon), but numerous other materials
such as CIGS (copper indium/gallium selenide) CIS (copper indium
selenide), CdTe (Cadmium Teluride) [3].

The efficiency of this type varies approximately in the range from

2%- 10%.

> -
- -
*
* »
* »
-+ %
* »
* »
+ +
*» -
- -»

a) mono-crystalline PV b) poly-crystalline PV ¢) amorphous PV
Figure (2.2): The main industrialized PV technologies [3].

2.3 Modeling of Photovoltaic Module by Matlab Simulink and Psim

The use of equivalent electric circuits makes it possible to model
characteristics of a PV cell. The method used here is implemented in
MATLAB and PSIM programs for simulations. The same modeling

technique is also applicable for modeling a PV module.

2.3.1 Ideal cell

Solar cells consist of a p-n junction fabricated in thin wafer or layer

of semiconductors, whose electrical characteristics differ very little from a
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diode represented by the equation of Shockley. Thus the simplest
equivalent circuit of a solar cell is a current source in parallel with a diode
as shown in Figure (2.2). The output of the current source is directly
proportional to the light falling on the cell (photocurrent Ipy, ceni) .So the
process of modeling this solar cell can be developed based on equation

(2.1), (2.2) and (2.3):

FPractical PV DEVICE

1 >

Rs

Figure (2.3): Equivalent model of a photovoltaic cell [4].

Er
I = lpyceLr — laiode = Ipv.ceLL — lo.cELL [e:-rp (i) N 1]

akT
2.1)

Where:

)

*

Ipv, cen: the current generated by the incident light.

L)

*

L)

*

I giode: the Shockley diode equation.

)

L)

* Iy, cen [A]: the reverse saturation or leakage current of the diode [A].

0

% q: the electron charge [1.60217646 + 10 "°C].

*

L)

*

k: the Boltzmann constant [1.3806503 + 10 2J/K].

L)

¢ T [K]: the temperature of the p-n junction.
% o the diode ideality factor which lies between 1 and 2 for mono

crystalline silicon.
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The basic equation (2.1) of the elementary PV does not represent the
I-V characteristic of practical PV module. Practical module are composed
of several connected PV cells requires the inclusion of additional
parameters R; and R, 1s the equivalent series resistance of the module
and the equivalent parallel resistance respectively, with these parameters

equation (2.1) becomes equation (2.2).

[ — [Pv B ID [E:’:F (E’+ Rg :u:l) B 1]  V+RgxI 2.2)

VT!'C e 4 RP‘

The light-generated current of the array depends linearly on solar
irradiation and is also influenced by temperature according to equation

(2.3).

Ipv = (Ipv}n + KIﬂT) % (23)

Where:

[py, (in amperes): the light-generated current at the nominal condition

(usually 25 C and 1000 W/m?).

AT =T — Tn (T and Tn being the actual and nominal temperatures [in

Kelvin], respectively)
K,: the Temperature coefficient of Ig.
G: the irradiance (W/m?).

Gn: the irradiance at standard operating conditions.
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The diode saturation current I, dependence on temperature can be

expressed as shown in equation (2.4).

lo=Ton ()" Exp [22(2 - 2)] @4

Where:

Eg: the band gap energy of the semiconductor .
[4.n: the nominal saturation current expressed by (2.5).

I4 »: the nominal saturation current expressed by equation

lon = 'f,':-n . 2.5
= o (o] =)

'Tnx @

From equation (2.4) and (2.5) Iy can be expressed as shown in

equation (2.6).

I'SC.II+H] AT

Exp (LOCHTKVAT) (2.6)

ID —
Vrxo

Where:
Viocn: Open circuit voltage.

Iscq: the short circuit current.

V;: the thermal voltage.

Tn: the temperature at standard operating conditions.

K;:the Temperature coefficient of Ig.
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Ky: the Temperature coefficient of V.

V1= NsxkT/q is the thermal voltage of the module with N
cells connected in series. [Cells connected in parallel increase the
current and cells connected in series provide greater output voltages]. If
the module is composed of N, parallel connections of cells the

photovoltaic and saturation currents may be expressed as:
Ipv = Ipv,cell X Np (27)
IO = Io,cell X Np (28)

In equation (2.2) Rs is the equivalent series resistance of the
module (unknown) and Rp is the equivalent parallel resistance
(unknown), so they have to be calculated. Equation (2.2) originates the I-

V curve seen in figure (2.4), where three remarkable points are highlighted:
a) Open- circuit (V,,, 0).
b) Short circuit (0, ).

¢) Maximum power point (Vyp, Inp).
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Current and Power vs. Voltage [L-v Curve |
T

Isc : ™

Imp

Current, I (Amps)
(SNeM) d "amod

[ 1 [] [ — []
o Vmp Voc
Voltage, V (Voits)

Figure (2.4): Characteristic I-V, P-V curve of a practical photovoltaic device [4].

a) Open-circuit: This point is obtained when the terminals of the module
are disconnected. The module presents a voltage called (Voc).Expressed
analytically using equation (2.9).

I'IK]'{KTCELL 1“ [ﬂr

VGC = ’ [pv - IO (29)

o

b) Short-circuit: The terminals of the module are connected with an ideal
conductor, through which flows a current called (Isc). In this situation,

the voltage between module terminals is zero.
ISC:IPV:KX G (210)
Where, K is a constant.
¢) Maximum power point “MPP”:

Here the voltage versus current product is the maximum. Vyp is

related to VOC through the relation (2.11):

Vv = 0.8 X Voc (21 1)
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And Iyp is related to Isc through the relation (2.12):
Inp = 0.9 % Igc (2.12)

The best conditions, are the "standard operating conditions" happen
at irradiance equal to 1000W/m?, cells temperature equals to 25°C, and

spectral distribution (Air Mass) AM is equal to 1.5 [4].
2.3.2 A real photovoltaic device

PV cells are the basic building blocks of PV modules. For almost all
applications, the one-half volt produced by a single cell is inadequate.
Therefore, cells are connected together in series to increase the voltage.
Several of these series strings of cells may be connected together in parallel

to increase the current as well.

So in a real photovoltaic model; must include the effects of series
and parallel resistance of the PV, so when the first Kirchhoff law is applied
to one of the nodes of the equivalent circuit, the current supplied by a PV,

at a specified temperature as shown in equation (2.2) [6]:

In (2.13) Ry 1s the equivalent series resistance of the module and R, 1s

the equivalent parallel resistance [4].

2.3.3 Model of the photovoltaic module by Matlab and Psim (Power

Simulation)

MSX-50 solar PV module, pictured in Figure (2.5), is chosen for a

MATLAB and Psim simulation model. The module is made of 36 multi-
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crystalline silicon solar cells in series and provides 50W of nominal
maximum power. Table (2.1) shows its electrical specification and figure
shows its I-V characteristics from data sheet. The data sheet MSX-50 solar

PV module in appendix (A).

Figure (2.5): Picture of MSX-50 Photovoltaic Modules [4].

Table( 2.1): Electrical characteristics data of the MSX-50 solar module
at 25 °C, 1.5AM, 1000W/m’. Taken from the datasheet [4].

Electrical Characteristics

Maximum Power (Pmax) S0W

Voltage at Pmax (Vmp) 17.1V
Current at Pmax (Imp) 2.92A
Open-circuit voltage (Voc) 21.1V
Short-circuit current (Isc) 3.17A

Temperature coefficient of Isc (0.065%0.015)%/°C
Temperature coefficient of Voc | -(80+£10)mV/°C
NOCT 47+2°C
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IV Characteristics
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Figure (2.6): I-V characteristics at 1000W/m?, from data sheet with different

temperature.

The model of the photovoltaic panel has been implemented in

Simulink as shown in figure (2.7). The temperature and the irradiance are

specified. The simulation allows having the curve I-V and P-V

characteristics. The Simulink model and Psim uses a current source,

voltage source and the value of the resistance in series and parallel of the

PV [4].

[T

Ingists

A Bk

Figure (2.7): PV module model in Simulink.
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Inside the block PV panel we can see a schematic circuit and some

blocks which represented the equation of PV module as figure shown in

(2.8), (2.9), (2.10) and (2.11).

Figure (2.8): Equivalent circuit of a practical PV

Figure (2.9) shows the Simulink model for the reverse current

saturation (I,) at the reference temperature which is given by the equation

(2.13) [5]:
Iscn+K; AT
lo=— (égcéf:ﬂ]_l (2.13)

+ 1 Isen + KiATt
D) [ oo (et ivaT)

| 4 ( aVy

Figure (2.9): Simulink modeling implementation for Io.
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Figure (2.10) shows the Simulink model for the light generated
current of the photovoltaic cell which depends linearly on the influence of

temperature and solar radiation as given by the equation (2.14) [5]

G
lpv — (IPV.n + KI.&T) E (214)

Calculation of Ipw:

L
(m J Gn —|—'
= Ipvn

Figure (2.10): Simulink modeling implementation for Ipy.

Figure (2.11) shows the Simulink model for the model current I,

which given by the equation (2.15) [5]:

Im = Ipy — I, [EXP (BRe) - 1] (2.15)

v'rxﬂ

Caleulation of Im = lpw-Id:

+ (lpv]
+ -L b4 el..l .
¢ ' +

i

Rs

v

;I'

-

i v
X
| 7

+ W

g a"k"Ns)

5

1 |
—4-><Ma] uo1>—> * }

(7

Figure (2.11): Simulink modeling implementation for Im

In figure (2.12) shown the PV model built by Psim software.
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Figure (2.12): PV model in Psim.

2.3.4 R,and R, calculation

Two parameters remain unknown in equation (2.2), which are R
and R . A few authors have proposed ways to mathematically determine
these resistances. Although it may be useful to have a mathematical
formula to determine these unknown parameters, any expression for R, and
R, will always rely on experimental data. This procedure proposes a method
for adjusting R| and R based on the fact that there is an only pair {R, R}
that warranties that Proxm = Pmaxe = Vmplmp at the (V yp, Imp) point of
the I-V curve, i.e., the maximum power calculated by the I-V model of
(Pimaxe) 1s equal to the maximum experimental power from the datasheet
(Pimaxe) at the MPP. Conventional modeling methods found in the literature
take care of the I-V curve but forget that the P-V (power versus voltage)

curve must match the experimental data too.
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The relation between R, and R, , the only unknowns of (2.2), may be

found by making Pp.xm = Pmaxe and solving the resulting equation for Rs,

as shown.
g VmptRgly Vimp+ Bg Iy
Pmax.m = 1E'}Irrq,:l [IP\-' - IEI [e:h:p (ﬁ _%E) - 1] - _PR_E} = Pmax.e (216)
g P
v (Vmp+ Rg Imp)
Rp = S Ty T (2.17)
{Vimp Tpv—Vmp Io exp [—m"n.q—:mﬂ— L1+ Vinp o~ Prmaxe)

The equation (2.17) means that for any value of Ry there will be a

value of R, that makes the mathematical I-V curve cross the experimental

(Vinps Imp) point.

The goal 1s to find the value of Ry (and hence R,) that makes the
peak of the mathematical P-V curve coincide with the experimental peak
power at the (Vy,,, Imp) point. This requires several iterations until P m =
Praxe. Initial guesses for Ry and R, are necessary before the iterative

process starts. The initial value of Ry may be zero. The initial value of R,

may be given by:
o Vmp - Voen— Vmp
Rpmin = T - (2.18)

Equation (2.18) determines the minimum value of R,, which is the
slope of the line segment between short-circuit and the maximum-power
remarkable points. Although R, is still unknown, it surely is greater than

R, min and this is a good initial guess.

We use a code by m-file in matlab to calculate the values of R and

R, that makes the mathematical P-V curve coincide with the experimental



peak power at the (Vyp, Iy ) point. The value of R, and R, are reached
when the iteration stopped for Pmax calculated is equal to P, estimated.
The iterative method gives the solution R=0.235Q and R,=350.90396(2 for
the MSX-50 solar module. Figure(2.13) Shows the -V characteristic at
standard conditions where Vyp, Iyp, Voc and Igc values are shown using the
calculated values of R; and R, by Simulink and figure (2.13) Shows the I-

V, P-V characteristic by Psim at the same values[4]. The m-file code that

22

calculate R and R, are in the appendix (B).

P
File Edit View Insert Tools Desktop Window Help -
=~ LWOEHL- R 0E | =m
Adjusted |-V curve
8- x: 0 e o S |
v 17 -
: 17.1
| L s T TR SRR SN =
2(- -SRI, T SRR
= :
S — §rramsessnesashoriessesd
 SEESEIESISEENe: IS, SRS R . INSREESEDRSIEE: | SR
06 :
1] /| i
0 10 15
Vvl

Figure (2.13): I-V characteristics at T=25° C, irradiance=1000W/ m2, after

calculation of Rs and Rp , by Simulink.

Isc=3.17TA
| Imp=29A

Vmp= 17.1

Voc =211

' _ pmax=50W

Figure (2.14): I-V, P-V characteristics at T=25° C, irradiance = 1000W/ m2, after

calculation of Rs and Rp, by Psim.
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2.3.5 Impact of solar radiation on I-V characteristic curve of

photovoltaic module

Standard sunlight conditions on a clear day are assumed to be 1000
watts of solar energy per square meter (1000 W/m?). This is sometimes
called "one sun," or a "peak sun." Less than one sun will reduce the current
output of the module by a proportional amount. For example, if only one-
half sun (500 W/m?) is available, the amount of output current is roughly

cut in half [6].

For maximum output, the front surface of the photovoltaic modules

should be pointed as straight toward the sun as possible.

s ——— —_—
B P-V Graphi = &<

s0f N
40} -

@« 30Ff 1

=

-
20} .
10} 4

0

25

Figure (2.15): P-V characteristics at T=25 C, by Simulink With different
irradiances|[Y- axis: power(watt), X —axis: voltage(volt)].
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Figure (2.16): I-V characteristics at T=25° C, by Simulink with different
irradiances[Y- axis: current(A), X —axis: voltage(volt)].
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Figure (2.17): I-V characteristics at T=25° C, by Psim with different
irradiances[Y- axis: current(A), X —axis: voltage(volt)].

2.3.6 Impact of temperature on I-V characteristic curve of photovoltaic

module

The temperature of the PV cell is an important parameter that has to
be taken into consideration in PV system operation. The PV cell has given
temperature coefficients for both the current and the voltage (o). The
current coefficient is mostly negligible; hence it is mainly the voltage

temperature coefficient that is considered during calculations. For silicon

based cells the coefficient (o) = 2mV/C°_ per cell 16].



25

35 Chart Area
3 . v
<25
-
5 2 T=25
\ -
g <
a A TR T=50
g 1 — «T=75
\ !
0.5 ‘ v
\ .
0 S I——
™M N WK 0™~ o™ 0 0 ~
;:COQI'S'DNUJE!OF\MGQSRM"?EEMHSQEEE
NV g MHO O 0T MANOO™N QWL g N =0 0V
OO WM™ MS< L O W 0 OO = NMNMT LWL -~ 000 O
ﬂﬂﬂﬂﬂﬂﬂ = e e e N

Figure (2.18): I-V characteristics at 1000w/m2, by Psim with different
temperature[Y- axis: current(A), X —axis: voltage(volt)].

2.3.7 Impact of shading on I-V characteristic curve of photovoltaic

module

Solar PV panel is a power source having non-linear internal
resistance. A major challenge in using a PV source containing a number of
cells in series is to deal with its non-linear internal resistance. The problem
gets all the more complex when the array receives non-uniform insolation.
Cells under shade absorb a large amount of electric power generated by
cells receiving high insolation and convert it into heat. This heat may
damage the low illuminated cells under certain conditions. To relieve the
stress on shaded cells, bypass diodes are added across the module[7]. In
figure (2.19) shows two PV module with series connection at variable
irradiance at 1000W/m” and 500W/m’, and the figure (2.20), (2.21) shows

the effect of shading in the I-V,P-V characteristic curve .
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Figure (2.19): Two PV module with series connection at variable irradiance at
1000W/m2 and 500W/m2, by Matlab - Simulink.
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Figure (2.20): I-V characteristics at variable irradiance at 1000W/m2 and
500W/m2, by Matlab — Simulink [Y- axis: current(A), X —axis: voltage(volt)].
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Figure (2.21): P-V Characteristics at variable irradiance at 1000W/m2 and
500W/m2, by Matlab — Simulink [Y- axis: power(watt), X —axis: voltage(volt)].
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The first function of the by-pass diodes is the protection of the
module against Hot-Spot and destruction of cells. As a general rule, one
diode is required for about 18 to 24 cells. The second function of the by-
pass diode is to reduce the reverse voltage across the sub-module, therefore
limiting the shading voltage drop within the string to the normal voltage of

one sub-module (-0.7V) [8].

During the night, when none of the modules are illuminated, an
energy storage (like a battery) connected directly in series with the modules
makes the cells forward biased. This might lead to a discharge of the
energy storage. To prevent this from happening a blocking diode can be
connected in series with the module. But during normal illumination level

this diode represents a significant power loss[6].

The placement of bypassing and blocking diodes in the system is

shown in figure (2.22).

*1— Blocking diodes—**
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Figure (2.22): A PV module with bypass and blocking diodes.
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2.4 The Photovoltaic Array

If the output voltage and current from a single module is smaller than
desired, the modules can be connected into arrays. The connection method
depends on which variable that needs to be increased. For a higher output
voltage the modules must be connected in series, while connecting them in
parallel in turn gives higher currents. It is important to know the rating of
each module when creating an array. The highest efficiency of the system
is achieved when the MPP of each of the modules occurs at the same

voltage level [9].

Ili'l !::IIIHII
IIIIIIIIIIIIIIII

Array
Module . ’ )

Figure (2.23): Relation between the PV cell, a module and an array.

The simulation of the photovoltaic array is realized with Simulink
block. The input parameters required to modify the PV module to be an

array are:
N, number of modules in series.
Npar: number of modules in parallel.

In figure (2.24) shows the modification in the PV module to be an

array.
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Figure (2.24): PV array model, Nser is number of series of PV modules; Npar is
number of parallel PV modules.

If the array is composed of Ny, parallel connections of PV modules,

the photovoltaic and saturation currents may be expressed as:
Ipv, array = Ipv, module % Npar (2 1 9)

IO, array = IO, module X Npar (220)

If the array is composed of N series connections of PV modules,

the output voltage may be expressed as:

V array = V module X Neer (2.21)
The resistance of a PV array may be expressed as:

R array = R modute X (Nser/ Npar) (2.22)

Ry array = Rpmodute X (Nser/ Npar) (2.23)

If we take as an example Ny, = 2 and N, = 15, just to verify the

validation of the array model we will have the results of simulation shown
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in figure (2.25) for I-V characteristic curve at T = 25°C and G =
1000W/m?, the I, = 6.34A (3.17Ax 2) as expected for Ny, = 2, Voo =
316.5V (21.1Vx15) as expected for Ny, = 15. Figure (2.26) shows P-V
characteristic for the same conditions where the value of the peak power is

as expected to be 1500W = (15x2x50W).
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Figure (2.25): I-V Characteristics at T=25°C, G=1000W/m2, by Simulink for Nser
=15, Npar =2 [Y- axis: current(A), X —axis: voltage(volt)].
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Figure (2.26): P-V Characteristics at T = 25°C, 1000W/m2, by Simulink for Nser =
15, Npar =2 [Y- axis: power(watt), X —axis: voltage(volt)].

2.5 Summary

In this Chapter, a MATLAB Simulink / Psim PV system simulator

based on an improved single-diode model is proposed. To reduce the
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computational time, the input parameters are reduced to four and the values
of R, and Ry are estimated by an efficient iteration method. Furthermore the
inputs to the simulator are information available on standard PV module
datasheets. Simulation results show a matching between the Simulink

model, Psim model and the manufacturers published curves.
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Chapter Three
DC — DC Convertor and Battery
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Chapter Three

DC - DC Convertor and Battery

3.1 Introduction

The world energy consumption is increasing while fossil fuel is
limited. The main resource of the world energy in the near future is going
to be renewable energy sources such as wind, solar and geothermal energy.
Although these new energy technologies are promising, their energy
production is still more expensive than conventional energy productions. In
this case power electronic technologies are needed to reduce the losses as
much as possible, and to deliver and distribute the power very efficiently.
Power electronics had changed rapidly during the last thirty years and the
number of application is increasing due to developments of the main
components of power electronics, which all semiconductor devices and the

microprocessor technology.

The power electronics application in photovoltaic system is using the
most efficient technique to extract the maximum power from the PV cell.
This is achieved by using MPPT (Maximum Power Point Tracking) control
unit in the converter or inverter side. The MPPT techniques will be

explained in the following chapter.
3.2 Power Electronics in a PV System

The voltage produced by the photovoltaic cells will vary according
to the sunlight intensity (irradiance), but the system output requires a

constant voltage value to be able to process and control the electric energy
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in the system (i.e. the voltages, currents, frequency) there is a need for a
power electronic interface. A typical setup of a power electronic system is
shown in figure (3.1). The power flows from the input to the output through
a processor stage, which is controlled through a negative feedback signal

from either the input or the output (or both)[10].

Power input Power Power output
v; |—> processor _— U Load

Control M
signals easurements

Y

Controller

?

Reference

Figure (3.1): Block diagram of a power electronic system[10]

The power input can be a DC as well as an AC signal. The output
depends on the requirement from the load. In a PV system the power input
will always be a DC signal given by the functionality of the PV cell (which

is varying with the amount of energy absorbed from the sun).

The power processor can be described as a power conversion stage.
It typically consists of one or more converters, often with an energy storage
element included. A PV system intended for grid connection usually has a
power processor as shown in figure (3.2). In the system considered in this
master thesis Converter 1 corresponds to a DC-DC converter, while
Converter 2 is a DC-AC converter (inverter, we will discuss it in chapter

5). This way the output is connected directly to an AC load or to the grid.
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The controller can be implemented to control both the converters
separately to ensure a stable interface between each of the stages, i.e.

between the input and converterland converter 2 and the output.

Power processor

Converter 1 Energy Converter 2
storage
element

Input

p= Qutput

Figure (3.2): Block diagram of a power processor.

3.3.1 DC-DC switch mode converters

The purpose of DC-DC Switch Mode Converters in general DC
power supplies is to convert unregulated DC input to regulated or
controlled DC output at a desired voltage level. In such systems the input is
often fluctuating due to rectification and the output is requiring a constant
output. In a PV system, on the other hand, the DC-DC converter is actually
controlling the input by considering the unregulated output. By help of
MPP Tracking (which will be explained later) the converter adjusts its
operation according to the output value to find the optimal operating

voltage of the PV module [10].

There are several different kinds of DC-DC converters in use in the
industry today, but most of them are based on two basic converter

topologies:
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e Buck converter (step-down)

e Boost converter (step-up)
Each of the topologies will be explained later in this chapter.
3.3.2 Control of DC-DC converters

The voltage transformation in a DC-DC switch mode converter is
done by utilizing switches, hence the name "switch mode converters". The
switches are controlled to be on and off for a certain amount of time
through a method called pulse width modulation (PWM). The switching
period T.=t,, +t & (and hence the frequency) is held constant while the
ratio of the on time to the switching time is varied. This ratio is called the
switch duty ratio (D), or duty cycle. By using switch mode control in the
circuit in figure (3.3 a), the output voltage V,_ will be a constant pulse as
shown in figure (3.3 b). Because of inductive and capacitive circuit
elements in the converter topologies the output voltage may have a certain

amount of ripple, but the average output voltage should be constant (given

as the dashed line V.

The switch control signal can be generated by comparing a control
value (which most often is an amplified error) to a repetitive waveform V.
The control value may be the difference between the actual and the desired

output voltage V, as seen in figure (3.3).
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Figure (3.3): The principle of PWM control.

The effects of the comparison are:

e when V__ 01 > Vo switch on

« when V__ 01 < Vg: switch off

g

N

(a) Switch mode circuit

¥ K

(b) Switch mode graph

Figure (3.4): The principle of switching [10].
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The duty cycle D can now be defined in two different ways:
D= fon _ Ycontrol G.1)
Ts Vst
The frequency (T.) can also be varied in a PWM switching mode.
This method might make it hard to filter the ripple components in the

converter waveforms.

Common for both the converter topologies is the direction of
transferred energy. The energy is unidirectional, which means that it can be
transferred in one direction only. As there is seldom a requirement of a
bidirectional flow in a grid connected PV system, the buck and boost

converter topologies are more than sufficient for this application.

In the following sections the converter topologies will be analyzed
with steady state conditions, the switches are assumed to be ideal and
losses in the capacitors and inductors are neglected. In addition the
switching time is assumed much shorter than the electric time constant of
the circuit. Then the model analysis will be extended to include

perturbation in the converter operation.
3.3.3 Steady state analysis

When analyzing each of the converter topologies, it is first assumed
that they operate in steady state. This implies a constant duty cycle, which
means that the current starts from the same value at the beginning of every
switching cycle. Due to the inductor the current will charge and discharge

through one cycle and steady state condition implies that Al on = Al off.
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The change in current is the only factor deciding whether or not the system
is in steady state. In a DC-DC converter with an optimal design it is
assumed that the switching ripples are very small compared to the average
values, often less than 1 %. This is often referred to as the small or linear

ripple approximation [10].

3.4.1 Buck converter

The buck converter is often referred to as a step-down converter, and
as the name implies, the converter produces a lower DC voltage output than

the input. The circuit of the buck converter can be seen in figure (3.5).

This circuit is an improved version of the circuit in figure (3.4 a).
The resistive load is replaced by a diode to overcome the problem of stored
inductive energy that will normally appear in the circuit. In figure (3.4 a)
this energy can harm the switch because there are no other components that
can dissipate it. Secondly a low-pass filter is used to reduce the output
voltage fluctuations as much as possible. This is achieved by wise selection
of filter parameters to reduce the corner frequency fc (this will also be

explained later). The output voltage V, will be as in figure (3.4 b).

The buck converter will have different circuit schemes for each of
the switch positions. To obtain the relationship between the input and
output of the converter (and hence the duty cycle) the current through the
inductor will be examined. The filter capacitor is assumed to be so large

that vo(t) = V,,, which means that no current will flow through it.



40

td
- Low-pass
__filter _
M o,
Va l Y | -
+ | L | + B
Vet |+ vy - Cl Vo '_Vo (load)
- -1 e o
L

Figure (3.5): Buck converter [10].

Thus it can be concluded that the inductor current equals the output

current for both switch positions. The earlier assumption about the system

being in steady state implies that the voltage and current waveforms repeat

for each time periodT,. This can be seen by considering each of the circuits

in figure (3.6).

‘—L-—
Y'Y\
-+ L l
+
+ vy -

fa)

(b)

Figure (3.6): Buck converter circuit for: a) Lon and b) toff CCM[10].

When the switch is on, the input voltage V. leads to a linear increase

in the inductor current. As the switch is turned off, the diode becomes

forward biased and the stored energy in the inductor makes the current

continue to flow. But as the energy is transferred from the inductor to the

load, the current is decreasing again. The inductor voltage is given as:

diy

v; =L
L dt

(3.2)
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As the inductor voltage is repeating itself for each time period, the

change for each period is zero:

(iL)on = (iLJuff

J, > v, dt = ft:: v dt (3.3)

By considering the voltage curve in figure (3.7) the equation can

easily be solved:

(Va= Vo) ton = Vo (Ts — ton) (3.4)
Where,

V;: input voltage as seen in figure (3.6).

V,: output voltage as it seen in figure (3.6).

5

g'ﬁ

I
Y
e e e

Figure (3.7): Inductor voltage and current of the buck converter [10].
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By some rearrangement, the relationship between the input and the

output voltage is found:

Yo Ten_ 3.5
The buck converter is actually equivalent to a transformer where the
turn’s ratio is changed by varying the duty cycle. This can be shown

mathematically by considering the power input and output. Neglecting the

losses in the circuit gives the following relations:

Pd = PU

1F1llrr:i[u:I = Volo

Vo _ Ta _

o==0 (3.6)

This is also referred to as a POPI (Power In - Power Out) type

converter [10].

3.4.2 Output voltage ripple in a buck converter

The theoretical value of the filter capacitor is assumed to be so large
that the output voltage is constant. But in a realistic buck converter this will

not be the case, and there will be produced a ripple in the output voltage.
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Figure (3.8): Output voltage ripple in a buck converter [10].

The inductor current consists of two components, an average
component flowing through the resistive load, and a ripple component
assumed to flow through the capacitor. The ripple current introduces an

additional charge AQ, which can describe the ripple voltage:

— Qe _ 1 (1TsALL) _ 1
AV, = c c(zz 2) aC ALLT; (3.7)

To minimize the ripple, the low-pass filter has to be selected so that

1 : . :
the corner frequency f, = i & f..This deduction is done assuming
Y

the ESR, which is the resistive part of the capacitor and inductor

impedances, to be negligible [10].
3.5.1 Boost converter

As opposed to the buck converter, the boost converter produces an
output voltage which is higher than the input voltage. The circuit is

according to figure (3.9).
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- |

Figure (3.9): Boost converter [10].

This topology also has different circuit schemes depending on the
state of the switch, as seen in figure (3.10). When the switch is on the
output stage is isolated from the input caused by the reverse biased diode.
The input will supply the inductor with a constant voltage, and the inductor

current will increase according to equation (3.2)

. When the switch is turned off, the output will be supplied both by
the input and the inductor, and the current through the inductor will

decrease because of this energy transfer.

fa) (b)

Figure (3.10): Boost converter circuit for a) Lon and b) Loff in CCM [10].

The voltage and current graphs of the inductor through one time
period is shown in figure (3.11). The shapes are equal to those of the buck
converter, but the voltage of the inductor is different due to the placement

of the switch and the diode.
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(Vo gt

Figure (3.11): Inductor voltage and current of the boost converter.

The same considerations regarding the inductor current can be done

for this converter as in the previous section, which leads to the connection.
Using Faraday’s law for the inductor boost converter
1""'rl:l Lon = (vo_ vd](Ts _ t:m) (38)

After some rearrangements the equation becomes:
i=(1—D)= L (3.9

The last term of the equation is yielded from the assumption of no
power loss in the circuit (i.e. Pin equals Pout), and as for the buck it is

referred to as a POPI converter [11].

Parasitic elements in a boost converter there will be losses due to the
switches, the diode, the capacitor and the inductor. When the duty cycle
gets close to one, the output voltage will theoretically increase against

infinity, but due to the parasitic elements the ratio of Vo on Vd will
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actually go to zero. The ideal and the real characteristic of the conversion

ratio versus duty ratio is shown in figure (3.12).

v, "
Va IL""‘“' =D
/
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77\ et
relemenls)
\
|
\
1
|
|
0 T R

Figure (3.12): The effect of parasitic elements in a boost converter.

In general the parasitic elements will seldom have a big impact

because the duty ratio goes into saturation before entering the steep slope

of the parasitic curve [10].
3.5.2 Output voltage ripple in a boost converter

The output voltage ripple will also be present in a boost converter
due to the capacitor value. When the switch is on the stored energy in the
capacitor will be sent to the load, causing a discharge and decreased
voltage. When the switch is off the capacitor is charged again by the input.

The ripple voltage AVo can be written as:



47
AV, = ~£= S (3.10)

AN

-

0 t

fe——p1,——-0-D)1,~

Figure (3.13): Output voltage ripple in a boost converter [10].

This equation can also be utilized to find a capacitor value suitable

for the circuit, choosing a worst case tolerated value of the ripple AVo.

Normally the values D and R are dependent on the operation, but
when calculating for a specific point of operation these values are known

[10].

3.6 Buck versus Boost in a PV System

In grid connected systems with varying input from the source (like
PV or wind), the input voltage might be either higher or lower than the AC
voltage. This makes both buck and boost operation necessary, depending
on the input voltage. Both converter topologies are applicable for MPPT. In
real systems, however, the boost converter is the one most utilized.

Normally the DC link voltage will be at least 350 V, and if enough modules
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cannot be connected in series to obtain this voltage level in small systems,

a boost stage is necessary.

It has been presented in earlier studies that the efficiency for a boost
converter operating in CCM(Contentious Condition Mode) varies slightly
for varying duty cycle, while the efficiency variation for a buck converter is

considerable [11].

For a boost converter the current through the inductor will equal the
input current, while for a buck converter it will equal the output current.

This can also be seen in the figures (3.6) and (3.10).

3.7 Battery

Batteries store direct current electrical energy in chemical form for
later use. In PV system, the energy is used at night and during periods of

cloudy weather.

A battery is charging when energy is being put in and discharging
when energy is being taken out. A cycle is considered one charge-discharge
sequence, which often occurs over a period of one day in residential PV
systems. The following types of batteries are commonly used in PV

system[12]:

1- Lead-acid batteries

2- Liquid vented

3- Alkaline batteries



49

4- Nickel Cadmium

5- Nickel iron

The performance of storage batteries is described below [13]:

Ampere-hour capacity: The number of amp-hours a battery can
deliver is simply the number of amps of current it can discharge, multiplied
by the number of hours it can deliver that current. System designers use
amp-hour specifications to determine how long the system will operate
without any significant amount of sunlight to recharge the batteries. This
measure of "days of autonomy" is an important part of design procedures.
Theoretically, a 200 amp-hour battery should be able to deliver either 200
amps for one hour, 50 amps for 4 hours, 4 amps for 50 hours, or one amp

for 200 hours.

Charge and discharge rates: If the battery is charged or discharged
at a different rate than specified, the available amp-hour capacity will
increase or decrease. Generally, if the battery is discharged at a slower rate,
its capacity will probably be slightly higher. More rapid rates will generally
reduce the available capacity. The rate of charge or discharge is defined as
the total capacity divided by some number. For example, a discharge rate
of C/20 means the battery is being discharged at a current equal to 1/20th
of its total capacity. In the case of a 400 amp-hour battery, this would mean

a discharge rate of 20 A.
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Temperature: Batteries are rated for performance at 80°F. Lower
temperatures reduce amp-hour capacity significantly. Higher temperatures
result in a slightly higher capacity, but this will increase water loss and

decrease the number of cycles in the battery life.

Depth of discharge: This describes how much of the total amp hour

capacity of the battery is used during a charge-recharge cycle.

As an example, "shallow cycle" batteries are designed to discharge

from 10% to 25% of their total amp-hour capacity during each cycle.

In contrast, most "deep cycle" batteries designed for photovoltaic
applications are designed to discharge up to 80% of their capacity without
damage. Even deep cycle batteries are affected by the depth of discharge.
The deeper the discharge, the smaller the number of charging cycles the

battery will last, Figure (3-14) [12].
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Figure (3-14): Number of cycles for different discharge depths[12].
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3.8 Charge Controllers

The most important feature of charge controller is to measure the
battery voltage and protects the battery against the overcharging. This can

be achieved by the following ways.

Switching off the PV array when the charge cut-out voltage is
exceeded, short-circuiting the PV array with a shunt controller and

adjusting the voltage with an MPP charge controller.

The reserve diode which prevents the battery to be discharged via the

array during low irradiation level is integrated to the charge controller.

Operation of batteries over long time of operation requires a charge
controller to be flexible. The charge cut-off and discharge cut-off voltages

are dependent on the state of charge of the battery.
The main jobs of the charge controller are [13]:

% Allow the optimum charge for the battery.

% Protect the battery from the overcharge.

% Prevent the battery from unwanted discharge and from deep
discharge.

% Get information of state of charge of batteries.
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3.8.1 Series controllers

EENER:L'O?

Figure (3.15): Series charge controller

When the voltage level reaches to the charge cut-off level the power
from the PV generator is blocked by the switch in S1 in Figure (3.15).
After the voltage drops again below the charging cut-off voltage level S1

switches back on [10].

3.8.2 Shunt controllers

I \| e lload 82~
Ibatiery
Vbattery
S1 —
N Charge .
PV ———— controlicr — Sa:_zf LOAD
GENERATOR — =

Figure (3.16): Shunt charge controller

When the charge cut-off voltage is reached charge controller
continuously reduces the power of the module. Since it reduces the power

continuously the unwanted power is short-circuited via the array, this
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creates heat in the system. This method is usually used for battery when

charging is safe and swift [10].

3.8.3 MPPT charge controllers

\\ﬁ Ipv lload 8:2”
> - > - .
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Ibattery
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ARRAY /
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Figure (3.17): MPPT controller

During the operation of the PV array the temperature and irradiation
are changing continuously, this result in changing the I-V curve of the PV
array consecutively the maximum power point of the curve should be
tracked to exploit the energy from the PV more efficiently. MPP tracker is
used with DC/DC converter by regulation the voltage every a few minutes
and passes through the characteristics of PV array to determine the
maximum point. DC/DC converter gets the power from the specified point

on the curve [10].
3.9 Calculation of Boost Converter Parameters

Figure (3.18) shows the Circuit of the boost converter. The input of
the boost converter is the photovoltaic output voltage. The inductance and
the capacitor need to be specified. The switching command of the IGBT (S)

as it shown in figure (3.18) is obtained from the MPPT controller.
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Figure (3.18): Boost converter circuit.

We take a case study to design boost converter parameters. The
design specifications of boost controller are shown in table (3.1). The
specifications are for a variable value of input voltage of the boost
controller where the input voltage comes from the renewable source of the
hybrid system and the output voltage of the boost controller is fixed 120V
DC.

Table (3.1): Specification of Boost Controller.

Parameter Value
Input Voltage 0-48Vdc
Output Voltage 120Vdc
Output Current 4.5A
Switching frequency | 10kHz

Based on the specification for input voltage and output voltage as
shown in table (3.1), the required duty cycle can be determined by using

Equation (3.11).

In this boost controller circuit, the duty cycle of the boost controller
changes with the value of its input voltage. Therefore, in order to determine
the value of minimum inductor L,; and minimum capacitor C,,;, of the

boost controller, the minimum of the duty cycle D of the boost controller is
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used in which this duty cycle can be achieved when the input voltage of the

boost controller is at maximum value and the output voltage is fixed at

120V.
For the boost converter the input-output ratio is calculated by;

VsxDxT+(V,-V.)x(1-D)xT=0

Vo _ 1

v~ 1D (3.11)

1II"rl:r_vin
Vo

D=

Dmax = (120-0)/120 =1
Dmin = (120-48)/120=0.6

The minimum inductance can be determined by using Equation

(3.12).

D (1-D)*R
Ligin = ——— (3.12)
L. - 0.6(1-0.6)%x10 — 16 uH

2x30x103

The capacitance is calculated using Equation (3.13). Let the peak-to-

peak ripple voltage equal to 0.05.

AV, =0.05

VoD
Coii.. = —2
min- AV Rf

(3.13)

120x0.6

Cinin = = 4.8 mF ~ bmF
min - 5 05x10x30x102 -
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Chapter Four

Maximum Power Point
Tracking (MPPT) Techniques
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Chapter Four

Maximum Power Point Tracking (MPPT) Techniques

4.1 Introduction

When a PV module is directly coupled to a load, the PV module’s
operating point will be at the intersection of its [-V curve and the load line
which is the I-V relationship of load. For example in figure (4.1), a
resistive load has a straight line with a slope of 1/R; as shown in figure
(4.2). In other words, the impedance of load dictates the operating
condition of the PV module. In general, this operating point is seldom at

the PV module’s MPP. Thus it is not producing the maximum power.

A study shows that a direct-coupled system utilizes a more 31% of
the PV capacity. A PV array is usually oversized to compensate for a low

power yield during winter months.

This mismatching between a PV module and a load requires further
over-sizing of the PV array and thus increases the overall system cost. To
mitigate this problem, a maximum power point tracker (MPPT) can be used
to maintain the PV module’s operating point at the MPP. MPPTs can

extract more than 97% of the PV power when properly optimized [14].

)
S

PV . RL

| \
N

Figure (4.1): PV module is directly connected to a (variable) resistive load [14].
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Figure (4.2): I-V curves of BP SX 150S PV module and various resistive loads at
(1000W/m2, 250C) [14].

4.2 Maximum Power Point Tracking (MPPT) Techniques

The tracking algorithm works based on the fact that the derivative of
the output power P with respect to the panel voltage V is equal to zero at
the maximum power point as in Fig.3. The module P-V characteristics are
shown in Figure (4.3) show further that the derivative is greater than zero

to the left of the peak point and is less than zero to the right.
OP/oV =0 for V=V, 4.1)
OoP/oV >0 for V <V,,, 4.2)

oP/oV <0 for V>V, 4.3)
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Figure (4.3): P-V Characteristics of a module [15].

In the literature, various MPPT algorithms are available in order to
improve the performance of PV system by effectively tracking the MPPT.
However, most widely used MPPT algorithms are considered here, they

are:
a) Perturb and Observe (P&O)
b) Incremental conductance (In Cond)
c¢) Open Circuit Voltage
d) Short Circuit Current

4.2.1 Perturb and observe

The most commonly used MPPT algorithm is P&O method and is
also known as hill-climbing algorithm. This technique employs simple
feedback arrangement and few measured parameters. In this approach, the
array voltage is periodically given a perturbation and the corresponding

output power is compared with that at the previous perturbing cycle.
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However, the operating point oscillates around the MPP as the

system is continuously perturbed. This method can be implemented easily

[15].

Determine AP =P; - P;

Figure (4.4): P&O flow chart[15].

In this simple algorithm, the operating voltage is perturbed with a
small change +AV and the power output is observed. Depending on the

sign of observed power, further perturbation will be given to voltage as

described in Figure (4.4).

Maximum -Power Point Tracking (MITP) Using
Perturb and Observe Method

The maximum power. is. achieved. wvhen

dP/av- = 0
The woltage is perturbed and the change of the output power is observed.

dP>0 -

dp<0D

>

4S)r- g
= -
+\Wref [r(\;

o D
dulgﬂ tjdez

Figure (4.5): Design P&O algorithm by Psim
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In Figure (4.5) shown how to design the MPPT technique by P&O

algorithm using Psim software.

4.2.2 Incremental conductance

In this method, incremental conductance is compared with

instantaneous conductance. We have,

P=VI (4.4)

Applying the chain rule for the derivative of products yields to

OP/OV = [8 (VD)) OV = 1 [0V/V] + V [1/6V] = 1 +V [01/dV] (4.5)

At MPP, as 0P/0V=0, the equation (4.5) could be written in terms of

array voltage V and array current I as

oAV = -1V (4.6)

Here 0lI/0V 1s an incremental conductance where as I/V is an
instantaneous conductance. The flow chart of incremental conductance
shown in Figure (4.6) regulates the PWM control signal of the dc — to — dc

converter until the condition: (0l/0V) + (I/V) = 0 is satisfied.
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aV=V;-V,,
a=I1;-1;.,

Figure (4.6): Incremental Conductance flow chart [15].

Detailed flowchart of the In Cond algorithm is depicted in Figure

(4.6).
& /V > dldV for dP/dV > 0 (4.7)
% /V < dldV for dP/dV < 0 (4.8)
% IV = -dI/dV for dP/dV = 0 (4.9)

The relationship between 1/V and dI/dV determines the direction of
the perturbation. The incremental conductance is capable of identifying
whether the MPP is reached or not. Once the MPP is reached the
perturbation action stops, and it starts again only when I/V and dI/dV are

not equal.

The aim is to find and adjust the module operating voltage by

maintaining MPP condition through simple incremental conductance and
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instantaneous conductance measurement. The microcontroller regulates the

duty cycle of the converter.

The incremental conductance method can track the MPP with higher
precision, and it has higher accuracy under fast changing weather
conditions compared to the P&O method. However it requires more
calculation process and thus slows down sampling speed. This method also

requires extra sensors in order to measure the current and voltage [16].

Maximum Power. Point Tracking (MPPT) Using
the Incremental Conductance Method

The maximu pover i3 achieved vhen
dp/dV = 0

dy=0 _J —1)
=
[_"') T —3 disi j—l'
T =
di<0
+2 =1 —>'—: dyl=0
O *l_’i—> - P
1 : l _)~—T—_,_ d‘.-'d':{-‘..-“vj:.-
v=vdy ’—.— v=) —I [ dv=( 7_.-'_>__J
(=) H CHHE aifarceify - L
o VU J_ [
J GF (1}
it {5)ve
L

Figure (4.7): Incremental conductance by psim

In Figure (4.5) shown how to design the MPPT technique by

Incremental Conductance algorithm using Psim software.
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4.2.3 Open-circuit voltage

This technique is also known as constant voltage method. It uses
fraction of open circuit voltage to determine the module’s voltage at the

maximum power point [16].
Vimp = k1xVoc (4.10)

Here the factor k1 is always <1. Figure (4.8) shows the flow chart of
this method. It looks very simple but determining best value of k1 is very
difficult and k1 varies from 0.73 to 0.8. The common value used is 0.76;

hence this algorithm is also called as 76% algorithm [16].

Measure Vo and Initialize k)

Find operating voltage of the

module using Vinodule = k1 * Voo

Figure (4.8): Open Circuit voltage flow chart[15].

The principle of the Constant Voltage (CV) Method is simple, the
PV is supplied using a constant voltage, Temperature and Solar Irradiance
impacts are neglected, the reference voltage is obtained from the MPP of

the P characteristic directly. Figure (4.9) shows the CV algorithm [17].
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Vand Vref
Measures

Figure (4.9): Constant voltage flow chart [16].
4.2.4 Short -circuit current

This technique is similar to the open circuit method and is also
known as constant current method. It uses fraction of short circuit current

to determine the module’s current at the maximum power point [15].
Imp =k2 x ISC (41 1)

The factor k 2 is a constant and is much closer to 1 but always<I.

The flow chart is shown in Figure (4.10).

Measure Igc and Initialize k>

Figure (4.10): Short circuit current flow chart [15].
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When the PV array output current is approximately 90% of the short
circuit current, solar module operates at its MPP [15]. In other words, the

common value ofk 2 is 0.9.

4.3 Simulation and Validation of the Buck Converter with MPPT

Controller by using Simulink and Psim Software:

In Figure (4.11) shows a PV system in Simulink which consist a PV
MSX-50 Photovoltaic Module, buck convertor, load and the Constant

Voltage MPPT controller.

The main specifications of a MSX-50 Photovoltaic Module are: Pypp

=50Watt, VMPP =17.1 V, IMPP =2.92 A.

Figure (4.11): PV system with a constant voltage MPPT by Simulink.
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Figure (4.12): Voltage compensator

Figure (4.12) show the voltage compensator which is making a
difference between a Vypp from datasheet of MSX-50 Photovoltaic Module
and Vpy from a voltage sensor to calculate an error with using PI
controller. The simulations operate at 1000W/m’> and 25°C where is the

result we obtained from it as Figure (4.13), (4.14) and (4.15).

Figure (4.13): The power output from PV with constant voltage MPPT
controller[Y- axis: power(watt), X —axis: time (sec)].



Figure (4.14): MPP voltage regulation of PV by constant voltage MPPT controller
[Y- axis: voltage(volt), X —axis: time (sec)].
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Figure (4.15): Current of PV by using constant voltage MPPT controller [Y- axis:
current(A), X —axis: time (sec)].

In figure (4.16) shows a PV system in Psim which consist a PV
MSX-50 Photovoltaic Module, buck convertor, load and the Perturb and

Observation MPPT controller.
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Figure (4.16): PV system with a constant voltage MPPT by Psim.

Figure (4.17) shows the results simulation of PV system in Psim.

Figure (4.17): The output power(watt), voltage(volt) and current(A) of PV system
with P&O MPPT at variation radiation G= (1000W/m2,800W/m?2) by Psim .

4.4 Discussion

The inclusion of tracker with PV system increases the energy output
approximately 20 to 40% when compared with the system without tracker
depending on how we design MPPT. Controller controls the dc-to-dc

converter and performs all control functions required for MPP Tracking
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process. As mentioned before in chapter two, the MPP of a module varies

with radiation and temperature as illustrated in Figure (4.18) and Figure

(4.19).

P MPP

|

Increasing
Irradiance

\

Figure (4.18): Variation of MPP with changing irradiance but temperature
constant.

Increasing
Temp

o«

Figure (4.19): Variation of MPP with changing temperature but irradiance
constant.
The variation of MPP position under changing conditions demands

optimized algorithm, which in turn control the dc to- dc converter operation

to increase the PV efficiency.
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The Efficiency of maximum power point tracker is defined as

pl
-ln Pactual (t)dt
Pmax (tdt

NMMeptT = (4.12)

Where P, refer to the actual power produced by the module with
MPPT included where is P, refer to the theoretical maximum power of

the module.

The Open circuit voltage and short circuit current methods are
simple and easy for implementation. However, it is very tedious to find the
optimal value of k factor for the changing temperature and irradiance.
These methods also suffer from low efficiencies, as it is very tedious to
identify the exact MPP. Also, these methods fail to find MPP when
partially shaded PV module or damaged cells are present [18]. The
advantage of these methods is, response is quick as Isc or Vo are linearly
proportional to the Iypp or Vypp respectively. Hence, they also give faster
response for changing conditions. The P&O method is easy to implement
as few parameters are to be measured and gives moderate efficiencies about
95%. However, the algorithm becomes complex when rapidly changing site
conditions are present and the efficiency depends on how the method is
optimized at design stage. The problems with this method are it gives
arbitrary performance with oscillations around MPP particularly with
rapidly changing conditions and provides slow response. Sometimes, this
method is not reliable as it is difficult to judge whether the algorithm has
located the MPP or not. The incremental conductance method offers high

efficiencies about 98%. Even though, this method 1s complex and difficult
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to implement, it has several advantages such as more accurate, highly
efficient and operates at maximum power point. This method operates very
soundly with rapidly changing atmospheric conditions as it automatically
adjusts the module’s operating voltage to track exact MPP with almost no
oscillations. The drawbacks of this method are algorithm is complex,
comparatively costlier as it requires microcontroller, and requires V and |

sensors with associated peripherals [15].
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Chapter Five
Voltage Source Inverters (VSI)
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Chapter Five

Voltage Source Inverters (VSI)

5.1 Introduction

The purpose of DC-AC Switch Mode Inverters (Voltage source
inverters (VSI)) is to produce a sinusoidal AC output from a DC input
through PWM for use in the home, synchronizing with utility power
whenever the electrical grid is distributing electricity. The inverter is able
to control both the magnitude and the frequency of the AC output. It

Converts DC power into standard AC power [6].

Inverters can be divided into three categories: PWM inverters, square
wave inverters, single-phase inverters and six-step three-phase. In a PV
system PWM inverters are most frequently utilized and their purpose is to
keep the DC-link voltage at a constant voltage level by adjusting the DC

link current.
5.2 DC/AC Inverter Analysis

In this section, inverter architectures, waveforms for single-phase
inverter and six-step three-phase will be explained and analyzed for
photovoltaic system. Detailed modulation strategies of the space vector

modulation will be described for the three-phase inverter.
5.2.1 Single phase full bridge DC/AC inverter

In photovoltaic system, the DC/AC inverter is used to converts the

power of the source by switching the DC input voltage (or current) in a pre-
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determined sequence to generate AC voltage (or current) output. Figure
(5.1) shows the equivalent circuit of single-phase inverter. This has four

switches that turn on and off to obtain a sinusoidal output.

l81 lsa
L)
l |
\84 \82

Figure (5.1): Equivalent circuit of the full bridge single-phase inverter.

—1+
[

The load of the inverter is a single-phase AC load or connected to
single-phase grid power. The topology of the single-phase inverter is
represented in figure (5.2). The single-phase inverter has four switches and
four anti-parallel protective diodes. It provide path for the inductive current
to flow when the switches are open and protect the switches from the large

voltage by interrupting the inductive current.

S‘]\)‘}S s3 ﬁ Ll|rler
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Figure (5.2): Topology of a single-phase inverter with filter and load.
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To generate an AC waveform in single-phase inverter, the switches
S1, S2 ON and S3, S4 off for period t; and t, as shown in figure (5.3). For

that period, the output is a positive voltage.

E i| SI S3 Vo
i 1o
+
Vo — — AN/N

DC —

Figure (5.3): Output current for S1, S2 ON; S3, S4 OFF for t1 <t <t2.

For period t, to t; in figure (5.4), the switches S;, S; are on and S;

and S, are off to obtain negative voltage.

..'J{ I

Figure (5.4): Output current for S3, S4 ON; S1, S2 OFF for t2 <t <t3[6]

Switches S; and S, should not be closed simultaneously, the same for

switches S; and S,. Otherwise short circuit of the DC bus will occur.
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By following the switching scheme, the inverter output voltage will
alternate between positive and negative as figure (5.5), and the sinusoidal

fundamental component is obtained as shown in figure (5.6).

Figure (5.6): Fundamental component[19].

The load voltage is calculated by:

V, = Vpc for period 0 < o< = (5.1)

V,=- Vpc for period 0 < p<m (5.2)

The resulting output voltage has a fundamental alternating
component and its time average is zero. The sharp transition in voltage
indicates the presence of high frequency harmonics. The harmonics can be
filtered with inductance and capacitor filters or controlled by implementing

appropriate PWM techniques.
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The instantaneous inductive load current is given in [6]

' . - —@R
| %o _ 0¢ (1 4+ tanh () eorfor0 < @ < m
Load (p) = Voc . Voc <R -(@-TR (5.3)
- Tet T2 (14 tanh (7)) € en for0 < @ < 2m

Where R is the resistive load and L is the inductance. A blanking
time is introduced in the switching cycle in order to evade a short circuit
across the DC bus. The short circuit happens if S1 and S4 are on
simultaneously closed due to the time delay associated with process of
turning the switch OFF. The blanking time is realized by switching S1 and
S3 or S4 and S2 OFF and hence the output voltage will be zero. The
blanking time introduces low order harmonics to the voltage of the output,
which is hard to filter out. Using the switching scheme with the blanking
time, the output load voltage and current waveform is as shown in figure

(5.7).

Figure (5.7): Output voltage and current with blanking time[19].

The magnitude of the n-th harmonic of the output voltage is given by

Fourier analysis with .

V, = 4V, “’(:"‘7' n=123.. (5.4)

n
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Where a is the blanking time along with the scale of each harmonic

rests on it. The blanking time is

= — (5.5)

The magnitude of the harmonic depends of the angle a. Figure (5.8)

shows an example of voltage output harmonic spectrum when a is 10.

Figure (5.8): Harmonic of output voltage when a is a 10[20].

The PWM techniques provide control scheme to reduce harmonics.

The technics can reduce the number of filter in high frequencies.
5.2.2 Six step inverter

The six-step inverter is used to obtain a three-phase voltage output
from DC source. Three-phase voltage source inverter is a combination of
three single-phase bridge circuits. A simplified diagram of a basic three-

phase inverter bridge is shown in figure (5.9). There are diodes in
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antiparallel in addition to the main power devices. These diodes are called
the return current or feedback diodes. It provides an alternate path for the

inductive current.

s1 l S3 l S5 I
- _— -
piy Jiy Ji
A T ~h
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d d —1
R
o/ 4k —}—n
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—{
S4 56 s2
% x — &
. Tl -

Figure (5.9): Three-phase six-step inverter.

To obtain the three-phase AC current in six-step inverter, six gating
signals need to be applied to the six switches of the inverter. The
waveforms of gating signals H1, H3 and H5 are shown in figure (5.10). H1,
H3, H5 are 3 phase symmetrical switching function with phase shift 120°.
To produce the symmetrical three phase voltages across a three phase load
the devices are switched ON for 180°. The switching signals of each
inverter leg are displaced by 120° with respect to the adjacent legs. The
switching signals S1 and S4 are complimentary, the same for S3 and S6, S5
and S2.

The SWitChil’lg sequence will be 818283, SzS3S4, S3S4S5, S4S5S6,
SsSeS1, S6SiS,, S1S,S; ... for a positive sequence. The sequence will be

reversed to get the negative phase sequence.
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The line to neutral voltages Van represented the six step of the

inverter. Vbn and Vcn have the same waveform with phase shift 120°.

S1 S4 S1 H1

T 1
I I I I
1 I i I
I t 1 —
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Figure (5.10): Waveforms of the switching functions.

Each switch is turned ON for 180°. The switches S; and S,, which
belong to the leftmost inverter leg, produce the output voltage for phase A.

The switching signals for the switches in the middle leg, S; and S4 for
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phase B, and are delayed by 120° from those for S; and S, respectively for
a positive sequence. Similarly, for the same phase sequence, the switching
signals for switches Ss and S, are delayed from the switching signals for S;

and Sg by 120°.

It is called “‘six-step inverter” since there are six “steps” in the line to

neutral (phase) voltage waveform as shown in figure (5.10).

For a six steps inverter, the outputs currents do not have harmonics
of order three and multiples of three. Figure (5.11) represents the

harmonics currents of the six steps inverter.

Control over output heft in a three-phase inverter could be attained

by altering the voltage of the DC-link (Vpc):

(vanjl.peak =1.278 1II"t'[}li:fz (56)

[ ; ' 5 [ ] 3 " [ [ ] ! [ ]

Figure (5.11): Phase voltage normalized spectrum [19].
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In grid connected PV, the current output of the voltage source
inverter will be injected to the grid. The output of the inverter should be in

phase and have an identical frequency to the voltage of the grid[21].
5.3 Modulation Strategy
5.3.1 Sine PWM

In sine-triangle three-phase PWM inverter, three sinusoidal reference
voltage waveforms at each phase are compared to the same triangular

carrier. The three-reference voltages are 120° apart.

Ugref = Veer SIN(2TE X T) (5.7)
Upref = Vs Sin(2mf Xt — 21/3) (5.8)
Up.ref = Vyer SIN(Z2TE X t+ 21/3) (5.9

With this method, switch S; is ON when triangular carrier is less
than v, . and S4 1s OFF. The output voltage v, 1s equal to VDC. The same
principles apply for the other legs of the converter. To summarize the

principles:
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Varef > Viria 2 S1is ON
Varef < Viria > S4is ON
Vpref > Viria = S21is ON
Vpref < Viria = S51isON
Veref = Viria = S31s ON

Veref < Viria = S61isON

Figure (5.12): Shows the waveform of the sine triangle and the voltage reference
comparison.

v
Ve ‘I ]mﬂ“ﬂm“ H

Figure (5.13): Sine triangle, voltage reference and phase voltage [20].

In sine triangle PWM, the amplitude modulation ratio (or index) ma

is defined by:

eak amplitude of Vipi
m. = P P tria (510)

a amplitude of Vs
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Where:
Viia: the peak amplitude of the triangular carrier.
V.t the peak amplitude of the sinusoidal reference signal.

The frequency of the triangular waveform f, is the frequency of
the inverter. The frequency of the reference is the fundamental output

frequency. For a grid connected PV, it is the frequency of the grid 50 Hz.

The ratio of those two frequencies gives the frequency modulation

index:

PWM freguency fpwm

m; = (5.11)

fundamental frequency f;

The line to neutral fundamental frequency output voltage of the

inverter is defined by: [19]

Uans = “22Csin (2mf,.t) (5.12)
Vpny = —2-2€sin (27, .t — =) (5.13)
Vopq = miTv':":sin(erfD t+ :3—“) (5.14)

Where: f; is the desired frequency.

The line-to-line voltage rms value at the fundamental frequency is
obtained by multiplying the fundamental line to neutral fundamental

frequency with J?ﬁﬁ.
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The switching frequency should be higher to reduce the harmonics at
the output. Thus, less filter harmonics will be used. However, switching

losses increase in proportion to the switching frequency.

In PV system, the DC voltage that is the output from the boost
converter is the input for the inverter. A controller should be implemented
in order to maintain the DC voltage in a constant manner. In addition, the

voltage reference determines the output frequency and amplitude desired.

The function of inverter DC/AC is to generate AC output current i,
in phase with the AC grid voltage vac. Switching frequency fpyy is much
greater than the AC line frequency (60Hz or 50Hz). By controlling the
switch duty ratio D of the inverter, it is possible to generate a sinusoidal
current iac in phase with the AC line voltage. The input DC voltage Vpc

must be greater than the peak AC line voltage.

5.3.2 Simulation and validation the sine PWM by using Psim

In figure (5.14) is shown the inverter is composed of six switches S,
through Sq with each phase output connected to the middle of each
“inverter leg”. Two switches in each phase are used to construct one leg.
The AC output voltage from the inverter is obtained by controlling the
semiconductor switches ON and OFF to generate the desired output. Pulse
width modulation (PWM) techniques are widely used to perform this task.
In the simplest form, three reference signals are compared to a high

frequency carrier waveform. The result of that comparison in each leg is
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used to turn the switches ON or OFF. It should be noted that the switches
in each leg should be operated interchangeably, in order not to cause a
short circuit of the DC supply. In figure (5.15) shown the waves of three
phase voltage source inverter (VSI) simulation in Psim: Iry s, Iriib, IRLIG

Vcara Va.

Insulated Gate Bipolar Transistors (IGBTs) and power MOSFET
devices can be used to implement the switches. Each device varies in its
power ratings and switching speed. IGBTs are well suited for applications

that require medium power and switching frequency.

_ _ Voltage Source. Inverter with Sinusoidal. PWM . .
450vdc
AN
. . . : .
 YearT L S o :

SOLE
RS
[ 2
.

beY
L

Carrier Waveform

Figure (5.14): Three phase voltage source inverter (VSI) simulation in Psim.
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Chapter Six

Design of PV System for Electrification
of a Household in Palestine

6.1 Introduction

Since the area of Palestine is relatively small and the solar radiation
(W/m?) doesn't change significantly within such short distance (31° 10" -
32° 30" N), the measuring data for all regions (West-Bank & Gaza Strip)
may considered to be the same. Table (6.1) shows the measurement of the
global radiation on a horizontal surface in the Tulkarm[22]. They have
been done by horizontally oriented measuring devices, and done on a 10-
minute interval basis.

Table (6.1): Hourly average solar radiation of typical summer day
(31/7/2012)[22].

Hours Solar Radiation Hours Solar Radiation
(W/m?) (W/m?)
1:00 0 13:00 875
2:00 0 14:00 822
3:00 0 15:00 712
4:00 0 16:00 559
5:00 0 17:00 376
6:00 16.5 18:00 199
7:00 113 19:00 43
8:00 288 20:00 0.25
9:00 502 21:00 0
10:00 669 22:00 0
11:00 788 23:00 0
12:00 850 24:00 0

From table (6.1) & figure (6.1), it is obvious that the solar radiation
is more than 750 W/m? during the hours: 11, 12, 13 and14, pm and it is also

more than 135 W/m? in the morning hours 8, 9and 10 am, and it also the
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solar radiation is more than 300 W/m? in the evening hours 15, 16, 17, and
18 pm. This means that we have enough potential for solar radiation and

we can obtain electric energy even in the morning or evening.

So it is very suitable for electricity generation from solar energy
through PV systems. This encourages us to start to build proper
centralized or decentralized PV-Systems to solve the main problem of
Palestine in general (the lack of supply, and the peak demand of
electricity). It' is useful also to take a look at the advantages of PV
system. It has high reliability, because source is free and abundant — the
sunlight source. It needs little maintenance, because there are no moving
parts. It has virtually no environmental impact, no air pollution, no
noise, and no hazardous waste. It’s produced domestically, no need for
liquid or gaseous fuels to be transported or composted. Strengthening the
national economy & reducing the trade deficit, by creating new jobs for
relatively young, high tic industry. It is Modular & thus flexible, in terms
of sizing and applications. It meets the demand and capacity challenges
facing energy service providers, capability to produce the exact needed
power and near the point of use. Figure (6.1) shows the daily irradiation-

curve plotted from data of table (6.1).
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Figure (6.1): The global irradiation (kKW/m?) versus time (hours)-2012[22].
6.2 Ambient Temperature in Palestine

As we mentioned before, temperature affects the PV generators
efficiency. The relation between temperature and efficiency is inversed.
The ambient temperature is the main factor that affects the PV generator's
temperature. Table (6.2) shows, for an example, the ambient temperature of
the target area. The shown data is the average of one day measurement in

July 2012. The original measurements are done on a 10-minute interval

basis[22].
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Table (6.2): Ambient temperature in Tulkarm|[22].

Hours Ambient Hours Ambient
temperature (C°) temperature (C°)
1:00 27 13:00 33
2:00 27 14:00 33
3:00 26 15:00 34
4:00 26 16:00 35
5:00 26 17:00 34
6:00 26 18:00 33
7:00 26 19:00 33
8:00 26 20:00 31
9:00 27 21:00 29
10:00 29 22:00 28
11:00 30 23:00 28
12:00 32 24:00 27

Figure (6.2) shows the daily curve of the ambient temperature drawn
from the data table (6.2). It shows that the maximum temperature occurs
around noon time (32°C), and the minimum temperature occurs in the early

morning (21°C).

40

35

Tempreture C°

Figure (6.2): The daily ambient temperature curve-2012[22].

6.2 Solar Energy in Palestine

Palestine has high potential of solar energy. It has around 3000
sunshine hours / year and high annual average solar energy radiation which

is about 5.45 kWh / m? - day.
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As shown in table (6.3), the lowest average solar energy is in
December which is about 2.84 kWh /m? - day and the highest one is in June
which is about 8.245 kWh/m? - day.

Table (6.3): Monthly solar energy on horizontal surface for Tubas
District [23].

Month kWh/m?-day Month kWh/m?-day
January 2.885 July 8.167
February 3.247 August 8.099
March 5.226 September 6.304
April 6.247 October 4.700
May 7.565 November 3.562
June 8.245 December 2.840
2] ——
z 6 S = ==
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Figure (6.3): Monthly solar energy for Tubas district on horizontal surface.

6.3 Calculation Electricity Consumption

The fluctuation in the irradiation during the year requires stand-alone
PV system with a storage system of enough energy capacity. The
consumption has to be calculated in different irradiation durations such as
in different seasons or in different months or at least between the extreme

values of summer and winter when estimating the consumption.

The calculation of the solar energy is based on the average month of

the year based on the location and global irradiation data. The radiation
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calculation for different geographical latitude and inclination angles will be
calculated in the following section. The first step in stand-alone system
design should start by calculating the energy consumptions of all the
appliances and other equipment and their power range should be listed in
Table 6.4 For instance the list for individual power consumers will be as
follow.

Table (6.4): The electrical load for typical household

Type of Energy
appliances Number | Power (W) | Hour/day (Wh/day)
Compact
Fluorescent 15 15 %11 4 660
Lamps
Computer with
Accessories 1 125 4 500
Fridge 1 200 8 1600
TV and Recorder 1 125 6 750
Iron 1 1000 4/7 571
Washing machine 1 245 3/7 105
4186
approximate
Total d-to
4500Wh/
day/house

The daily load energy consumption for house is about 4.5kWh.

The electrical loads in the house are small appliances such as TV,

radio, small washing machine, lighting and refrigerator, as was noted in

table (6.4).
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6.4. The Average Daily of Solar Radiation Intensity

Palestine has a high solar energy potential, where the daily average
solar radiation intensity is 5.4 kWh/m’, and the peak sun hours (PSH)

equal 5.4.
6.5 Installation of the PV System

To install the PV system, a poly-crystalline PV module type
(Kyocera KC130GHT-2), is used in this system with the following
specifications in table (6.5) and appendix (D.1)

Table (6.5): Specification of Kyocera KC130GHT-2 module at
standard conditions

Electrical Data
Maximum Power 130W
Maximum Power Voltage 17.6V
Maximum Power Current 7.39A
Open Circuit Voltage (Voc) 21.9V
Short Circuit Current(Isc) 8.02A
Area 0.9291m?

6.5.1. PV generator sizing

The peak power (Wp) of the PV generator (PPV) is obtained from

the following equation [24]:

Ep
v Nr PSH

Pp!kr - Sf (61)

where E [ (energy consumption per day ) = 4.5 kWh ; PSH (the
peak sun hours) = 5.4 ;NR efficiency of charge regulator = 0.92 ; nvy

efficiency of inverter = 0.9 ; Sf(the safety factor, for compensation of
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resistive and PV-cell temperature losses = 1.15, Substituting these values
in equation (6.1) to get the peak power (Wp) of the PV generator one

obtains:

b _ 4.5
PV 0.9%092x5.4

x 1.15 = 1.15 kWp

To obtain this peak value, we select to install multicrystalline-36
rectangular cells module type KC 130 GHT-2 of a 0.929 m? area, rated at
12 VDC , and Pmpp = 130W as shown in appendix(2). The number of

necessary PV modules (No. PV) is obtained as:

P
Nﬂﬁpv = P;:p (62)
No.py = —2 = 8.84 PV modules.

130

We know all loads are operated by 220V AC loads and the input of
the inverter will be 48V DC rather than 12V DC in order to reduce the PV
array current output requirements, thus reducing wire size from array to
inverter. Note that the same number of modules will still be required, since
the same total power must be produced by the array. So we select the
nominal voltage of the PV generator to be Vomina 48 V, so number of
modules in series is 4 module since each module is designed to charge a

battery with 12 V nominal voltage

And

Vpv 8.24 _
NO.pv series = = = = 2.21 ~ 3 modules.
Vmpp 4
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We select 3 PV parallel strings constitution a generator of 12
modules with 1560W which increase the safety factor to be 1.56 and hence

improving the system reliability.

The configuration will be as shown in Figure (6.1). The area of the

array is (0.9291)*(3)*(4) =11.15 m?

[mpp=3739=22.17 A
Vmpp=4*17.6=70.4 Vidc

Figure (6.4): The configuration of PV generator for household.

For Palestine area, the optimum tilt angle of PV generator that
captures the maximum amount of solar radiation over the whole year is 32°

directed towards south .
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6.5.2 Selection of the battery block

The storage capacity of battery block for such system is considerably
large. Therefore, special lead-acid battery cells (block type) of long life
time (> 10 years), high cycling stability rate (>1000 times), and capability

of standing very deep discharge is selected.

The number of days of autonomy required for critical need
applications depends on the location of the system. In locations with
relatively high average insolation, even during the worst part of the year,
less storage is needed. The number of days of autonomy required for

household is 1.5 days.

The next choice is to determine the type of batteries to use and the
allowable depth of discharge. In this design, deep discharge batteries
allowing 80% discharge are not unreasonable, since under most conditions,
the batteries will not discharge nearly this amount. Hence, the battery life

will be relatively long. Battery size is thus determined from[13]:

1.5xE
Can = . :
Ah Ve xDODx ngnv (6.3)
Cwn =Can Vs (6.4)

Where Vg and nmp are voltage and efficiency of battery block, while
DOD is the permissible depth of discharge rate of a battery cell. Assuming
realistic values of ng = 0.85, DOD = 0.75 and Vg = 48V, by substituting

these values in Equation (6-3) and Equation (6-4), then:
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1.5 X 4.5kWh

Car = — 245.1 Ah.
AR T 48 % 0.75 % 0.85% 0.9

Con = 2451 48 = 11.7 kWh.

Lead acid battery (block type) is typically designed to take 10 hours
from zero charge to full charge. Hence, if 10 hours times the PV charging
rate in amperes exceeds the battery capacity in Ah, it means the PV array is
capable of fully charging the batteries in less than 10 hours[13]. Once the
battery capacity is determined, the number of batteries required for the
system 1s determined by dividing the total capacity require by the capacity

of a single battery.

To install this capacity, we need 24 block batteries in series (each
battery rated at 2 V / 250 Ah as shown in Figure (6.5) to build a battery
block of an output rated at 48 V DC /250Ah.

—— 250Ah/2V
Tl

250Ah/48V

Figure (6.5): The configuration of battery blocks of the PV system for household.
6.5.3 Charge regulator (CR) sizing

It's a DC/DC converter, used to regulate the output current of PV

generator going to the inverter, and to protect the battery block against deep
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discharge and over charge, input/output rating of CR are fixed by the

output of the PV array and Vy [24] .
The specifications of CR are:
¢ Vinput , must equal to the Vo.c (PV ) =(4*12) ~ (4*21.9)
= (42 ~88) V DC.
¢ V output , must equal to nominal (PV) V = (48*1) ~ (48*1.2)
= (48~ 57.6) V DC.

¢ The appropriate rated power of CR, must be equal to Ppy = 1.56kW = 2
kW. It's recommended that the CR should have a maximum power
control unit.

¢ The efficiency must be not less of 92 %.

% Controller sizing = Module short circuit x modules in parallel x
1.25(factor of safety).

=8.02Ax3x1.25=30.1 A

% 30A — 48V charge regulator have been selected for household.

) Controller
PV array | Bgttery voltage
2kW A8V

Figure (6.6): Charge controller specifications.

Figure (6.6) is shown the specifications of the Charge controller.
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6.5.4. Inverter sizing

The inverter has to be capable of handling the maximum expected
power of AC loads. The input of the inverter have to be matched with the
battery block voltage which is 48V while its output should fulfill the
specifications of the electric grid of the grid which is 220V, 1®.Figure

(6.7) shows the specifications of the inverter .

In order to size the inverter suitable to PV system the main

parameters should be determined from:

% Vinput should be located in the inverter MPPT voltage range (42~57.6V
DC) and V rated = 52.5VDC.

% Vouput should fulfill the specification of the electric grid of the
household specified as: Vi eq = 220V £ 5% AC, three phase 50 Hz,

sinusoidal wave voltage.

>

% Power of inverter’s size nominal power to be greater than total power

of appliances that may run at the same time is given by the

following formula:

P=(10x11+125+200+1000) =1435 W
And the appliances with large surge currents that include motors
are 245x3=735 W. To allow the system growth, we add 25% of

the previous two values to get total power

PTotal = (power of appliances running simultaneously + power
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of large surge current appliances) x 1.25

PTotal =(1435+735)x1.25

=2712 W

» The maximum inverter output current is found by dividing the total

L)

load power by the system voltage:

Inverter to load current =3 kW / 220V = 13.6A.

% The efficiency = 95% - 97%.

L)

| [nverter | : .
Battery voltage . ]1 ] ] JLlectne Grid
48V kW 220V, 19

Figure (6.7): Inverter specifications.

Figure (6.7) shows the specifications of the inverter.

6.6 Types of Solar PV Systems

PV systems can be classified into two categories; stand-alone

systems and grid-connected systems.
6.6.1 Stand-alone PV

A stand-alone PV system is shown in Figure (6.8) with all necessary
components such as PV panels, DC-AC inverter, DC-DC converters,

MPPT controller and battery.
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Figure (6.8): Stand - alone PV operation [25].

Where, Ga is irradiation and Ta is the ambient temperature.

The PV panels are connected in series and parallel combinations to
achieve the desired power capacity. DC-AC inverter is used to convert DC
input from the PV generator to AC output at certain voltage level and
frequency to be used for consumers. By the use of the battery, the excess
power generated by the PV system is stored to be used when required. The
DC-DC bidirectional converter is boosting the voltage level from the
battery side to the higher level of inverter input side or it lowers the voltage
from the inverter side to battery input side in order to be able to charge the
battery in an appropriate voltage level. The MPPT controller is used to get

the maximum power from the PV generator during the operation[26].
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6.6.2 Grid tie inverter

A grid-tie inverter (GTI) is a special type of inverter that converts
direct current (DC) electricity into alternating current (AC) electricity and
feeds it into an existing electrical grid. GTIs are often used to convert direct
current produced by many renewable energy sources, such as solar panels
or wind turbines, into the alternating current used to power homes and
businesses. The technical name for a grid-tie inverter is "grid-interactive
inverter". Grid-interactive inverters typically cannot be used in standalone

applications where utility power is not available[27].

'-‘ Autotransformer

LT

Isolation transformer

Figure (6.9): Grid tie inverter[28].

The connection between the solar array and the utility grid is a bit
more complex than that. The following are the required components for a

grid-connected solar PV system[29]:

e

o

Solar panels

Inverter

R/
0.0

e

o

DC disconnect

e

S

AC breaker panel
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« Utility disconnect

+ FElectrical wiring in your home

Inverters take DC power and invert it to AC power so it can be fed
into the electric utility company grid. The grid tie inverter must
synchronize its frequency with that of the grid (e.g. 50 or 60 Hz) using a

local oscillator and limit the voltage to no higher than the grid voltage.

A high-quality modern GTI has a fixed unity power factor, which
means its output voltage and current are perfectly lined up, and its phase
angle is within 1 degree of the AC power grid. The inverter has an on-
board computer which will sense the current AC grid waveform, and output

a voltage to correspond with the grid[27].

Grid-tie inverters are also designed to quickly disconnect from the
grid if the utility grid goes down to prevent the energy produced from

harming any line workers who are sent to fix the power grid [27].

Properly configured, a grid tie inverter enables a home owner to use
an alternative power generation system like solar or wind power without
extensive rewiring and without batteries. If the alternative power being
produced is insufficient, the deficit will be sourced from the electricity

grid[27].
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Chapter Seven

Economic Analysis of the
Standalone and Grid Tie PV
system
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Chapter Seven

Economic Analysis of the Standalone and Grid Tie PV system

7.1 Economic study of the Standalone PV Systems

This section shows the calculation of the cost of generated energy by
Standalone and Grid Tie PV Systems and the economical comparison

between them.

7.1.1 Determining the cost of producing one kWh from Standalone

PV System

The economic analysis used in this work is based on the use of life

cycle cost, cost annuity (NIS/kWh).
e Life cycle cost (LCC)

The life cycle cost (LCC) is defined as the sum of the PWs of all
system components. It may contain elements pertaining to original

purchase price, maintenance costs, operation costs, and salvage values.
A) Initial cost of standalone PV system

The initial cost includes the costs of equipment represented in PV-
panels, inverter, charge regulator, batteries, wires and other components
used in installation. It includes also labor and technicians costs for
installation. These costs depend on the size and type of a component. All

these costs are summed to give the overall initial cost.

Initial cost = [ (components cost + installation cost) (7.1)
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- Initial cost of photovoltaic modules

PV-modules are available in different sizes and types, the size of PV
is characterized by their peak watt at STC (rated power).The price of peak
watt is almost the same for mono or poly crystalline, but the installation or
Structure cost will differ depending on the installed PV area. The (NIS/W5p)

will decrease as the size of module increases.

- Initial cost of standalone PV inverter, charge controller and

batteries

Inverter, charge controller and batteries available in different sizes
and types. The price of these components depends on their capacities,

efficiencies, protection features and types.
- Otbher initial costs

Shipping costs and accessories needed for installation and system
protection, wiring, rooms, should be also considered. These costs depend
on the system size and vary with the kind of the project; if it is for public

use (may be land available free), or for private use.
B) Operation and maintenance cost of standalone PV system

The operation costs considered are incurred after installation in order

to run the system for a certain number of years (system life time).
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C) Salvage value
The salvage value is considered as the value of the project

components after the system life time is finished.

Figure (7.1) shows the cash flow which represents the initial,

maintenance cost and salvages revenue.

Salvage value
.

01 2 3 4 56 7 8 91011121314 151617 1819 2021 2223 24 25

Yy ¥ ¥ ¥ ¥ ¥ ¥Y ¥ ¥YFO¥Y YT Y YT T VYT OTYy ®ToTyg ®T9vTyYyvw

Operational and maintenance cost

v
Initial Cost

Figure (7.1): The cash flow which represent initial, operational cost and salvage
value.

7.1.2 Economic factors

In order to calculate the equivalent uniform annual series (Aw) of
cash flow in figure (7.1), the most important fact to remember is to first

convert everything to its present worth.

The life cycle cost of grid tie system = initial cost of PV system
+ present worth of maintenance and operation — present worth of salvage

value.

The life cycle cost of grid tie system = initial cost of PV system

+ Operation and maintenance X (P/A,j n) — salvage value X (P/F,i n).
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The term A (P/A,i,n) is called the uniform-series present worth

factor.

This expression determines the present worth P of an equivalent
uniform annual series A, which begins at the end of year 1 and extends

for n years at an interest rate i, and (P/A) can be found by equation

(7.2):

P=A

“*ﬂn‘l] i =0 (7.2)

i(1+i)n

The term F (P/F,in) is known as the single-payment present-
worth factor, or the P/F factor. This expression determines the present
worth P of a given future amount F after n years at interest rate 1, and (P/F)

can be found by equation (7.3):

r=F [(1:1')“] (73)

In order to simplify the routine engineering economy calculations
involving the factors, tables of factors values have been prepared for
interest rates from 0.25 to 50% and time period from 1 to large n

values, depending on the interest value 10% and interest table in appendix

(F).

The equivalent annual worth AW is obtained with appropriate A/P,
as follows: AW =PW (A /P n)

Then the energy unit price is calculated from equation (7.4)

Aw

(NIS/kWh) = (7.4)

Total yearly kWh produced
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7.1.3 Cost of producing one kWh from standalone PV system for a

house

The price of the PV system and its installation are important factors
in the economics of standalone PV systems. These include the prices of
PV modules, inverter, charge regulator, batteries and all other auxiliaries as
shown in table (7.1). The cost of installation must be taken into
consideration. The technical specification was determined in chapter six
for a household load. The company specifications and datasheets are in
Appendix D.

Table (7.1): Cost of elements and installation of standalone PV system.

Component . Price . . .
material or work Quantity (NIS) Specifications Design
PV - module 12 16800 | [-S0KWeforaPV

array
Input:48V
Inverter ! 3300 Output:220VAC, 50 Hz
Nominal battery voltage:
Charge Regulator 1 1500 (12-72) V
Battery 24 30000 48V / 250Ah
Installation 1000

Before starting calculations one should consider the following:

1- The energy consumption for a house hold is 4.5kWh/day (as

mentioned in chapter six).

2-The lifecycle of the system components will be considered as 25 years.

3- The interest rate is about 10%.
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The initial cost of the PV system = PV array cost + inverter cost +

charge regulator cost + battery cost + installation cost.

The initial cost of the PV system = 16800 + 5500 + 1500 + 30000
+ 1000

= 54800NIS.

The annual maintenance and operation costs are about 2% of
initial cost which is equal to 44NIS/year, salvage value after 25 years is

taken 15% from initial cost and it is equal to 8220 NIS.

The life cycle cost of standalone PV system is obtained by

drawing cash flow as in figure (7.2):

112 1314 151617 1819 2021 2223 24 35

EEEEERRERRREEERRERERRREE

54800

Figure (7.2): Cash flow of standalone PV system for a house.

The life cycle cost of PV system = 54800+44 (P/A, in) —
8220(P/F, i n).

PW =54800 + 44 (P / A 10%, 25) — 8220(P / F 10%, 25).

The factors in the above equation are taken from appendix (F):
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PW = 54800 + 44x9.0770 — 8220% 0.0923 = 54441NIS.
AW =PW (A/P i, n) = 54441 (A/P 10%, 25).

From appendix (F), the term (A/P 10%, 25) is equal to 0.11017, then:
AW =54441 (A / P 10%, 25).
AW =54441 x0.11017 = 5998NIS.

Energy produced from the standalone PV system yearly = PV model

power output X PSH Xy X cr X gat* 365(day).

Energy produced from the standalone PV system yearly = 1.56kW X
54%0.9x0.92 x0.85 x 365 =2947.1 kWh.

The cost of 1 kWh from the PV generator = 5998NIS/2947.1
kWh = 2.1 NIS/kWh.

7.2 Grid Tie System Tariffs

Electricity delivered to the grid can be compensated in several ways

such as net metering or feed-in tariff.
7.2.1 Net metering tariff

A solar PV system generates electricity by converting sunlight into
electricity that can be used in your home or business. This reduces the
amount of electricity you need to purchase from your utility. If your system
produces more electricity than you need at any given time, it will actually

spin your meter backwards to supply the grid. Your utility keeps track of
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how much electricity you supply to the grid as well as how much you
purchase, and bills you only for your net electricity consumption (via net
metering). At the end of any billing period, if overall electricity production
exceeds consumption (indicated by a negative meter read), a billing credit
is applied to your next bill[27]. Figure (7.3) shows grid tie net metering

tariff.

Source
Solar panels and wind turbines
collect energy. Gnd Tie Inverter

Bi-directional
meter

Figure (7.3): Grid tie net metering tariff.

7.2.2 Feed in tariff

A feed-in tariff (FIT) encourages a new renewable energy
development by creating a long-term financial incentive to customers who
generate renewable electricity, offering a standardized and streamlined
process, and easing the entry for new systems. Under a feed-in tariff, a
utility is contractually obligated to connect the renewable energy generator
to the grid and pay that generator for electricity at a fixed rate for the life of
the FIT contract, typically 10-20 years. The goal of a FIT is to create a

robust market for renewable energy to lower technology costs and increase
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development of such resources for the duration of the program, and
potentially pave the way for future growth. The design of FITs can vary
considerably in how rates are calculated, eligibility of different
technologies and resource sizes, and the contract terms[27]. Figure (7.4)

shows grid tie feed in tariff.
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Figure (7.4): Grid tie feed in tariff.

7.2.3 Evaluation the economic impact of a house grid tie feed in tariff

PV system

The Palestinian Energy and Natural Resources Authority (PENRA)
started this year to implement the one thousand home projects which is
based on the production of electricity from solar cells mounted on rooftops,
to exploitation the solar energy in Palestine. PENRA encourage citizens to
participate in this project by contributing in 30% from the total PV modules
price. They will install 1.56 kW; for one home after which implementing

an audit to know if there is a feasibility of installing PV modules or not.
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PENRA will determine a feed in tariff for IkWh production from the house

at motivational price equal to 1.07 NIS.

For that we will perform an economic study to know if this is project

feasible or not returns for the citizens.

For 1.56kWp we need 12 PV modules and don’t need battery and

charge regulator.

The initial cost of the PV system = PV array cost + inverter cost +

installation cost.

The initial cost of the PV system = (12 % 1400 x 70%) + 5500 +
1000

= 18260NIS.
The annual maintenance and operation costs = (2% x 18260) / 25

=15 NIS.

Salvage value after 25 years = 15% x 44720 NIS = 2739 NIS.

The life cycle cost of grid tie PV system is obtained by drawing

cash flow as in figure (7.5):
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Figure (7.5): Cash flow of grid tie PV system for a house.

The life cycle cost of PV system = 18260 + 15 (P/A 10%, 25) —
2739(P / F 10%, 25) = 18143.3 NIS.

AW =PW (A/P i  n) = 18143.3 (A/P 10% , 25) =2000_NIS.

Annual energy produced from the grid tie PV system = PV model

power output x PSH x |y X 365 day

Annual energy produced from the grid tie PV system = 1.56kWx
5.4 hour x 0.9% 365 day =2767 kWh.

The cost of 1 kWh from the PV generator = 2000 NIS/2767 kWh

=0.72 NIS/kWh.

Annual benefit money = cost of annual total revenue after PV
installation - cost of annual total bill before PV installation = (2767kWh x
(1.07-0.72) NIS/kWh) — (4.5kWh/dayx365day x 0.55NIS/kWh) = NIS. (i.e

the annual Profit from grid tie PV system = 1858NIS).
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S.P.B.P = investment / saving = 18260NIS / (1858NIS/year) =

9.76vears.

We show from the last calculations there is feasible revenue but there

is a high initial cost.
7.3Environment impact of PV system

In the long term, environmental benefits may be the most important
reason for the implementation of grid off and grid-tied PV system. The
environmental impact of small PV plants prevents the production of huge
quantities of CO, when compared with nonrenewable energy sources
producing coal and oxides of sulfur and nitrogen. Of course, CO, is
inherent in the combustion process and cannot be avoided. Scrubbers can
reduce, but not eliminate sulfur and particulate emissions. Gas fired plants
are cleaner than coal plants, but still produce greenhouse gases.
Atmospheric emissions from nuclear plants are negligible, but radioactive

waste is an incessant problem with no clear cut solution.

1 kWh of electricity produced from a coal powered station emits

0.97kg of CO2 to the atmosphere[32].
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Chapter Eight

Modeling of the Standalone and
Grid Tie PV system
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Chapter Eight

Modeling of the Standalone and Grid Tie PV system

8.1 Introduction

In this chapter we focus on the two type of PV system: standalone
PV system and grid tied PV system. We will simulate a standalone and grid

tie PV system by Simulink.

The parameters of the components of the PV system for the house
designed are chosen as mentioned in chapter six to apply it in matlab

Simulink to verify and show how the system will response.
8.2 Standalone PV System

In the stand alone PV system the battery energy storage is necessary
to help get a stable and reliable output from PV generator. In this case we
need a battery charge regulator to protect the battery against overcharge

and deep discharge which shorten the battery life time [30].

Figure (8.1) shows a charge controller system it consist a PV system,
filter and battery charger. A PV system block contains a PV array, a buck-
boost converter with MPPT algorithm controller. A buck-boost converter
with MPPT algorithm controller is to adjust photovoltaic interfaces so that
the operating characteristics of the load and the photovoltaic array match at
the maximum power point (MPP) considering some criteria like cell
temperature, shadowing etc. Here Photovoltaic voltage is a preferable

control variable in case of MPPT since current is heavily dependent of
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weather conditions. Buck boost converter is implemented to the system to
maintain the output voltage at the desired value. When the PV gets the
maximum or minimum voltage from the sunlight, this converter will use to
control the output voltage at the desired value to charging the battery. In
figure (8.2) shows a PV system consists: PV panel, MPPT (P&O)
controller and buck-boost converter and in figure (8.3) shows the voltage
output from PV system before charge controller. In appendix C show

perturb and observe Algorithm by m-file code.

Voltage

PV system fiter

‘m
._I Battery |

BATTERY CHARGER

Figure (8.1): Charge controller system.
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Digital Clock

PV panel BUCK-BOOST CONVERTER

Figure (8.2): PV system consists: PV panel, MPPT (P&O) controller and buck-
boost converter.

Figure (8.3): Voltage output from PV system before charge controller [Y- axis:
voltage(volt), X —axis: time (sec)] .

In figure (8.4) shows a Battery Charger block is consist a boost
converter with controller. The output circuit connected to the PV system is

usually dc-dc converter mainly boost chopper in order to boost the voltage
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to the predetermined levels. Figure (8.5) show a boost converter in battery

charger.

Load Cut Off

Scoped

Figure (8.4): Battery charger.
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Figure (8.5): Boost power converter, L=10e-6, C=100e-6.

8.2.1 Battery charging algorithm

The complete battery charging demands a complex control strategy,

in which it would be possible to charge the battery, between its limits, in
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the faster possible way because the daily period of energy generation of the
PV panel is limited .To achieve a fast, safe and complete battery lead-acid
charge, some of the manufacturers recommend dividing the charging
process in four stages that are designated by: (i) trickle charge, (i1) bulk
charge, (iii) over charge and (iv) float charge. Figure (7.6) show the curves
of current and voltage applied to the battery during a correct charging cycle

[31].

Battery cutput Voltage

__________________________________________________

T, T, .Tg .13

Figure (8.6): Current and voltage curves in the four stages of battery charge [31].
8.2.1.1 Trickle charge — 1*stage (from T, to T,)

This first stage is active when the battery voltage is below the value
Vengens. This voltage value, specified from the manufacturers, shows that
the battery arrives at its critical discharge capacity. In this condition the

battery should receive a small charge current defined by Iyc that has a
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typical value of C/100 where C is the normal battery capacity with a 10

hours charging process.

This small current Irc is applied until the battery voltage reaches the

value of VCHGENB-
8.2.1.2 Bulk charge - 2" stage (from T, to T,)

After the battery voltage reaches the value Vcygeng it should be
applied to the battery a constant current Igy k. Igurk 18 the maximum charge
current that battery supports without losing amount of water. Its value is
specified by the manufacturers. This current is applied until the battery
voltage reaches the maximum value of over charge voltage, defined by Voc

which is also specified by the manufacturers.
8.2.1.3 Over charge — 3"'stage (from T, to T5)

During this stage the control algorithm should regulate the battery
voltage Voc until the complete charge has been reached. When the
charging current fall down to a pre-established value Iorc and the voltage
stays in the value V¢, the charge process should go to the next, and final,

stage. The value of Iocr 1s around 10% of the Igy .
8.2.1.4 Float charge — 4" stage (from T; until the end)

In this stage the control algorithm will apply to the battery a constant
voltage Vyoar Which is specified by the battery manufacturers. This

voltage is applied to the battery with the objective of avoiding its auto-
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discharge. During the discharging process the battery voltage will fall down
and when it reaches 0.9 Vi oat the control algorithm will execute again the

2"stage providing the Igy  current.

The control algorithm only returns to the 2"stage if the PV panel is
capable of delivering energy. If it is not the case the battery will continue
the discharge process. If the voltage goes below the value Vcygeng the
control algorithm should restart the charging process in 1 stage as soon as

the PV panel is capable of delivering energy.

In this work some simplifications have been introduced in the
implementation of the four different charging stages of a lead-acid battery.
The 1%stage was not implemented because the discharge battery voltage,
with this model, does not go below Vg oar. The possible applied load is
disconnected from the battery by the control algorithm avoiding reaching

the critical discharge.

The 4™ stage was not implemented but the 3"stage is continued until
the charge current reach Istgapy and finally the charging process is ended.
When the PV panel has energy to deliver and the battery voltage is below

Voc, the control algorithm executes the ond stage.

The battery charging algorithm can be seen in figure (8.7). The
values V,, and I, are the battery voltage and delivered current respectively
while and T, is the battery temperature. The maximum value of Vqc

depends of the battery temperature. The temperature of the battery T, is



128

measured by using a NTC temperature sensor and its linearization is made
in software using a conversion table. From figure (8.7) is clear that only the

2" and the 3" stages are performed.

Start BCH
Read V. 1, and T, |
yes o
Vp>=Vge(T,)
v j
PWM= PWM_old-K — lb<=k
b LK
no l yes
- Execute MPPT
PWM= PWM_old-K P &O algorithm

l<=lsrenov

| yes no

PWM=0

A . 4
| return |

Figure (8.7): Battery charging algorithm with two main stages.

Figure (8.8) shows battery charging controller blocks with two main
stages by Simulink and in Appendix E shows the m-file charge controller

algorithm in CHARGER block.

-~

@‘—‘_/ 2 Controller

Off Signal
—{]

Figure (8.8): Battery charging controller blocks.
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In simulation we apply a charging in two modes: Constant voltage

mode and Constant current mode:

Constant voltage mode: In a constant voltage charge mode voltage
is kept at 48 Volt and current cut off is SA. Figure (8.9) shows V-Charge
block contents. Charger controller block determine the Vrgr  which is
equal one to make a voltage applied in the battery around 48 volts. Figure

(8.10) shows the battery charging voltage in function of time.

PID Controller1 Gain

G Oe—sPDs) [¢— -
DUTY V_BAT

Figure (8.10): Battery charging at voltage constant mode (V=48volts) [Y- axis:
voltage(volt), X —axis: time (sec)].
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Constant current mode: In a constant current charge mode, current
is kept at 100A and voltage limit is 52.8V. In figure (8.11) shows I-Charge
block contents. CHARGE controller block determine the Irgr is equal one
to make a current charging battery is 100A. This mode varies the voltage
applied to the battery to maintain a constant current flow, switching off

when the voltage reaches the level of a full charge.

PID Controller Gain

(1 )e——spPos) |¢— -l 1100

DUTY |_BAT

(D

I_ref

Figure (8.11): I-Charge block, values PID controller is (P = 0.75, I = 50, D =
3%2.7e-06).

8B ORP HEE = A

Figure (8.12): Battery charging at current constant mode (I=100A) [Y- axis:
current(A), X —axis: time (sec)].
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8.2.2 Off - grid inverter

In chapter five we discussed and analyzed the types, parameters and
control strategy of inverter. In this section we will show how to implement

an off- grid system in Matlab Simulink.

Figure (8.13) shows the inverter design for a PV system. The first
stage contains a battery regulator with the value 48 Volts and a boost
converter to amplify the battery voltage to the desired value amounting to
192 V dc. The boost converter parameters are L=100x10~ H, C=1000x10™°
F, f withing=100 kHz, Duty cycle=75% .Figure (8.14) show the dc link

voltage signal.

Ts=51e-0065
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Figure (8.13): Inverter designing for solar PV system.
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Figure (8.14): Dc link voltage after boost-converter VSTEADY = 192volts [Y- axis:
voltage(volt), X —axis: time (sec)].

The dc voltage applied at the dc link will be converted to single
phase AC voltage by using IGBT inverter. We use sine PWM technique,
represented by PWM generator block which contains 2-arms (4- pulses),
Carrier frequency=900Hz, Modulation index (0 <m ,< 1) = 0.9, Frequency
of output voltage =50Hz.Figure (8.15) shows the output voltage amounting

to 220VAC and current 25A AC from off-grid inverter.
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R

Figure (8.15): Output voltage v-AC [Y- axis: voltage(volt), X —axis: time (sec)] And
current i-AC[Y- axis: current(A), X —axis: time (sec)] from off-grid inverter.

8.3 Grid Tie PV System

1.03-kW Grid-Connected PV Array

MPPT Controller using “Incremental Conductance * technsque
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Figure (8.16): One phase on grid inverter.
In figure (8.16), the system consists of 1.15kW PV array, 1kW load.

These conditions are applied to the system to find the system performance.

1-The input temperature of the PV array equals 25 °C.
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2-The input radiation of the PV array equals is variations from (1000

to 250) W/m® with time from (0-2.25) sec.

The PV system under study is shown in figure (8.16). A photovoltaic
array is used to convert sunlight into DC current. The output of the array is

connected to a boost DC converter that is used to perform MPPT functions

and increase the array terminal voltage to a higher value so it can be
interfaced to the distribution system grid at 220 V. The DC converter
controller is used to perform these two functions. A DC link capacitor is
used after the DC converter and acts as a temporary power storage device

to provide the voltage source inverter with a steady flow of power.

The capacitor’s voltage is regulated using a DC link controller that
balances input and output powers of the capacitor. The voltage source
inverter is controlled in the rotating dq frame to inject a controllable three
phase AC current into the grid. To achieve unity power factor operation,
current is injected in phase with the grid voltage. A phase locked loop
(PLL) is used to lock on the grid frequency and provide a stable reference
synchronization signal for the inverter control system, which works to
minimize the error between the actual injected current and the reference
current obtained from the DC link controller. An adjustable speed drives
(ASD) and an RL load is connected to the grid to simulate some of the
loads that are connected to a distribution system network. An LC low pass
filter is connected at the output of the inverter to attenuate high frequency

harmonics and prevent them from propagating into the power system grid.



A second order LCL filter is obtained if the leakage inductance of the

interfacing transformer is referred to the low voltage side. This provides a
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smooth output current which is low in harmonic content.

Figure (8.17) show the block VSC main controller that convert from
dc bus voltage input to ac voltage grid.

VSC Main Controller

k4

Figure (8.17): VSC main controller block.

block and algorithm.

Figure (8.18) and (8.19) show the Incremental conductance mppt

Initial
Duty Cycle

I_PV

Enable

Deita_D

MPPT

r I

Saturation

' i Fulses

(D

Pulses

Pulea Ganarator

Figure (8.18):1C conductace mppt controller block.
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MPPT Controller

Maximum power point tracking by incremental conductance method + Integral regulator

Maximum power point is obtained when dP/dv=0 where P=\"
-> d(VIYdV = | + V'didV = 0

> diidV = -V

The integral regulator minimizes the error (didV + V)
Reguiator output = Duty cycle correction

5 ‘ ]
= j_’—j_:_ —': [ae
o | e B

Figure (8.19):1C conductace mppt algorithm.

Figure (8.20) shows that the output power from PV array is still 1
kW for 0.7s, and then from 0.7s to 1.3s the PV power decrease to 0.25kW
because the radiations decrease from (1000 to 250) W/m®. After 1.3s the
output power from PV is increased to 1kW with increased radiation. The
voltage PV is be stabilized because variation the duty cycle with changing

radiation and the effective of changing radiation is few in PV voltage array.
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Figure (8.20): Output power (kW), output voltage(volt) from PV array and Mppt
duty cycle with changing a radiation(Kw/mz), [X —axis: time (sec)].

Figure (8.21) show that the output power from grid tie PV system

with variable radiation as mentioned above.



138

Figure (8.21): Output power (kW) from the grid tie PV system with variable
radiations, [X —axis: time (sec)].

Figure (8.22) and figure (8.23) show the output voltage and current

that produced from grid tie PV system with changing radiation.
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File Edit Debug Desktop Window Help

SH LAY ARB DA

Figure (8.23):50Hz Voltage and current output of grid tie PV system, [X —axis:
time (sec)].

Figure (8.24) shows the voltage dc bus is constant with changing the

radiation and how modulation index is responded with changing radiation.
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aE LPP ARE P A & E

Vdc_ref - Vdc_meas

Figure (8.24):Vdc mean and Vdc ref with modulation index, [X —axis: time (sec)].
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Conclusions and Future Scope of Work

Conclusions

-This study presents a simple but efficient photovoltaic standalone
PV system. It models each component and simulates the system using
MATLAB Simulink and Psim software’s. The result shows that the PV
model using the equivalent circuit in moderate complexity provides good
matching with the real PV module. Simulations perform comparative tests
for the two MPPT algorithms with using DC-DC converter after that design
and simulate a full system standalone PV system to produce AC current for

a home load.

-The design and calculation the rated value of a PV system units (PV
array, battery, charge controller and inverter) for a load home and makes an
economic study for a standalone PV system and grid tie PV system, the
cost of energy generated by a standalone PV system is 2.1 (NIS/kWh) and
the cost of energy generated by grid tie PV system is 0.72 (NIS/kWh).

- Design a grid tie PV system by using matlab Simulink and observe
how the system works with a dynamics behavior of the changing

radiations.

-The design of a control system for one phase grid connected
photovoltaic arrays. The open loop maximum power point tracking
technique aimed at solving the problems present in two of the most
common techniques used for that purpose: the perturb and observe (P&O)

and incremental conductance algorithms. The main drawbacks of the P&O
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technique are its poor dynamic response and swinging around the

maximum power point during steady state operation.

The incremental conductance technique suffers also from a relatively

slow dynamic response time.

The open loop MPPT technique employed in this thesis aims at
providing an improved dynamic response time as compared to the
previously mentioned techniques. It does not suffer from high
implementation complexity as well. The PV array maximum power point
was approximated using test PV cells that kept track of the current weather

conditions.

Scope for Future Work

After the completion of my studies and investigations, the scope is

been identified as:

X/

¢ Design a real low-cost power source (single phase,50Hz) using a
standalone PV system with all power electronics component, current
and voltage sensors, interface circuits and programming MPPT
algorithm and SPWM strategy on a dsPIC controller to be more
efficient for the Palestine conditions.

» Study and design a smart PV system that contains grid tied system

*,

with storage battery, where the smart system can decide when it
should feed the energy in grid or storage in battery or connect the load

home on the grid based on economic and technical consideration.
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APPENDIX (A)

Specifications of the MSX-50 Photovoltaic Module

MSX-50 ..
Photovoltaic Modules f
SOLAREX

The SISE50 b 1 miSsize phobovolizic mode i Solrer’s mstitson of bypess tindes oo TR sirings, wihich cn
series, 3 prsinet line which i the iminsry smprove piahilty i PerfisTTENCE i1 SySES Wik Nnm.

::unhmmr:ehtﬂ'r m;mmmﬁ“mwmm i v 24V and ahove.

ﬂmlf_q I:I.Em H.'Fﬂm

chamrissstics —such a5 the Zper sy —of Snarex's Hige-Lapacky Muzifuncavs fusmon Box

larger MK modules, et needing H0 waits peak oot mmarmmmmaﬂtmu:ﬁm

I3 =0 bermmim] Connecion hinck JBmw Mt Sysiem 2y
o R {putiing mrsNiple modulss i seres o panlk
1 b e madde sight In e Fune The hon b cm
BorTTERC e Typass o hincking diodes or 3 smal reps
tor. I MY NSO, Bhis 5Ives M Expense and hor
of Miting Mo s, The Tk 1§ i (5
roEd) amd arreply 17 neeminal of PGS cnadok or
cahie St The stondand lenminals Crept wire i hoe
AT # 10 (Am); a0 option) terminal bick arrepls
wire mp in AW i (25mm ). Bolh Tiocks aorepe pre.
Sornedd lerminarions o bare wine.

Slegamodude materials refle Solanex's quanerrenten of
experiencs with solir modules 20 spsems insklsd b vino
aly every cimaie on Earih.

* Polpcrystaiine flicon solarcele @Scient Finomve, Sihie
™ Mindules are rigesi and weserprer. Ce shrings ane
Lamirmi sl hetween shiesls of shvlens v aetme EVAY
ani] tempered phey with 2 durbie Talarhackshest

* Tempensd supersizie Is highly Eghiinnsmisdve

* CiEmeicnesisant. heomas-anodtee) sxtrsisad domisamn
frame is siring, mitrarmive, compatibls with Salaex
mceting hanbware andd mosl oler moumieg santnnes

Sty Approved

T MEE 50 miodule s listed by
Undlerwrbers Lo for elertrical and
fr= satety (s O fire rating), et

e by TUV Hhedniuned as (s 0

:mpmui mwmuugh:m %‘
Wc O, rmumz r..mq;canus

* Eheat oy mcsdisie il generzes e than 88 garastesd

mu:nrmmm S X

v et B O I e e N Feg i
Dty yeEan.

nman Solorey's Mark Departmeni for foll Lemms and

s ions of this on| WIEIHY

T Megamosiule =eries bas proved (1s relahily o thow-
m#mnmmﬂzmhﬂl Amieg e
Features that contrbae b

Druai Frdnoge Crpaoingy
Thesse mndules Cunsist (f 36 pobvorystling sl s
cells EiEcirieally comganed o o saries sings of 18
cells Exch. The srings ieminaie in e unciion box on

Ehe modiie Dok, n L2V Uat R, Mo ey
=y exsiy he &V I Ehe el by
moving keads in the junction box. This design 2l alows

&30 Solaney Court, Prederok, MDY T1703 LSA » PEONE (01 S84 200 * FAX (30106284201 » wrurw sclaes i * nindschieer




.

= Miocking 1nd bypass Sodes
* Solarsmie™ charge megeiaion
GualiTy cearifled

NS odhodes are mmnufacteed oo B 90 - rerified

Brtoriss to demanding specificaiions, and e designsd o
Compiy with BC 1205, FEEE 1362 and CBC S0 ed

refpairements, Incindng
® repetitive cpcling BetwaEn. 0P and 0,

* repetiive cpciiog Demwesn SR and B0 2 ER eelathee

* simulEed] impact of cnednch (25 ) @ terminal
weocEy;

* TTTH] VI Emmesined] siving aksion test
putu'm‘.ri:l lorwy gl levels

hewi” ext, muimmum
* ot 84 retitive Bty

. :'hman:e:.wh.l:hd:!mu.:mm‘suﬂ:rn
toleraie incalined] shadowing (which CIm CIISE rEvemns-
biassd] opention md incalesd hexing)

* restsiance b LV Segradmon;

* B e of Eenincl iEninnns

» samuaze] wind losing of 125 mph (200 kphi.

Medamcol Chmacizrmhce
Weight 1.8 poonds {5.3% kg)

Dimeesioas:  mersons n backes &= in millimeers.
Unbraiosied dimarnsions are in ndves.
(veall ierances =100 [3mm)

. T

3
A3
BEda

151

Typleal Elecirizal Charocisrisfics
MR powet {Frggd .- - FESRRr I 1,
Vestmge et P Mg e EEW
CTRNS B P gl <ot st et soes SR
e ML Pagay . 2o vieoenen o n oo o AT
o T T SO - 1 |
LR PO PR L |
Termperaine soeffcist ol gy .. ... J:um:::ml:u'r.-l:
Temperatue sceficlsst ol Vo, ... . ... —{El=10MWT
Temperature coefliciest ol powes. ... ~ {050 05)%"T
WOCTE o o e o e gt 72T
l.h

b Immmmmmw;lh 12V omaluies

T e o I, e oo el e fhe citent
of merch ik 3o epeipewmi m thedion o e The thaoae
oo e oS mae i wdar s 1 Sorsbrd Tesl
CloruEin s [T wrifnich o
1-nhn:tll'li‘|h:zlzl merf af il il of AM 1Y
= el normperasny of SV or aniterwist sparEliel (a0 sl
Ebﬂhjr.l.nmnﬂnmﬂq,h. T segtiy. Bl
alrvick Lhe 10V vl
:tmamhl]mlnﬂ.ﬁarn canrizswicnby b

P valeos ae anchacgnl
I3 Ul moml. clmmsc T B el ' =
i1 e dir ardais o NOCT T g el
: i of thim iferreiind, el &
[

L'
ol HPT, e u'nul:‘i:-aul =

_ Download CAD

For more micrmation, cootact:

19 Solatcs SPHCER CATIONS SIR]RCT TCr CHANGE WITTHILT NOTICH L A L )




152

Appendix (B)

M-file code that calculate R and R,

% Matlab script for modeling a photovoltaic array

%% Load PV device data

data MSX50

%% Adjusting algorithm

a=1.3;

% Reference values of Rs and Rp

Rs_max = (Vocn - Vmp)/ Imp;

Rp_ min = Vmp/(Iscn-Imp) - Rs max;

% Initial guesses of Rp and Rs

Rs =0;

Rp =Rp_min;

% The model is adjusted at the nominal condition

T="Tn;
G=Gn;
Vin=k *Tn/q;

Vt=k*T/q;

%Thermal junction voltage (nominal)

%Thermal junction voltage (currenttemperature)

Ion = Iscn/(exp(Vocn/a/Ns/Vtn)-1); % Nominal diode saturation current

Io =Ion;

perror = Inf; %dummy value
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% Iterative process for Rs and Rp until Pmax,model = Pmax,experimental
ni=0;

while (perror>tol) && (Rp > 0) && (ni < nimax)

ni=ni+1;

% Temperature and irradiation effect on the current

dT =T-Tn;

Ipvn = (Rs+Rp)/Rp * Iscn; % Nominal light-generated current
Ipv = (Ipvn + Ki*dT) *G/Gn; % Actual light-generated current
Isc = (Iscn + Ki*dT) *G/Gn; % Actual short-circuit current

% Increments Rs

Rs = Rs + Rsinc;

Rp_=Rp;

Rp = Vmp*(Vmp+Imp*Rs)/(Vmp*Ipv-
Vmp*lo*exp((Vmp+Imp*Rs)/Vt/Ns/a)+Vmp*lo-Pmax_e);

% Solving the I-V equation for several (V,]) pairs
clear V

clear I

V =0:Vocn/nv:Vocn; % Voltage vector

I = zeros(1,size(V,2)); % Current vector
forj=1:size(V,2) %Calculates for all voltage values
% Solves g =1 - f(I,V) = 0 with Newton-Raphson

g(j) = Ipv-Io*(exp((V(j)*+1(j)*Rs)/Vt/Ns/a)-1)-(V(j)+1(j)*Rs)/Rp-1(j);
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while (abs(g(j)) > 0.001)
g(j) = Ipv-Io*(exp((V(§)+1(j)*Rs)/Vt/Ns/a)-1)-(V(§)+I(G)*Rs)/Rp-1();
glin(j) = -Io*Rs/Vt/Ns/a*exp((V(j)+1(j)*Rs)/Vt/Ns/a)-Rs/Rp-1;
() =1G) - g()/glin(j);
1G) =1_0);
end
end % for j =1 : size(V,2)
% Calculates power using the I-V equation
P = (Ipv-Io*(exp((V+1.*Rs)/Vt/Ns/a)-1)-(V+L.*Rs)/Rp).*V;
Pmax m = max(P);
perror = (Pmax_m-Pmax_e);
end % while (error>tol)
%% Outputs
% 1-V curve
figure(1)
grid on
hold on
title("Adjusted I-V curve');
xlabel('V [V]);
ylabel('I [A]");

xlim([0 Vocen*1.1]);

ylim([0 Iscn*1.1]);
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plot(V,I,'LineWidth',2,'Color','’k") %
plot([0 Vmp Vocn |],[Iscn Imp 0
],'0",'LineWidth',2,'MarkerSize',5,'Color’,'’k")
% P-V curve
figure(2)
grid on
hold on
title('Adjusted P-V curve');
xlabel("V [V]');
ylabel('P [W]");
xlim([0 Vocn*1.1]);
ylim([0 Vmp*Imp*1.1]);
plot(V,P,'LineWidth',2,'Color','’k") %
plot([0 Vmp Vocn 1,[0
],'0",'LineWidth',2,'MarkerSize',5,'Color’,'’k")
disp(sprintf('Model info:\n"));
disp(sprintf(' Rp_ min = %f,Rp_min));
disp(sprintf'  Rp = %f,Rp));
disp(sprintf(' Rs_max = %f",Rs_max));
disp(sprintf('  Rs = %f",Rs));
disp(sprintf('  a = %f',a));

disp(sprintf(' T = %f,T-273.15));

Pmax e
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disp(sprintf(' G = %f,G));

disp(sprintf(' Pmax,m = %f (model)',Pmax_m));
disp(sprintf(' Pmax,e = %f (experimental)',Pmax_e));
disp(sprintf(’ tol = %f',tol));

disp(sprintf('P_error = %f,perror));

disp(sprintf("  Ipv = %f',Ipv));

disp(sprintf("  Isc = %f",Isc));

disp(sprintf('  Ion = %f',Ion));

disp(sprintf("\n\n"));
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Appendix (C)

Perturb and Observe Algorithm

function D = PO(V,I,T)

%$ MPPT controller Dbased on the Perturb &

Observe algorithm.

% D output = Duty cycle of the boost converter
(value between 0 and 1)

% Enabled input = 1 to enable the MPPT
controller

% V input = PV array terminal voltage (V)

% I input = PV array current (A)

% Param input:

Dinit = 0.5; %Initial value for D output

Dmax =0.9; $Maximum value for D

Dmin = 0.1; SMinimum value for D

deltaD =0.01; $Increment value used to
increase/decrease the duty cycle D

% ( increasing D = decreasing Vref )

o

persistent Vold Pold Dold n P;

dataType = 'double';

if isempty(Vold)
Vold=0;

end

if isempty (n)
n=1;

end

if isempty (Pold)
Pold=0;

end

if isempty(Dold)
Dold=Dinit;

end
if (T > n*0.02) %0.02s
P= V*I
dv= V - Vold;
dP= - Pold;
if dP ~=

if dP < 0
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if dv < 0

D = Dold - deltaD;

else

D = Dold + deltaD;

end
else
if dv < 0
D = Dold +
else
D = Dold
end
end
else D=Dold;
end
if D >= Dmax || D<=
D=Dold;
end
Dold=D;
Vold=V;
Pold=P;
end

deltaD;

deltaD;

Dmin
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APPENDIX (D)

Specifications of the Standalone PV system elements

(D.1): Solar PV module technical specifications
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ELECTRICAL CHARACTERISTICS
Currens-1 aitape ch s &t paniows colf Currrnr-1aizage chavactenisnics 3¢ sarions irvadisnce levels
Irradiance AM 1.5, 1 W/ m* cell tesperamure 25 °C
L) L]
F] § 1000 W /= =
= 2 - O/ - . N \
[ § :
5 Sl——coow/n — .
4 r 4
J J — 40T/ — _ \
' . { | __ —ww/= - -.I'.
¥ '. i Wit
- \ |\ & |
T 10 ) o 0 10 20 30
Vabage (1) Voiage (1)
ELECTRICAL PERFORMANCE DIMENSIONS
PV module type KC130CHT 2 Length [mm] 1425
At 1000 Wim? (STC)” Width [mm] 652
Maximum Power ] 130 Depth | incl. juncticn box [mm] 3636
Maximum Zystem Voltage v 1000 Weight [kg] 122
Maximum Power Voltage v 176 Cable [mm] (+)800 [ (]800
Maximurm Power Curmrent [A] 739 Connection type MCPV3
COpen Circuit Violtage (V) M 218 Junction box [mm] 113.6x76x9
Shart Circuit Current {1, ) A4 802 IP Code IPo5
At 800 Wim? (NOCT)™
Maimum Power W] 92 GENERAL INFORMATION
Maximum Power Voltage M 135 Performance guarantes 10" | 20 years™*
Maximurm Power Cument [A] 594 Warranty 2 years
QOpen Circuit Voltage (V. il 198
Short Circuit Current {1 A 647 CELLS
MNurmnber per module 36
NOCT ["q 47 Cell Technology miulticrystal
Power talerance [%] +10f-5 Cell Shape [ractangular] [mm] 150x155
Temperature Coefficient of V__ Mg -821x102 Cell Bonding 3 busbar
Temperature Coefficient of |, [A°C 3.18x10 2 « il v o it sditios (FTCR i f 1080 o, vats AN 1.5
Reduction of efficiency (fram 1000 W/m? to 200 Wim?]  [%] 43 il et of 25500

** Bl naheii sndder marsnd opvrnting oo emperature (WKL frradbatin of 508 W/ o, aersas AM 1LY,
annd ifwtd of Lo/ ol omcicnt Sompeszture o 200
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(D.2): Battery Block specifications

Nickel Iron (Ni-Fe) Battery

Cell Size Info

Please take a look at the cell sizes. There are multiple cell capacities
that come in the same size container. We highly recommend using the

300Ah cell size or larger for almost every project.

The 100Ah cell and the 200Ah cell are great for a small remote
pumping station or somewhere that space is tight. The 300Ah, 400Ah and
S500Ah cell containers are nearly identical, and are a very popular

size. This container features integrated handles that make setup very
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easy. This group of cells contains nearly 4x the volume of electrolyte when

compared to the 200Ah cell.

For the 600Ah and 700Ah cells, the amount of electrolyte in each
cell nearly doubles from the previous group. I really like the design of
these cells, and recommend them whenever possible. The largest group of
cells 800Ah, 900Ah and 1000Ah share the largest container. All cells 600
Ah and bigger come in a clear case that lets you easily monitor electrolyte
levels in the cells. Whereas the smaller cells are easier to setup, the larger

cells may be easier to maintain.

The Last Battery You Will Ever Buy

Iron Edison recommends Nickel Iron (Ni-Fe) battery technology for
your off-grid or renewable energy storage needs. Vastly out-lasting the 7
year life cycle of their lead-acid counterparts, Nickel-iron battery systems
have an expected life of twenty five years or more and are quickly
becoming the environmentally sensitive choice for off-grid and renewable

energy storage applications.

Over a century ago, Thomas Edison found a battery design that he
considered to be nearly perfect. Today, Iron Edison is proud to offer an
updated version of this incredible design that is specifically manufactured

for Renewable Energy systems.

« Refillable alkaline electrolyte

o Full depth of discharge
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o 12,24 and 48 Volt applications
o Nearly indestructible
Proven Performance

Iron Edison is the only company to have tested the Nickel Iron
batteries at a National Renewable Energy laboratory. The cells were
vigorously tested at multiple discharge rates, and in each test the cells
delivered more than the rated capacity at the 5, 10 and 20 hour discharge

rates.
Charging

The action which takes place in an Edison cell, both in charging and
discharging, is a transfer of oxygen from one electrode to the other, or from
one group of plates to the other, hence this type of cell is sometimes called
and oxygenlift cell. In a charged cell the active material of the positive
plates is superoxidized, and that of the negative plates is in a spongy or

deoxidized state.

If the normal capacity of the cell is insufficient, short intermediate
high rate charges can be given provided that the temperature of the
electrolyte does not exceed 115 F. These short charges are very efficient
and cause no injury. Rates up to three times normal can be employed for

periods of 30 minutes.



164

Discharge

In discharging the positive plates deoxidize and the oxygen, with its
natural affinity for iron, goes to the negative plates, oxidizing them. It is
permissible to discharge continuously at any rate up to 25% above normal,

and occasionally for short periods at rates up to six times normal.
Electrolyte

The electrolyte of the Nickel Iron cells does not enter into chemical
combination to perform the functions of the cell, but acts merely as a
conveyor; it therefore does not change in specific gravity during charge and
discharge other than through evaporation and changes in temperature.
Considerable variation in specific gravity is permissible, it having influence

only on battery efficiency.

$9%9

$$3
$$
The savings begin at year 8!
$
Years 7 14 21 28

COST-SAVINGS OVER 20 YEARS
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100%
LEAD
RoN] W 58
75%
50%
25%
0%

B /rreversible Chemical Reaction

EFFCTIVE DISCHARGE CAPACITY
BEFORE DAMAGE TO CELL

YEARS OF USEFUL LIFE
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(D.3): Charge controller specifications

MidNite Classic MPPT Charge Controllers

Overview

The MidNite Classic charge controller maximizes the flexibility and
features available in a charge controller. At this time, the Classic is the
only MPPT charge controller that offers arc fault detection. This will soon

be required by the NEC.

Features

The The MidNite Classic charge controllers also include ground
fault protection so that a separate GFP breaker assembly is not necessary

and leaves those breaker spaces free for other uses.

Specific models accommodate solar arrays with up to 150, 200, or

250 VDC of operating voltage.
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Open circuit voltage (Voc) is based on operating voltage plus the

battery voltage. This is called the HyperVOC zone.

They have MPPT modes for solar, wind or hydro with user
adjustable power curves, and a learning mode for self optimization. No hub

is required for stacking Classics to act as one large controller.

Specifications

They have two auxiliary outputs, a dry contact relay and a 12V

output.

Each unit includes snap-on covers and hole plugs for sealing
openings in dusty or salt-air environments, but about 20% reduction in

output will result when used in sealed mode.

The Classic has built-in Ethernet, USB and RS-232 ports for two-

way communications.

An internal IP address allows the Classic to be a mini web server

when hooked up to broadband. It has 32 MB of memory for data storage.

A wizard driven setup covers battery bank size, string voltage, wind

turbine selection, power and wire loss chart, PV breaker sizing and more.
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Model Classic 150 Classic 200 Classic 250 Classic 250KS
Operating Volts in 150vVDC 200vDC 250vDC 250vDC
*Max Hyper VOC 150+battery 200+battery 250+battery 250+battery
Nominal Battery Volts 12-72 volis 12-72 volts 12-72 volts 12-120 volts

**Absolute Current
Output at 25°C

96a at 12v battery
94a at 24v battery
83a at 48v battery

74a at 12v battery
70a at 24v battery
B65a at 48v battery

80a at 12v battery
62a at 24v battery
55a at 48v battery

40a at 120v battery

De-rate current
at 40°C+

80 amperes

66 amperes

52 amperes

33 amperes

Environment

-40c to 40c

Dimensions of Classic

14.87" x 5.95" x 4.00"

378mm x 151mm x 102mm

Dimensions of Box

19.00" x 8.50" x 5.70"

483mm x 216mm x 145mm

Shipping Weight

11.5lb

4.9kg

NOTE: Current output ratings were measured with 75% of the PV array’s WOC (Open Circuit Voltage)
*NOTE: Calculated by adding battery voltage to the maximum input operating voltage (48V battery max)
**NOTE: Measurement Accuracies: +-0.12v, offset calibration adjustment maybe necessary
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150V Classic Power Graph
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(D.4): Inverter specifications

LCD Powerstar Inverter Charger 1kw-6kw, 12V/24V/48vdc, Pure Sine

Wave Inverter

Product Description

Powerstar inverter charger 1IKW-6KW, 12V/24V/48vdc, pure sine

wave inverter, 220vac/110vac (LNW series)

LCD digital display panel.

35AMP/70AMP built in charger.

LW Series Pure Sine Wave Inverter takes high frequency converter
Device. Zero Voltage(ZV) and soft switch technic, high capability

Motorola MCU, digital and dummy combined technics which Complete the
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voltage increase in one time and SPWM wave modemed Advanced circuit,

high efficiency and compact size, small weight And super stability.

It widely applied in wind generator, Solar battery pack set, house,
vehicle, ship, navigation and places where lack of city power, mobile
electricity work and telecommunications device, launch Station,

Emengency EPS.

Pure sine wave Inverters has no repellency for the load, which can
work well with fluorescent lamp, electromotor, microwave ovens,

Induction cooker, refrigerator, air conditions and transformer.

With protection fonction like, DC input protect When pole wrong,
AC input protection against over and low voltage, Output protection
against over load, shor circuit Protection, DC input and AC output
completely electric insulation. Please contact with Cathy for more

specification and details on it.
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| (Rated Output Power) [[1000w  |2000w |3000w 4000w |I5000w |l6000w |
IInput Voltage WaveformHPure Sine Wave (utility or generator) |
|Nomina1 Input Voltage H230Vac |
‘Low Line Disconnect H 184Vac+4% |
|High Line Disconnect H253Vaci4% |
‘Max AC Input Voltage H270Vrms |
Nominal nputls011,/ 60Hz (Auto detection)

Frequency

Over-Load  Protection|| . .

(SMPS load) Circuit breaker

Output. Short  Circuit Circuit breaker

Protection

[Efficiency (Line Mode) |[>95% |
ITransfer Switch Rating H30A |
Transfer Time .

(Ac to Do) 20ms (typical)

Output Voltage||.

Waveform Sine wave

‘Power Factor H0~1 0

Nominal Output Voltage 230Vac

V)

Output ' Voltage L 10% rms

Regulation

[Nominal Efficiency  |[>80% |
Sgﬁl;glzl D Inputlysvpav 12v24v|12v24viasy  |24viasy |av/asv]paviasy
INominal Charge Current|[35A 35 |j3sa | 70A l70A  |70A |
Charge ' Current L SAde

Regulation

‘Batteryinitial voltage

HO —15.7 Vdc (can operate with OV battery)

‘Cornrnunication: HRJ 11 (Used for factory testing. No customer interface available) |
. . Compliance with

Safety Certification UL458 CE(EN60950)

[EMI Classification ~ |[FCC, CLASSA  |[EN50091-2, CLASS A |

Operating Temperature
Range

0°Cto 40°C

‘Storage temperature H—IS"C ~ 60°C |
Operation humidity  |[5% to 95% |
|Audible Noise l60dB max |

|

ICooling

HForced air, variable speed fan
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Appendix (E)

Charge controller algorithm BY M-file

function [Vref,Iref,signal,SD] = CHARGER(V,1,T)
persistent temp 1 temp v temp signal temp fault CC CV n ;
if isempty(temp 1)
temp 1=0.2;
end
if isempty(temp V)
temp v=0;
end
if isempty(temp_signal)
temp_signal=1;
end
if isempty(temp_fault)
temp fault=1;
end
if isempty(CC)
CC=l1;
end
if isempty(CV)

CV=0;
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end
if isempty(n)
n=0;
end
if (T>n*0.02) % sample time is 0.02s
n=n+1;
if CC
1f V<52.8
temp 1=0.1;
temp_ v=0;
temp_signal=1;
else
CVv=l;
end
end
if CV
if I>5.0
temp 1=0;
temp v=I;
temp_signal=2;

else
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temp_fault=0;
end
end
end
signal=temp_signal;
SD=temp _fault;
[ref=temp_i;
Vref=temp v;

end




176

Appendix (F)

Table of interest ati=10%

Siagle Pasmean Lo me Bevles Faqrmasin Liréfarm & res=mi
Compusd Prewe Snlkleg Cempasml Cagel sl Frisein Geadbmk & il i
Acamci W ik Ferd Amrasni Rbgeriry Wi rh Proies! Paria manin] Srim
A Fiw i A Fild AP i i AT
i I, in el | 00n ] | 130T L9
2 Lake kR QATHEE Ly uﬁ; (&L Ay LAE
¥ L3g 2730 G NIILE 1103 Lamzii i il | [ &5 ]
& [ ll.u-.:q Ej-n +.-|+|-:r AR T E] ERL. 4.5 L.:ﬂ;_
¥ [E15 .] FhEE LNk ] (xadl 0 %asa A Tl (X 0] L Aiae
-] LT Eh [ EL 0 178k TI1% DI 43350 a4 SN
1 [ & 331 0 155 L4ETE 03t 4 a0 13RI LibTe
i L1aM | -k EH-T-I-I [tk ] CIETH 1,309 1L0zE? TS
¥ 23H a.&pal QOTH B Ta) 0173 53380 14z 33T
1] 29N [ ] eI (L ERE] AETTS B e IS LTSS
11 P ] QFHEY LE ] IE.38T L] BAFE| SIS b Dl
12 i1 %184 BRILTE ¥ Xal JpA4ETE ER11T HelE < e
i3 LAEn o DEHOTE SRy LoTE T,80H 11.aTeE £ VRl
14 LTS Q.IRAS DRETS IT TSR E.N13TS TI86T L] & BEES
Is 4.ATTE [ F[H BT OITES a4 Tald| 4 150 £ i
1] d 355 LRI TR DRITET 3T NI TRLT A Dk P )
17 30344 LEEM - | D0%ish A0 5447 [ el 02N AEIEIR La07
| 1.1M 0TS L3I | 1% A0 D EI0RE 13314 51T i DT
[ 113w B bR 0¥ 1391 0. LIFEN B 41 30T & ZAR|
n & TITH fiiEs | QOETE .M LUFTdE T :I!I-.-ﬂl M|
el ] ‘Tt Brita | S0rkd i Bl 0.pEed n A4t S, et & 1189
I BT BRI | a0k TH 517 B LS BTl W ENFL Ll
i} a.A34) pitgt | ooy T A. 15T LR 51, MEE T. 108
2 FRET Y | BOREE 4T "REERIE 3R wd.a81) 1.38E0
24 10 ka7 &l aasT i T AL jmar 0 ] &1 e T4ik
il 115132 i) e Ll R EIR 01 L L A T.biEh
n k1100 il o Dais 12 1 Cras LR L FL R LT 1.7
=l L ] 4 T T 104 I LoFiy 5k T1564%5 T.¥T
b !IIF.I-ETEL o s T ik [T 1 ILEHI'I' I:I-ﬁ'.!} i_l:-u EHI- E g
E o IT440 ansn {0 {ouigm e AP0 0 1ol paped | TLORe i3el
A LLSE T #nsde | Esd [ LAR AT [ [ind] £ THAER 1. 2%
n 11,418 ll:l-'; | ooasn :-|:-| [EL: ] mr b H-T:ﬂl L]
an 111152 L e 0 2sd il | 0 10253 B 14ad Al &858 1315
e 255470 L] 0 by ;1.41-&! ooy o B, [ =Ry Lk
W& N R LTir 0 [Tee ITILETA Rl g 9 i} n=sn Lt
&l 45355 A | e 547 3% B 1528 G Trai 3 95318 & ST
£ e 171 ] CHIR i AL TN LETITR Y L ] v aiad 1%
1 117 P Il-l.l-u'- [CR LI | 14398 0 ) CeEs, e ] _EAEE T
=5 188 A LI L R Y] Fi k] i) ] GRLT A 5T
] 304 % bk (O] R iLE] S LR R oo R ] 9,008 )
L b A50 T T (R i} ik ] 7k 0, 100 pd BT LT ] T METT
| I aimi s i Lilh] T 4T iy foh g Tk bl a9111
| 137156 MR [l ] [k, ] O izl b5 o] | Bt PR Falin
Bl | e S [T b T Fﬂ;ﬂ- T H_jﬂnl- Sy
B | TeEw g LN JIekn LNk e T §#lal
W | snidm 0 £ ® [0 Dy 13i 013 bR ] WEaL 0 1 B0
W EiMGE 1 pas]| O [ LEEET Rl P = AT KR
B | milwu I:IIIIIIZI"I-_ [0 D | pol k] DLICEW 0l 9 8T 59651
m | um noi | booon| T 091 s
| 13l T pEmll i oy | ] LR L R o T




A PG - PN
L) el ) 45

LA ]

cgbiiall LAty Jaall LAl g guall] 5 a8Y

A&Yéﬂa&nw%é\wsu&\gﬁm

3as)

Sla Ball v oo G ina

) )

dgana () g .3 .

Aiday) A BUal) doaia B piualal) Ay 0 Ju cldlaial YiaSiad da g k) o2y ciesd
Copanald — (udils il gl Ll dnala B Llad) clad jal) A0 0l AY Apa) i
22012



6 5l 538l M aSatia pa dad LA AU SlSlaa g asana
Quabilal) il Jaal) dgdaal
3ae)
Sl Bdall ae ) Gl siaa
il )
dgana () gpa .2
uadlal

Ly san A Aalgd ol sall (e L Candly Apsadil) UDAD) Al Al 50 a3
Al yesl) Akl o dplSa) i g5 Al ALkl jolias alaw dala (planls Ll
s Apsads DA 2Uail 3Slak s aranal Cindl 138 208y L Apusel) Zila) (e dane il
Aaadll LIAD a1 4y p0s Al jo Jliy LeSe Ayl 48k 5eSD Jlaa) g 1l Jled g
daleiall Y alaall Hafiuly aae ) ey g Sl pass (UL iy e Lginda 448
G ey Al (e ddlida gl g Liag Caaal) 1an iy . Ld LSl AL 5e<I) 30 all 5 gy
el 5 (pwadll gLl (e saliiial) A8UAY 300 3 (5 geadl) 38l A ala)) e Jead
Aoty Anld ae oD Al 6 se ) AllE (5 s (e Lehisadl il d Jsae o
Jlaal 5 anlits 500 jie 4ilsd (5 paine 418 (o 4l ol el Jyoad o5 ey Lganidd
<l graps LAl el 5y aladinly 20 il 5 A0 gdl dad Cus (e A Jiall 450 ST

Jay (JeS deludl g SLS 4.5 ey e e dea Jlia) &5 G 1
115 Losm dpuad o) ol 8 Al 4il o€ R8S) Jiise e DA AUl avera Juadl
il g Jsnae D AleaYU deludal g LS 11,7 Lhmw &Y oy a0 el jlay ¢« ol LS
ol g SLS 345 )8 3 e () saie

Lpwadl) DAY Glas s o 45 jaag o sl 3 M V3l Jead) e el

S 21 s el 13 e il Al dal s GLSY jau RS o (i 388 40 iy il





