An-Najah National University

Faculty of Graduate Studies

Analysis of Power Conversion Stages and Efficiency
Improvement Possibilities for Grid Connected
Pv System.

By

Eman Omar Mahmoud Abu Hani

Supervisor

Prof. Marwan Mahmoud

This Thesis is Submitted in Partial Fulfillment of the Requirements for

the Degree of Master of electrical power engineering, Faculty of

Graduate Studies, An-Najah National University, Nablus-Palestine.
2018



ANALYSIS OF POWER CONVERSION STAGES AND
EFFICIENCY IMPROVEMENT POSSIBILITIES FOR
GRID CONNECTED PV SYSTEM.

By

Eman Omar Mahmoud Abu Hani

This Thesis was defended successfully on 10/4/2018 and approved by:

Defense Committee Members Signature

- Prof. Marwan M. Mahmoud / Supervisor  .ciiiiiiiiiiniiennnen

- Dr. Mahmoud Salah [ External eXaminer .....cceeeeeeeeeceenens

- Dr. Moien Omar [ Internal examiner .....................



i
Dedication
| would like to dedicate my thesis to
My parents, brothers and sisters
My husband, daughter, and son

All friends and colleagues



v

Acknowledgment

I would like to express my sincere thanks to my supervisor, Prof. Dr.
Marwan Mahmoud who has supported me throughout this project with his

knowledge, guidance and insightful comments and observations.

Many thanks go to my Parents, my husband (Abed-Alhalim) and my family
for the support they gave it to me during the entire course of my studies and

to God who makes everything possible.

I would also like to thank my friends and colleagues at An -Najah National

University for their assistance and encouragement.



Vv
A
) sind) Jand ) Al i) a5l g 5 U

Analysis of Power Conversion Stages and Efficiency Improvement

Possibilities for Grid Connected PV System

aall 3 HLEY) Gl le el (alald) S>> Ctush Lail Al 1) oda adde cnlaidl Lo L 8l
Gy ) Azale da )y (ol Jil U8 e oo ol e o Ja (sl ) JSS AL 038 0l 5 a5 Was

A Adiag o) daaled A e gl s Jins ) ale

Declaration

The work provided in this thesis, unless otherwise referenced, is the
researcher's own work, and has not been submitted elsewhere for any other

degree or qualification.

Student's Name: rllal) acd
Signature: FaCPA
Date:



VI

Table of Contents

NO Content Page
Dedication 1L
Acknowledgment \Y/
Declaration \V/
List of Tables IX
List of Figures X
List of Appendixes XII
List of Abbreviations XII
List of Symbols XIV
Abstract XVI

Chapter one: Introduction 1

1.1 Introduction 1

1.2 Thesis Objectives 2

1.3 Problem Statement 2

1.4 Thesis Structure 3

Chapter Two: PV System Overview 6

2.1 Introduction 6

2.2 Classifications of Photovoltaic Systems 6

2.2.1 | Stand-alone Systems 7

2.2.2 | Grid-connected Systems 8

2.3 PV System Components 8

2.3.1 | Solar Cell 8

2.3.1.1 | Solar Cell Technologies 9
2.3.1.2 | PV Cell Characteristics 12
2.3.1.3 | Solar Modules and Arrays 17
2.3.1.4 | Performance Factors of Solar Cell 19
2.3.1.4.1 | Effect of Solar Radiation on PV Performance 20
2.3.1.4.2 | Effect of Temperature on PV Performance 21
2.3.2 | PV Inverter 25
2.3.2.1 | PV Inverter Functions 25
2.3.2.2 | PV Inverter Classification 27
2.3.2.2.1 | Classification Based on Phase Configuration. 27
2.2.3.2.2 | Classification Based on Module Wiring| 28

(Connection of the inverter with PV arrays and

grid).

Chapter Three: PV Inverter in large PV system 32

3.1 Introduction 32

3.2 DC to AC Conversion Efficiency 32




Vil

3.3 Mathematical Model of DC to AC Conversion | 34
Efficiency Curve
3.4 Master - Slave Inverter 37
3.5 Power Loss Diagram 39
Chapter Four: Solar Energy in Palestine 43
4.1 Introduction 43
4.2 Solar Radiation in Palestine 44
4.3 Ambient Temperatures in Palestine 46
Chapter Five :Sizing of PV System Components | 48
5.1 System Overview 48
5.2 PV System Schematic Diagram 48
53 Module Selection 50
5.4 Inverter Selection 50
5.5 PV Generator Sizing 52
5.5.1 | module arrangement 52
5.5.2 | PV Generator Calculation 53
5.5.3 | Input of PV Generator 54
5.5.4 | Output of PV Generator 54
5.6 The Selection of Protection Device 55
5.7 PV System Optimum Installation 56
Chapter six: Case Study Evaluation 59
6.1 Methodology of Analysis 59
6.2 Simulation Program Flow Chart 61
Chapter Seven: Simulation Results 64
7.1 First Scenario 64
7.2 Second Scenario 65
7.3 Third Scenario 67
7.3.1 | Clear Day 69
7.3.2 | Cloudy Day 72
Chapter Eight: Economic Analysis 75
8.1 Introduction 75
8.2 Initial Cost of PV System 75
8.3 Operation and Maintenance (O&M) Cost of PV | 76
System
8.4 Salvage Value 76
8.5 Economic Analysis for Both Configurations 77
8.5.1 | Annul Saving When Using M-S Configuration | 78
Instead of SC Inverter
8.5.2 | Simple Payback Period Analysis 78
Chapter nine: Conclusions and Future Work 79
9.1 Conclusions 79




VIl

9.2 Future Works 80
References 81
Appendix 88

sl




IX

List of Tables

No. Table Page
Table 3.1 | Inverter model coefficients. 37
Table 4.1 | Average temperature per month for Palestine 47

countries.
Table 5.1 | Specification of Amerisolar AS-6P module at 50
standard test conditions.
Table 5.2 | Technical data of the selected inverters. 51
Table 5.3 | Array Configuration. 53
Table 7.1 | Yearly average energy production. 64
Table 7.2 | Monthly average produced energy. 65
Table 7.3 | Efficiency of inverter for each month in the year. 66
Table 7.4 | Additional energy production for each month. 67
Table 7.5 | Clear and cloudy day selected for each month. 69
Table 7.6 | Daily output energy for clear day. 70
Table 7.7 | Daily efficiency for clear day. 70
Table 7.8 | Daily output energy for cloudy day. 77
Table 7.9 | Daily efficiency for cloudy day 77
Table 7.10 | Additional energy production for clear and cloudy 74
days.
Table 8.1 | Cost of the used inverters and controller for both 77

configurations.




X

List of Figures

No. Figure Page
Figure 2.1 | PV system components. 6
Figure 2.2 | Stand-alone system. (a) A simple DC PV system 7

without a battery, (b) a large PV system with both
DC and AC load.
Figure 2.3 | Schematic representation of a grid-connected PV 8
system.
Figure 2.4 | Photo voltaic cell. 9
Figure 2.5 | Equivalent circuit of a photovoltaic cell. 12
Figure 2.6 | I-V curve for solar cell under standard cell condition. | 14
Figure 2.7 | I-V & P-V curves for the solar cell. 15
Figure 2.8 | Fill factor. 16
Figure 2.9 | Relation between a solar cell, a module and an array. | 18
Figure 2.10 | I-V characteristic curve of solar cells connected in 19
series or parallel.
Figure 2.11 | I-V curve of PV module at different radiation at 20
constant temperature.
Figure 2.12 | P-V curve of PV module at different radiation at 21
constant temperature.
Figure 2.13 | I-V curve with variation of temperature at constant 22
radiation.
Figure 2.14 | P-V curve with variation of temperature at constant 22
radiation .
Figure 2.15 | PV inverter configurations a. Central Inverter b. 29
string Inverter c. Multi-string Inverter d. Module
Inverter.
Figure 3.1 | DC to AC efficiency curve of PV inverter. 34
Figure 3.2 | Manually Digitizing a Point Graph Image. 35
Figure 3.3 | Fitting curve for DC to AC conversion efficiency 36
curve of the inverter SMA Tripower 25000TL-JP.
Figure 3.4 | Efficiency curve of a single centralized inverter 39
versus master slave inverters.
Figure 3.5 | SC inverter loss diagram. 41
Figure 3.6 | Master- Slave configuration loss diagram. 42
Figure 4.1 | Palestine map with latitude and longitude values. 43
Figure 4.2 | Monthly average of daily solar radiation for Nablus 44
site.
Figure 4.3 | Photovoltaic cell efficiency versus temperature. 46
Figure 5.1 | Grid-connected system overview. 48




Xl

Figure 5.2 | Schematic diagram for single centralized 49
configuration.
Figure 5.3 | Schematic diagram for master-slave configuration. 49
Figure 5.4 | Amerisolar AS-6P module. 50
Figure 5.5 | The selected inverters. 51
Figure 5.6 | PV modules arrangement. 54
Figure 5.7 | Input and output of PV generator. 55
Fig 5.8 | Minimum distance (d). 57
Figure 6.1 | Single centralized (SC) configuration. 59
Figure 6.2 | Master —Slave (M-S) configurations. 60
Figure 6.3 | SC inverter Flow chart. 62
Figure 6.4 | Master — Slave configuration Flow chart. 63
Figure 7.1 | Yearly average energy production. 64
Figure 7.2 | Monthly average produced energy 66
Figure 7.3 | Solar radiation shape for October month. 68
Figure 7.4 | Clear day in October. 68
Figure 7.5 | Cloudy day in October. 69
Figure 7.6 | Power Output on 28-Jan using the two 71
configurations.
Figure 7.7 | Efficiency curve of SC inverter and M-S inverterson | 71
28-Jan.
Figure 7.8 | Power Output on 2-Jan. using the two configurations | 73
Figure 7.9 | Efficiency curve of SC inverter and M-S inverterson | 73
2-Jan.
Figure 7.10 | The power sharing between master and slave 74

inverters.




X1l
List of Appendices

No Appendix Page

Appendix A | The extract points (n, Pdc.pu) for the used PV 88
inverter

Appendix B-1 | Specification of Amerisolar AS-6P PV module. 94

Appendix B-2 | Technical data of the selected inverters. 96




STC

XMl

List of Abbreviations

Alternating current.

Air mass.

Direct current.

Efficiency.

Energy gap.

Fill factor.

Maximum power point.

Master —Slave.

New Israeli Shekel.

Normal operating cell temperature.
Percentage error.

Peak Sun Hours.

Monthly average Peak sun hours.
Photovoltaic.

Single Centralized.

Standard test condition.



$/Wp
a
Ace I

Amodule

Go
GSTC
lce

Ip

Ifuse
Imax.array
Impp

lo

Lo
Iratinq
ISC

a

K

K
Ko-K;
kWh
L
MWh

I\Imodule

Ploss )
I:>max
I:)module

XV
List of Symbols

Dollars per watt peak.

The length of the section of the PV array [m].

The area of the cell [m?].

The area of the PV module [m?].

The area of PV generator [m?].

The linear loss coefficient.

The square loss coefficient.

The minimum distance between two PV arrays facing south
[m].

Input energy.

Output energy.

The monthly average of daily solar radiation for a month
[KWh/m?-day].

Solar radiation [W/m?].

The peak solar radiation intensity [W/m?].

Solar radiation at slandered test condition [W/m?].
The rated current of circuit breaker [A].

Diode current [A].

The rated current of fuse [A].

The maximum current of the PV array [A].
Current at maximum power point [A].

The leakage current of the diode [A].

Photocurrent [A].

The rating current of the protection device [A].
Short circuit current [A].

Temperature current coefficient [A/°C].
Boltzmann constant [1.381*%10—-23 J/K].
Safety factor=1.25.

Inverter model coefficients.

Kilo watt hour.

The latitude of the project site [degree].
Miga watt hour.

The number of PV modules.

The no-load power loss [W].

The instantaneous ac output power [W].
The DC power [W].

The instantaneous dc input power [W].
The per unit value of the DC power.

The power loss [W].

Maximum power of the PV module [W].
The power of the PV module [We].



XV
Power at maximum power point [W].

The power of PV generator [W5].

Electron charge [1.602*10—19 C].

Coefficient of determination.

Series resistance of the cell [Q].

Shunt resistance [€2].

Temperature [°C].

Ambient temperature [°C].

Cell temperature [°C].

Temperature at standard test condition [°C].

Temperature coefficient of maximum power [1/ °C].
Voltage [V].

Voltage at maximum power point [V].

Open circuit voltage [V].

Temperature voltage coefficient [V/°C].

Watt peak.

The tilt angle of the PV array on a horizontal level [degree].
Efficiency [%].

The inverter efficiency [%].



XVI
Analysis of Power Conversion Stages and Efficiency Improvement
Possibilities for Grid Connected PV System.

By
Eman Omar Mahmoud Abu Hani
Supervisor
Prof. Marwan Mahmoud

Abstract

In this thesis the improvement of large scale PV system conversion
efficiency is presented. Mainly the inverter efficiency is considered to be
improved by testing two different configurations of 100 kWp PV. The first
configuration consists of one single centralized inverter and the second one
of master-slave inverter. A Mathematical model is developed by MATLAB
software to model the inverter efficiency as a function of input power then
the power output is calculated by using hourly solar radiation and ambient
temperature data over one year in Palestine. The simulation results show
that the annual average energy production using the single centralized
inverter is 181.26 MWh/year, while the annual production of master-slave
inverter is 184.5MWh/year. In addition, by considering only the inverter
efficiency the annual efficiency of DC/AC conversion stage for first system

IS 96.7% and for the second system is 98.4%.

Economic analysis shows that the additional investment in master-Slave
configuration instead of using single centralized inverter can be covered

within six and a half years.
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Chapter one
Introduction

1.1 Introduction

The energy demand in the world is increasing by time and new types of
renewable energy sources must be found in order to cover the future
demands, since the conventional sources are about to be depleted. The
evaluation of renewable energy in the last few years has exceeded all
expectations. Solar energy is recognized as one of the most promising
sources of renewable energy which use the sun's energy to produce

electricity without producing any pollutants.

In this master thesis a grid connected PV system is studied. The PV system
employs solar cells to utilize the solar energy as a power source to usable
electric power. This power is transferred through power electronics device
in order to convert the DC output power into AC output power appropriate

to be injected into the electric grid.

The solar inverter is an essential part of a PV system; it is necessary and
indispensable for connection with the electric power grid. Understanding
how to control this device will increase the productivity of the system. The
influence of the solar inverter will be studied to optimize the system

efficiency.

The present research works focusing on maximizing the power output of
grid-connected PV system which can be achieved by many solutions. In

this master thesis master-slave configuration versus the single centralized
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inverter is used for 100 kWp PV grid connected system as a case study .To
a achieve this objective a MATLAB model is developed and used to
describe the inverter conversion efficiency in order to calculate the
produced energy using hourly solar radiation and ambient temperature

data.

1.2 Thesis Objectives

The objectives of this thesis can be pointed as follows:

1- Study the performance parameters of grid connected PV system.

2- Study the topologies and function of power converters for grid

connected PV system.
3- Survey the solar inverter types and efficiency.
4- Study the possibility of increasing the DC-AC conversion efficiency.
5- Use PVsyst software program to determine the losses in the system.

6- Use MATLAB software program to represent the proposed method for

increasing the conversion efficiency.

\l
1

discuss and evaluate the results of the simulation.
1.3 Problem Statement

In PV systems, inverter is an essential component that converts the direct
power (DC) generated from the PV array into a usable alternating power

(AC), it has a great effect on the performance of the PV system.
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The efficiency of the inverter is not constant and varies from zero to nearly
98 %. Inverter maximum efficiency occurs at a loading level between 30%
and 70% of the nominal power. The efficiency decreases for lower power,
since all types of inverters have a minimum power self-consumption due to
supply the auxiliary circuits and for the conduction and switching losses of
semiconductor devices used in the inverter. So, it is very interesting to
make the inverter working at its peak efficiency in order to increase the

output power and reduce the payback period of PV system.

When a single inverter is used to convert the whole power generated from
the PV array, the conversion efficiency is reduced drastically at low solar
radiation level, such as in the morning and in the evening or during cloudy
days. So it’s better to substitute the single inverter into several low rating

inverters connected to the PV generator in parallel.

This research presents a case study in Palestine to perform analysis and
compare between two design configurations of grid connected PV systems,
PV system with one central inverter and the other with multiple inverters in

order to evaluate both systems based on better energy conversion.

1.4 Thesis Structure

This thesis is organized in eight chapters as follows:

Chapter 1: Introduction.

Chapter 2: PV System Overview.
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This chapter introduces a brief review of the PV system classification and
their main components :the solar cell and PV inverter; the fundamentals of
photovoltaic cells, photovoltaic technologies, characteristics and
performances of the solar cell, the PV inverter tasks and the classification

of inverter are discussed.
Chapter 3: PV Inverters in Large PV System.

This chapter spots the light on the DC to AC conversion efficiency and a
mathematical model of the inverter efficiency used for simulation. Also the

master-slave inverter concept is discussed.
Chapter 4: Solar Energy in Palestine

This chapter presents the potential of solar energy and the ambient

temperature in Palestine.
Chapter 5: Sizing of PV System Components

In this chapter, the process of selecting the main components of PV system

Is discussed.
Chapter 6: Case Study Evaluation

This chapter shows the way of improving the conversion efficiency of the
PV system by using master-slave configuration instead of single centralized
inverter. The flow chart of the two configurations is presented in this

chapter.



Chapter 7: Simulation Results.

The produced energy per year, month and day is shown. The results and

analysis comparison between the two configurations are discussed.
Chapter 8: Economic Analysis.

This chapter shows economical comparison between the two
configurations. The economic analysis used in this work is based on the

payback period of the two configurations.
Chapter 9: Conclusions and Future Work.

This chapter presents the thesis conclusions drawn from the study and the

future recommendations possible within master-slave inverters.
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Chapter Two
PV System Overview

2.1 Introduction

Photovoltaic (PV) system has been given a great attention worldwide
among all renewable energy choices due to the fact that solar energy is
environmentally friendly, clean and requires less maintenance. It generates
electricity without producing emission of greenhouse gases or any other

gases and its operation is virtually silent.

The capacities of PV systems range from small roof top PV systems with
capacities in the range of 2-5 kW, to large PV system available with range

exceeding hundreds of megawatts.
2.2 Classifications of Photovoltaic Systems

Photovoltaic system contains many interconnected components besides to
the PV modules. It is designed to accomplish specific goals ranging from
powering a small device to feeding electricity into the main distribution

grid [1]. Figure 2.1 shows the main components of any PV system [2].

] == @ (09 (29

PV module Battery  Charge Invertor Back-up DC/AC loads
regulator generator

Figure2.1: PV system components [2].
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Depending on the system configuration, PV system can be classified into
two main types: stand-alone and grid-connected. The main difference
between these two types is that in stand-alone systems the output energy of
the system is matched with the load demand and without any connection to

the main grid [2].

2.2.1 Stand-alone Systems

Stand-alone systems depend on solar power only. These systems may
consist of the PV modules with power conditioning and control units (DC-
DC converters, inverters), the load only or they can include batteries for
energy storage. The capacity of the batteries must be able to store the
energy produced during the day to be used at night and during periods of
poor weather. Figure 2.2 shows schematically examples of stand-alone
systems; (a) a simple DC PV system for powering water pump without any
energy storage and (b) a complex PV system including batteries, power

conditioners, and both DC and AC loads[2].

(a) b}

PV Modules

|: :%rge controller

@1 T | | |
i | ity | s f——

Batteries

Figure 2.2: Stand-alone system. (a) A simple DC PV system without a battery, (b) a large PV
system with both DC and AC load [2].



2.2.2 Grid-connected Systems

Grid-connected PV systems have increasingly become popular as building
integrated applications which operate in parallel with the electric utility
grid. As illustrated in Figure 2.3, they are connected to the grid via
inverters, which convert the DC power into AC electricity. This type of PV
system does not need batteries since the grid acquire all the generated

electricity form a PV generator.

(I [ (N | | D [ [N | | D [ [N | | N
(N (N [N | | ([ | | M [ |
(I (N [N | | [N | | Y (N O | | N [
(N [ (N | | O [ N | | O N [ | |
(I [ (N | | D [ [N | | I [ [N | | [
(I [ (N | | D [ [N | | D [ [N | | [
(I [ (N | | D [ [N | | D [ [N | | [
(M [N [N | | (N [N | ] M [ O | | [

I I IP"&-II Modules

| |

@ i

| : Distribution board
Loads

/’I I .;
Electricity grid

Figure 2.3: Schematic representation of a grid-connected PV system [2].

2.3 PV system components

The solar module and PV inverter are main components in grid connected
PV system. This chapter will present a review of these two components in

order to understand their operation.

2.3.1 Solar cell

Solar energy can be converted to electrical energy by photovoltaic or solar

cell and this phenomena is known as photovoltaic effect, simply when light
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strikes the surfaces of solar cell some of the energy is absorbed by the
electrons of the semiconductor material and become free so the electrical
charge carrier (holes and electrons) are generated and the current is

produced.

Photovoltaic cells are made of semiconductor material usually silicon
which enables the conversion of solar energy into electricity. 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 [3].

Figure 2.4: Photovoltaic cell [4].
2.3.1.1 Solar Cell Technologies

Solar cell can be divided into two types of technologies, crystalline and

amorphous (thin-film) silicon cell.
1- Crystalline Solar Cell:

Crystalline solar cell can be classified into two types:
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» Mono-crystalline (Single) Cells

These are made using a single cylindrical silicon crystal. In these cells, the
silicon has a single continuous crystal lattices structure with almost no
defects or impurities. This type is the most efficient photovoltaic
technology with 14% to 16% conversion of the solar energy into electricity.
On the other hand, the manufacturing process is too complicated, resulting

in slightly higher cost than other technologies [5].

The main properties of mono-crystalline PV cell are [6]:
e V059 -0.62[V].

e lsc=3-3.5[A/100 cm?].

o 1;13-16 [%].

e FF: 72-78 [%)].

e Color: dark blue.

> Poly-crystalline Cells

They are made from the same silicon material except that instead of being
grown into a single crystal, they are melted and the molten silicon is poured
into a rectangular mold (cast). The cost of production is cheaper than the
mono-crystalline due to simpler manufacturing process and they have
become the most dominant technology. However they have a slightly lower

efficiency than mono-crystalline [5].
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The main properties of mono-crystalline PV cell are [6]:
(] VOC: 0.55-0.59 [V]

lsc: 2.4 - 3 [A/100cm?].

n; 10-15 [%].

FF: 67-74 [%)].

Color: blue.

2- Amorphous Silicon Cell

In this type of technology, the silicon is deposited before it has crystallized
into large, thin and flat substrates such as glass or plastic. Amorphous
silicon absorbs lights more effectively than crystallized cell therefore, less
raw material is needed which lead to a thinner cell, also known as a thin
film technology. Thin film has a poor conversion efficiency varies from 6%
to 10%. Light induced degradation is another disadvantage of this type;
which reduced their output power over time mainly in the first year of

operation then the output power tends to stabilize [5].
The main properties of amorphous silicon PV cell are [6]:
e Voc:0.62-0.8[V].

o lsc:0.8-1.2 [A/100 cm?].

e 1:6-10 [%].
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o FF:62-68 [%].
e Color: Dark green, black.
2.3.1.2 PV Cell Characteristics

PV cells are made from semiconductor material mainly silicon. They are
designed to form an electric field positive on one side and negative on the
other side forming p-n junction which is the basic structure of a solar cell.
When cells facing solar energy, the electrons in the semiconductor material
raise from valence band to conduction band when they absorb energy
greater than energy gap (Eg) creating electron—hole pairs. When a voltage is
applied across the cell forming an electrical circuit, then the electrons move
freely resulting in a net current called photocurrent lp,, which is directly
proportional to the intensity of the incident light falling on the cell. From
previous explanation, one can notice that the solar cell acts as a diode
during darkness [7].

Solar cell is usually represented by current source (lp,) in parallel with a

diode as shown in Figure 2.5.

17 i

D IsH +

Ien C') \V/ Resy V3

Figure 2.5: Equivalent circuit of a photovoltaic cell [8].
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The net current is the difference between photocurrent (lp) and diode

current (Ip), which can be given by equation 2.1.

q(V + IRy) V + IR
[=1Tpn —Ip —Isn = Ipy —Io fexp [/ — 17 - R (2.1

Where,

lon: Photocurrent generated by the incident light [A].

Io: Diode current [A].

lo: The reverse saturation or leakage current of the diode [A].
V: Voltage across the cell [V].

q: Electron charge [1.602*107*° CJ.

K: Boltzmann constant [1.381*107%° J/K].

T: Temperature of the cell [K].

Rs: Series resistance of the cell [Q].

Rsh: Shunt resistance [Q].

The series resistance is much smaller than the shunt resistance; therefore
the photocurrent is much larger than the current absorbed by the shunt
resistance and also the drop voltage across the series resistance can be

neglected[6]. Then equation 2.1 becomes as:

q(V)
I=1Ipy—Ip = Ipp — I {exp W‘ — 1} (2.2)
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Figure 2.6 shows the I-V curve of a solar cell at a constant solar radiation

and temperature.

3.0 — (/ mMaximum power point
25— Y
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|
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Figure 2.6: I-V curve of solar cell under standard cell condition [9].

Two important parameters should be understood from the I-V curve of the
solar cell. The first one is the short circuit current (Isc) and the second is
the open circuit voltage (Voc). When the terminals of the cell are shorted,
then the voltage a cross the cell is zero and a maximum current follows in
the junction known as (lsc) which equals to photocurrent (Isc=Ipn). But
when the terminals of the solar cell are disconnected then no current
follows in the circuit and the voltage is at maximum known (Voc) which

can be expressed by equation 2.3[10].

KT Ipp
Voo =T (12 2
oc q n I (2.3)

At open circuit and short circuit cases, the output power is zero while
between these two cases the power is more than zero, the maximum power

point (Pwep) Occurs when the current and voltage are at maximum (Vpp &
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Ivep). This can be achieved by making the load resistance equals to the
internal resistance of the solar cell. Figure 2.7 shows the I-V and P-V
curves, the knee of the 1-V curve represents the maximum power point of

the solar cell [10].

Pypp = Vupplypp (2-4)
A A
I-V curve
Isc Pmax
Imp 7

=) -

c Q

g P-V curve g

3 o
&

Voltage Vmp Voc

Figure 2.7: 1-V & P-V curves for the solar cell [11].

From Figure 2.7, one can notice that the solar cell operates in two different
modes depending on the connected load. The cell operates as a constant
current source in the region starts form the short circuit current point (Isc)
to the maximum power point (MPP), and acts similar to constant voltage
source in the region starting from maximum power point (MPP) to open

circuit voltage point (Voc).

The voltage and current at the maximum power point can be approximately
calculated using the short circuit current and open circuit voltage as the

following two relations 2.5 and 2.6[6].
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VMPP ES 081V0C (25)
IMPP e 0'9ISC (26)

Another important parameter of the PV characteristic is the fill factor FF,
which is a measure of the quality of solar cell. It represents the ratio
between the maximum power that can be delivered to the load and the
product of the open circuit voltage Voc and the short circuit current lsc.
The higher the fill factor the higher output power. For high quality cell the
fill factor is more than 0.7. Figure 2.8 represents the fill factor which is the
ratio between the two rectangular areas seen in the Figure below and given
by the following formula. The fill factor is equal to 1 (maximum value)
when the two rectangular areas are equal.

PMPP _ VMPPIMPP

FF = (2.7)
VOC ISC VOC ISC
Max Power Point

Isc 1
Imp
=
g Areca = Imp x Vmp Area=Isc x Voc
3
© ]

Voltage Vmp Voc

Figure 2.8: Fill factor [11].

PV efficiency is the most commonly used parameter to compare the

performance of different solar cells. The efficiency is the ratio between the
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output power produced by the solar cell to the incident or input power from

solar radiation.

— Pout — 4 (2 8)
Pi GAcell
Where,

Aci: the area of the cell [m?].
G: the solar radiation [W/m?].

In order to use the efficiency parameter to compare between solar cells, the
condition must be similar during measuring the efficiency. Generally, the
efficiency of the PV cell is reported at standard test condition STC, and

these STC relate to the IEC 60904/DIN EN standards Known as:
1- Vertical solar radiation G of 12000W/m>.

2- Cell temperature T of 25 °C with a tolerance of £2°C.

3- Defined light spectrum with an air mass AM of 1.5.

2.3.1.3 Solar Modules and Arrays

The solar cell is the basic element of PV systems. An individual solar cell
produces approximately 0.6 volts under standard test condition regardless
of its size and this voltage is inadequate therefore cells are connected in
series in order to increase the voltage at the constant current level, and they

are connected in parallel to increase the current at a constant voltage level.
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photovoltaic module consists of multiple individual solar cells connected in
series or in parallel to achieve the required voltage and current, and in order
to protect them from the environment effect especially harsh environmental
conditions they are encapsulated with tempered glass (or some other
transparent material) on the front surface, and with a protective and

waterproof material on the back surface [12].

Generally, the voltage of PV module is chosen to be compatible with a
12 V for battery charging and this module is known as standard modules
(12 V module) [13]; for mono-crystalline solar cell 36 cells are connected
in series but for poly-crystalline solar cell 40 cells are connected is series.
When the output voltage and current from a single module is smaller than
desired then the modules can be connected into series or parallel or mixed
in order to get the required system, and this group of PV modules is called
PV array. 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 order to get higher currents.

Figure 2.9 illustrates the construction of PV module and array [14].

Figure 2.9: Relation between a solar cell, a module and an array [13].
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The I-V characteristic curve for PV module or array is the same as the
single solar cell taking into account the change in current and voltage
according to the connection setting (series or parallel or mixed), Figure
2.10 shows the 1-V curve for solar cells connected in series or parallel, so if
two solar cells connected in series the current is still the same as single
solar cell while the open circuit is double, but when connected in parallel
the voltage doesn’t change but the current becomes two times in

comparison with the single solar cell [2].

g |

8 -

7 .
2l5¢ parallel

5]
4 ]

Current ! (A)

o series

2

1 A
V,. 2V, 3V,

O OC

0 0.3 0.6 0.9 1.2 1.5 1.8
Voltage V (V)

Figure2.10: 1-V characteristic curve of solar cells connected in series or parallel [2].
2.3.1.4 Performance Factors of Solar Cell

The output power of photovoltaic module is affected by many factors; these

factors vary by climatic conditions. The influence of these factors is

discussed in this section.
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2.3.1.4.1 Effect of Solar Radiation on PV Performance

Photovoltaic output power is affected by incident irradiation. PV cell short
circuit current (Isc) is linearly proportional to the irradiation; while open
circuit voltage (Voc) increases exponentially to the maximum value with
increasing the incident irradiation and it varies slightly with the light
intensity [15]. So the solar radiation has dual effect on the electrical 1V
characteristics of the PV cell, Figures 2.11 and 2.12 show the effect of solar
radiation variation at the performance of PV module consisting of 36 cells

of mono crystalline silicon [Siemens, SR50] at a constant temperature.

PV module : Siemens SolarSRYManufacturer
PRI SE—

- | | | | 1
Cell temp. = 40 ¢ I 1 1 ]
[ 1 1 1 I ]
35k 1 I I | h
Incid. Irrad = 1000 Win? | i ]
t - I ] k
i 1 I I 1
30 1 1 I I ]
1 I I | i
I |ncid Irrad = 500 W!'rii’ : : ]
25 ] T | 1 -
1 ] I 9
T 1 I 1 I ]
T 20f Incid. rrad = 500 wap? | : 1
5 T . I I ]
S 1 I 1 1
1 I | | 1
15 ! ] | i ]
3 !ncid. Irrad = 400 W.F'l‘!]’ : : 1
1 ] I b
1 I I ] h
101 1 1 i I ]
[ncid. wrad = 200 wip? 31wy ' ]
osf i ] \Q‘\\ .
B 1 I I N
1 I I ‘\\ ]

0o ! : | o

o 5 10 15 20 25
“oltage [V]

Figure 2.11: I-V curve of PV module at different radiation at constant temperature [16].
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PV module : Siemens ScolarSR3Manufacturer
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Figure 2.12: P-V curve of PV module at different radiation at constant temperature [16].
2.3.1.4.2 Effect of Temperature on PV Performance

The behavior of the PV system is affected by module temperature which is
highly affected by ambient temperature so that the efficiency and the
generated power produced by the system will be affected also. The short
circuit current increases slightly when the PV module temperature
increases above the Standard Test Condition (STC) temperature, which is
25°C. However, open circuit voltage is enormously affected when the
module temperature exceeds 25°C. In other words, PV module voltage is
reduced extremely compared to the increase in the current as the operating
temperature increases. Therefore, the output power of the PV module is
reduced [17]. Figures 2.13 and 2.14 explains the relation between PV
module temperature with voltage, current, and power of 36 cells of mono

crystalline silicon [Siemens, SR50] at constant solar radiation.
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PV module : Siemens SelarSR50Manufacturer
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Figure 2.13: 1-V curve with variation of temperature at constant radiation [16].
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Figure 2.14: P-V curve with variation of temperature at constant radiation [16].

Even though both solar radiation and temperature are strongly coupled,
solar radiation mostly affects the output current of PV module, while

temperature basically changes the PV module output voltage.
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The electrical parameters of the PV module in the datasheet are usually
given at standard test condition. However, the module operates at higher
temperatures and at somewhat lower solar radiation conditions in the field.
For this purpose, manufactures usually include electrical parameters under
Nominal Operating Cell Temperature (NOCT) which can be defined as the
cell temperature that the solar cell will reach under the condition listed

below [18]:

e Solar radiation on the cell surface is 800W/m®.
e The ambient temperature is 20°C.

e Wind velocity 1m/s.

e Output terminals of the cell are open.

The PV cell temperature can be calculated by using the linear
approximation below for variations in ambient temperature and solar
radiation [18].

NOCT — 20
Teen = Tamp + (T) G

(2.9)
Where,
Teen: The cell temperature [°C].

Tamp: The ambient temperature [°C].

G: Solar radiation [W/m?].
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The mathematical equations 2.10 & 2.11 can be used to calculate the PV
module output voltage and current at MPP at any solar radiation and

temperature [19].

Vmpp = Vmpp—STC + (Tcell - TSTC)aV (2.10)
G

Impp = G_Impp—STC + (Tcell - TSTC)“I (2.11)
STC

Where,

Vg, Impp: PV module output voltage and current at MPP at any solar

radiation and temperature.

Vinpp-stc» Impp—-stc: PV module output voltage and current on MPP, where

these parameters are obtained from the datasheet.

ay, o Temperature voltage coefficient [V/°C] and temperature current

coefficient [A/°C], these parameters are also obtained from the datasheet.

The generated power from PV module can be easily estimated using the
environmental data (solar radiation and temperature) and the parameters
specified in PV module datasheet. The temperature coefficient of
maximum power, o, is ordinarily negative, typical values for ot are about
-0.4% / °C for single and poly—crystalline silicon and -0.1 to -0.2% / °C for
amorphous silicon and it can be wused to calculate the PV output power

using the equation below [20].

G
PDC = Pmax [E] [1 + aT(Tcell - TSTC)] (2-12)
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Where,

Pmax: Maximum power of the PV module [W].

Gsrc: Solar radiation at standard test condition for [W/m?].
ar: Temperature coefficient of maximum power [1/°C].
2.3.2 PV Inverter

The solar inverter is the heart of every PV system. It is used to convert the
DC generated power from PV array into a usable AC power. The selection
of the suitable inverter for a particular application depends on the
waveform requirements for the load and on the efficiency of the inverter.
The power generated from PV inverter can be fed to a commercial
electrical grid (on grid) or can be used by a local power consumer (off-grid)

when there is no connection with grid [21].
2.3.2.1 PV Inverter Functions

The functions of the solar inverter differ from one to another depending on
the application required so that one can distinguish between PV inverters

depending on the basic following functions [22-23]:
1- Maximum power point tracking (MPPT)

The output power from PV module depends on environmental conditions
such as the solar radiation, ambient temperature and shadowing conditions
and these conditions continuously change over the day. For this reason, the

Most of PV inverters have the ability to determine the optimal operating
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point in order to ensure that the PV system operates at a point that gives the
maximum power from the PV modules for every situation. This task is very

important since it strongly affects the overall efficiency of the PV system.
2- Grid interface/Synchronization

This function is associated with grid-connected PV inverter only. Usually,
voltage source inverter (VSI) is used to connect the PV modules with the
AC grid and this type of inverters must have the ability to detect the grid

voltage frequency and magnitude so that the inverter leaded by the grid.
3- Power decupling between AC and DC sides

Energy storage device such as an electrolytic capacitor can be used in order
to adjust the fluctuation of power between DC and AC sides, due to the
fluctuation nature of renewable energy sources. Therefore, the capacitor
can provide uninterrupted power flow in the system and these electrolyte
capacitors form the DC link and keep the voltage constant. Also, the
switching frequency and the double grid frequency in single phase system

can be decoupled by these capacitors.
4- Monitoring and securing (anti-islanding operation)

The PV inverter monitors the energy produced from the PV system and at
the same time it monitors the power of the grid that connected with it so
that when a problem occurs in the electric grid, the inverter must
immediately interrupt the PV system from the grid since the PV modules

always provide power during the shining of the sun. This function is so
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important for the reasons of safety so the crew can repair the problem that

occurs in the grid without exposure to risk.
5- low-loss conversion

Conversion efficiency is one of the most important parameters of solar
inverter. This parameter determines the portion of DC input power that is
converted into a usable AC power. Nowadays, with the developing of

technology, inverters can operate with conversion efficiency near 98%.
2.3.2.2 PV Inverter Classification

Several types of PV inverters are available in the market. Generally, PV
inverters can be classified into two different categories depending on basic

characteristic:

1- With respect to the phase configuration of the AC side of the inverter.
2- With respect to the module wiring.

2.3.2.2.1 Classification Based on Phase Configuration.

With respect to the phase configuration of the inverter AC side, PV inverter

can be classified into one phase and three phases [24]:
1- Single Phase Inverter

Single phase inverter usually used in low power PV system application
such as home or office roof top plant. Historically, the single-phase

inverters inject current into one phase of the grid producing an imbalance
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case between the phases of the grid. For stability reasons, these types of PV
inverters are used up to maximum power of 5 kW in order to avoid a

greater asymmetry between the phases.
2- Three Phase Inverter

For large PV systems with power rating greater than 5kWp, three phase
inverters are used to produce a balance between the three phases of the
grid. Three phase inverter is a combination of practically three single phase

inverters connected to each load terminals.

2.3.2.2.2 Classification Based on Module Wiring (Connection of the

Inverter with PV Arrays and Grid).

PV inverter can be classified into four different categories depending on the
way in which the PV modules and the inverter are connected. The

classification of these configurations is shown in Figure 2.15.
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1- Central Inverter

In this type of configuration, the PV arrays are connected to a single central
inverter as shown in Figure 2.15-a. The central inverter is available with
power rating from several kW to MW and mostly used in three phase grid
connected system. This topology has many advantages such as high
conversion efficiency at low cost per watt, low total harmonic distortion
(THD) losses in the system and required less maintenance compared to

other configurations[22], [26].

However central inverter can result in mismatching power between the
modules of string due to partial shading conditions resulting in decreasing
the energy production of PV system. In addition to that, the reliability of

the system is reduced due to the use of single central inverter. If the
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inverter trips, the whole output power generation is out of the system. Also
this type is quite expensive because of the long required cable between the

PV arrays and the inverter resulting in high losses in these cables [22] [26].
2- String Inverter

The string inverters have been introduced to improve the drawbacks of the
central inverters. In this topology, each of the PV string is connected to a
separate inverter as shown in Figure 2.15-b. String inverters are available
from 1 KW up to 10 kW power ratings and have higher price per KW as
compared to central inverter and they are mostly used in low power
applications such as residential applications. Besides the power rating,
when this topology is compared with the central inverter, the efficiency and
reliability increase of the whole system so that this topology is useful for
those applications when the PV array consists of many strings and each

string has its own orientation and in shadowing condition [22].
3- Multi-String Inverter

This type of configuration is an improvement of the string technology with
a DC to DC converter for each string before it is connected to a common
inverter as shown in Figure 2.15-c. Multi-string is inverter available in the
market within the power range of 1kW up to 6kW. The main advantage of
this topology is that each string has its own MPPT control via DC to DC
converter leading to improving the efficiency of the PV system than the

other configurations. However multi-string configuration has more power
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loss as compared to string inverter due to two power conversion levels[22],

[26].
4- AC Module Inverter(Micro Inverter)

Each module in this topology has its own inverter which provides
independent MPPT in order to optimize the output energy from each
individual module rather than an entire string. This configuration is shown
in Figure 2.15-d. No DC wiring is required in the AC module inverter so
that the risk of electric arcing and firing is reduced, in spite to these
advantages, this inverter has low power level up to 400 W per unit leading
to relatively high price and low efficiency that can't be compensated with
the separate MPPT for each module. In addition, this type of inverter
technology packing with the PV module as one device and the available
inverter in the market does not reach the lifetime of the PV module (20
years) resulting in failure of PV module before reaching the end of its

lifetime [22].
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Chapter Three
PV Inverters in Large PV system

3.1 Introduction

Using one large inverter for converting the whole input power of a PV
generator is a simple way but may be not the best method due to the
relatively low DC to AC conversion efficiency mainly in low power range.
Also this way will prevent a future expansion of the PV system. So, in

order to overcome this problem a master-slave inverters is a good solution.

This chapter spots the light on the inverter conversion efficiency, master
and slave inverter and their control strategy. Also, a mathematical model of

DC to AC conversion efficiency for the used PV inverters is introduced.
3.2 DC to AC Conversion Efficiency

The DC to AC conversion efficiency is the ratio of the AC output power of

inverter delivered to the grid to the DC input power of the inverter [27].

(t) _ Pac(t) _ Pdc(t) _ Ploss(t)
1 B Pdc(t) B Pdc(t)

(3.1

Where:

Pgc (t): The instantaneous dc input power.

P, (1): The instantaneous ac output power.

Pioss (t): The power loss.

Power losses of the solar inverter can be defined as [28]:
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Pross = Py + C1. Py + CZPaZc (3-2)

From the above equation; the power losses consist of two parts: constant
and load dependent part. The constant part (P,) represents the no-load
power loss during the operation in order to supply the control systems and
the auxiliary circuits, while the load-dependent part consists of the
conduction and switching losses on the power switches which depends on
the magnitude of the output current (C; represent the linear loss coefficient
and C, represents the square loss coefficient). Therefore, the power loss of
the solar inverter is not constant; making the efficiency depends on the load

condition.

The selection of an appropriate inverter for a PV system is absolutely
essential since the inverter is the heart of every PV power plant. The most
important electrical characteristics are the DC to AC conversion efficiency
of the PV inverter. If the power conversion efficiency of the inverter is low,

then the overall efficiency of the PV system will be reduced [29].

In fact, the efficiency of the inverter is not constant. It strongly depends on
the DC input power, varying from zero to nearly 99%. Therefore, it is
important to make the inverter works near the optimal load conditions in
order to get the peak conversion efficiency [27]. Figure 3.1 shows the
efficiency curve for a commercial inverter obtained from the data provided
by its manufacture, the curve shows the variation of the efficiency as a

function of the ratio of output power to inverter’s rated capacity

(PAC/Pinv,rated )
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Figure3.1: DC to AC efficiency curve of PV inverter [30].

It can be noticed from Figure 3.1 that the inverter reaches its maximum
efficiency at 30-60% of the rated power and somewhat the efficiency
reduces little at full load, while it declines at a power level below 20% due

to the self-consumption power required by the inverter.

Solar inverter with large rated power will operate at low efficiency during
the time period when output power is less than the rated PV array power
(during sunrise, sunset and cloudy days) while low rated power inverter
will not be able to process part of the DC output power during the high
radiation period since the output power from the PV array is more than the

rated power of the inverter [27].
3.3 Mathematical Model of DC to AC Conversion Efficiency Curve

A simple mathematical expression found in the literature with very good
accuracy can be used to describe the efficiency curve of any solar inverter;
the efficiency curve can be represented by using a power function as used

in [31].
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K
{ninv = Ko. Pdcl.pu + KZ Pdc.pu > 0} (33)
Niny = 0 pdc.pu =0
Where,

Ninv. The efficiency of the inverter [%].
Pacpu: The per unit value of the DC power [Pyc/Piny.ratl-
Ko-K,: Mathematical coefficients that should be determined.

The model coefficients Ky, K;and K; can be obtained by using a MATLAB
fitting tool. Therefore samples of the conversion efficiency curve as shown
in Figure 3.2 should be converted to data points of (1, Pgcpy) by the help of
Engauge Digitizer software then the resulting data points are usually used
as input to MATLAB fitting tool. The process of extracting the data from
the curve is shown in the following Figure. An image file is imported,

digitized within Engauge, and Exported the curve points into a tabular text

file.

Image File Data File
1.70499, 2.60792
Import Engauge . Export |1 '78068. 2.50192
—p + Define coordinates ~ ——»| 1.83884, 2.38464
« Place points 1.87815, 2.25873

| | '

Save | |01110010101010 Open

(optional) 4, | 0101010111001 / (optional)
101101010001101
110101101101010

DIG File

Figure 3.2: Manually Digitizing a Point Graph Image.
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The shape of the conversion efficiency follows the expected behavior
described by a power function. Figure 3.3 shows the conversion efficiency
curve of the inverter SMA Tripower 25000TL-JP (points) and the fitting
curve developed by MATLAB fitting tool. The fit between the conversion
efficiency curve obtained from datasheet and the curve described by the
mathematical model has a coefficient of determination R? greater than 0.95
for all used inverters. Where R%is a statistic that will give some
information about the goodness of fit of a model. the R%is a
statistical measure of how well the regression line approximates the real

data points. An R? of 1 indicates that the regression line perfectly fits the

data.
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Figure 3.3: Fitting curve for DC to AC conversion efficiency curve of the inverter SMA
Tripower 25000TL-JP.

In my work, three commercial inverters of rated powers 25 kW, 50 kW and
100 kW are used (section 5.4 explains why we selected these type of

inverters). The calculated models coefficients for the chosen inverters types
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are shown in Table3.1using the Engauge Digitizer software and MATLAB

fitting tool.

Table 3.1: Inverter model coefficients.

Rated power Ko Ky K>
25 kW -0.04067 -1.266 98.46
50 kW -0.06439 -1.483 98.67
100 KW -0.005904 -2.003 97.2

From the above Table, one can notice that for each used solar inverter, we
have Ko & K; are always small and less than zero while K, is large and
positive. Therefore the efficiency curve for any solar inverter can be easily
described by a simple mathematical model by using Engauge Digitizer
software and MATLAB fitting tool. Appendix A shows the extract points
(M, Pacpu) for each inverter and the percentage error PE in efficiency when

using the developed mathematical model.
3.4 Master - Slave Inverter

Maximization of the productivity for the photovoltaic system is a very
important goal which can be achieved by many methods, such as using
high efficiency and low temperature losses solar cell technologies, sun
tracking system, DC power optimizer, master-slave (M-S) configuration of

DC-AC converters, etc.

My thesis focuses on the using of single centralized inverter (SC) versus
the using of master-slave (M-S) inverters in which the DC output power

from the photovoltaic system shared among the inverters depending on the



38
power rating for each used inverter. If the used inverters are equal in size

then the power is divided equally among the inverters.

The SC inverter is divided into several lower power-rating inverters that
connected to the same output power of PV generator where one of these
inverters is operating continuously as a master inverter and the other slave
inverters is switching on /off according to the DC output power of PV
generator and when the output power of PV generator decreases due to the
variation in atmospheric conditions the slave inverters are automatically
disconnected. By this method, all inverters are operating at their optimal

efficiency.

To illustrate the above fact, Figure 3.4 shows the efficiency curve for the
selected single centralized inverter (L00kW) managing the total power of
the system (in blue) and the efficiency of the three parallel inverters which
are selected to work as master-slave topologies (in red). The data used to
construct these two efficiency curves have been obtained from the data
sheet of each selected inverters and by using the developed mathematical

model of them.
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Figure 3.4: Efficiency curve of a single centralized inverter versus master slave inverters.

From the above Figure; the master-slave inverters are yielding better

conversion efficiency at low power range.
3.5 Power Loss Diagram

The loss diagram provides a quick look at the quality of a PV system
design, by identifying the main sources of losses. My work focuses on the

inverter loss in order to compare between the two used configurations.

PVsyst software program is a good tool to calculate several loss parameters
during the simulation. At the beginning the components (PV inverters and
module) used in the PV system for both configurations is defined in the
program by using their manufacturer's datasheets, it can be created from
scratch (button "New"),then These components are stored in my own

working space.
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In PVSYST, the solar resource input can be the coordinates of the location.
Based on location coordinates, data can be accessed from NASA website
dealing with Meteorological data. the proposed site i.e. Nablus has latitude

32,22 North and longitude 35.26 ‘East.

After defining all required elements that are needed for a simulation (the
system size, the type and number of PV modules and the type and number
of inverters that will be used). the program provides a complete report in

which the loss diagram is available for the whole year.

Figure 3.5 shows the loss diagram when using SC inverter, while Figure

3.6 provides the loss diagram when using master slave inverters.
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Loss diagram over the whole year
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-27% 1AM factor on global
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+0.8% Module quality loss
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Figure 3.5: SC inverter loss diagram.
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Loss diagram over the whole year
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-1.0% Ohmic winng loss
216.1 MWh Aray virtual energy at MPP
-1.8% Inverter Loss dunng operation (efficiency)
-1.9% Inverter Loss over nominal inv. power
0.0% Inverter Loss due to max. input current
0.0% Inverter Loss over nominal inv. voltage
0.0% Inverter Loss due to power threshold
0.0% Inverter Loss due to voltage thresheld
2082 MWh Available Energy at Inverter Output
208.2 MWh Energy injected into grid

Figure 3.6: Master- Slave configuration loss diagram.

The power loss diagram is very useful for comparing the two
configurations. From the above two diagrams, we can notice that the
inverter loss is minimized when using master-slave configuration instead of

SC inverter resulting in maximization of the produced energy.
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Chapter Four
Solar Energy in Palestine

4.1 Introduction

In order to calculate the output power of PV system the solar radiation and
ambient temperature data should be available, and these data play a
significant influence in designing and sizing of the PV power system. The
solar radiation and the ambient temperature depend on the geographic

location, the day of the year and the time of the day.

Palestine is located between 29.3 and 33.15 north latitudes of the equator,
and between 34.15 and 35.40 east longitudes of the Greenwich line. Figure

4.1 shows the map of Palestine with latitude and longitude values.

For testing the proposed model, Nablus site is considered as a case study.
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Figure 4.1: Palestine map with latitude and longitude values [9].



44

4.2 Solar Radiation in Palestine

Palestine has the feature of a high solar energy potential due to its location.
The daily average of solar radiation intensity on horizontal surface is about
5.4 kWh/m?-day and it has around 3000 sunshine hours/year, so it's suitable
to use the PV system in order to produce solar electric energy in a

sustainable way [32].

Solar radiation and temperature data are available over one year on hourly
interval basis for Nablus site in order to use them by the simulation
program. The figure below represents the monthly average of daily solar
radiation in Nablus site for all months in the year. Given that the
measurements were taken place on the horizontal surface and the readings

are in kilo watt hour per meter square and day.

Monthly average solar radiation

Solar radiation (kWh/m?2-day)
O B N W & U1 O N O O

Month

Figure 4.2: Monthly average of daily solar radiation for Nablus site.
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From the data in Table 4.1, December has the lowest monthly average solar
energy which is about 2.84 kWh /m®-day while the highest one is in June
which is about 8.245 kWh/m*-day.

The number of hours during which solar radiation is 1,000 watts per square
meter is known as Peak Sun Hours (PSH). And it is important to note that
the hours of daylight are not the same as Peak Sun Hours. However, the PV
panel may receive an average 7 hours of daylight per day but the

average peak sun-hours may be 3 or 4 hours.

PSH can be calculated for every month from the above data using the

following equation:

PSHy, = = (4.1)

Where:
PSH,,: Monthly average Peak sun hours [h]

E«: The monthly average of daily solar radiation for a month [kWh/m*-

day].
Go: The peak solar radiation intensity which equals to 1000 [W/m?]
So for example, PSH,, in January equal to =2890/1000=2.89 hours.

Knowing the yearly average peak sun-hours for any location is a helpful
tool for determining whether or not the PV system worthwhile investment
for that location. The yearly average peak sun-hours for Nablus site can be

calculated using equation 4.2


http://www.homepower.com/articles/solar-electricity/design-installation/ask-experts-peak-sun-hours
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PSH
PSH = 21—2’” (4.2)

PSH = 2.89+3.2545.23+6.25+7.56+8.25+8.17+8.1+6.3+4.7+3.56+2.84
o 12

PSH = 5.59h.
4.3 Ambient Temperatures in Palestine

As we mentioned before, the output power from PV module is affected by
the ambient temperature and solar radiation changes. The change in
temperature will affect the PV current slightly and linearly while the PV
voltage is affected strongly and inversely. The variation of PV module
efficiency with the temperature at solar radiation of 2000W/m? is shown in
Figure 4.3 [34]. There is an inverse linear relation between the PV
efficiency and the ambient temperature so we can control the efficiency of

PV module by changing the temperature around it.
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Figure 4.3: Photovoltaic cell efficiency versus temperature [34].
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Palestine has a Mediterranean climate characterized by long, hot summers
and short, cool, rainy winters, January is the coldest month with
temperatures varies from 5 to 10 °C, and August is the hottest month with a
temperature reaching up to 38°C [35]. Table 4.1 shows the average
temperature per month for Palestine countries. The Figures stand for

temperature in degrees Celsius.

Table 4.1: Average temperature per month for Palestine countries [36].

Month Average temperature
Gaza | Ramallah | Nablus | Jericho | Hebron | Bethlehem | Jerusalem
Jan 16 9 10 20 9 11 10
Feb 19 13 13 22 12 14 13
Mar 20 15 15 25 15 16 15
Apr 22 20 19 32 20 21 19
May 25 24 25 34 24 25 24
Jun 28 25 25 37 26 27 26
July 30 28 29 39 28 29 28
Aug 30 27 28 39 28 30 30
Sep 31 27 28 36 27 28 27
Oct 29 25 30 32 25 26 25
Nov 25 17 18 27 18 19 18
Dec 19 12 18 22 12 13 12

The efficiency of PV module in summer season will be decreased due to
high temperatures resulting in decreasing the output power generated from
the module, while in winter season the temperature is low so the PV

module may produce energy near its peak power.
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Chapter Five
Sizing of PV System Components

5.1 System Overview

The proposed system is a grid-connected photovoltaic system that
connected to the grid without the need to a battery backup capability since
the grid will also supply electricity. The proposed system is rated at
100kWp as a case study. The PV arrays and the inverters are the most
important components of the system. Figure 5.1 shows a general grid-

connected system without battery backup.

Main Service

DC/AC Panel

PV Array Inverter N
DC AC Utility

Circut G -
Combiner JrS:f,'}gcf;’r” " Fused Fused  Switch
Switch Switch
I > 4’{ > *U—’D“‘ l—» Utility

Grid-Interactive PV System w/o Battery Backup

PV Array

Fig 5.1: Grid-connected system overview [15/27].

In this thesis, two different configurations for inverter connection are

studied:

First configuration: single centralized inverter.
Second configuration: master- slave inverters.
5.2 PV System Schematic Diagram

Figure 5.2 shows the schematic diagram for single centralized

configuration with the main components of this system.



T O | =

B azowWp., PV module oc SC inverter

C.B circuit braker |

Figure5.2: Schematic diagram for single centralized configuration.

PV system block diagram for master-slave configuration is shown in

Figure 5.3.

Controller

E I20WMVp, PV module ‘a

c.B circuit braker

Figure 5.3: Schematic diagram for master-slave configuration.
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5.3 Module Selection

A poly-crystalline PV module type (Amerisolar AS-6P) is used in this
system with the specifications shown in Table 5.1. All the specifications

are found in Appendix B-1.

Table 5.1: Specification of Amerisolar AS-6P PV module at standard

test conditions [38].

Electrical characteristic at STC

Maximum Power(Pmax) 320 W
Open Circuit Voltage(Voc) 457V
Short Circuit Current(lsc) 9A
Voltage at Nominal Power (Vpp) 371V
Current at Nominal Power(lmgp) 8.63 A
Number of cells 72(6*12)
Area 1.94 m’
Efficiency 16.49 %
Temperature Characteristic

Nominal Operating cell Temperature(NOTC) 45°C +2°C
Temperature coefficient of Ppax -0.43%/°C
Temperature coefficient of V¢ -0.33%/°C
Temperature coefficient of Isc 0.056%/°C

Figure 5.4: Amerisolar AS-6P module [38].
5.4 Inverter Selection

For stand-alone system, the capacity of the inverter should be more than the

total amount of watts that will be used at one time; it should be 25-30%
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bigger than the total watts of the appliances. In case of appliance type,
motor or compressor the inverter size should be at minimum three times the
capacity of those appliances to enable it capable to deliver the high starting
current of those appliances. For grid tie system, the rating of inverter is
equal to the rating of PV generator [39].Therefore; the selected proper
inverter for the PV system rated at 100kWp should have a capacity equal
to100kW. Thus, for the first configuration, the single centralized inverter
type a sunny central 100 designed by SMA is selected and for master—
slave configuration with N equal three inverters, two Sunny Tripower
25000TL-JP designed by SMA and one TRIO-50.0-TL-OUTD-US
designed by ABB are selected. Technical data for the selected inverters is

shown in Table5.2. The data sheet is found in Appendix B-2.

Table 5.2: Technical data of the selected inverters [40-41].

Technical data sunny  central | Tripower TRIO-50.0-
100 25000TL-JP TL-OUTD-US

Max. input voltage [V] | 900 800 800

Max. input current [A] | 235 66 100

Rated power [kKW] 100 25 50

Max. efficiency[%] 97.6 98.7 98.6

Max. output current[A] | 145 38 61

Sunny central 100

Tripower 25000TL-JP

TRIC-500-TL-OUTD-US

Figure5.5: The selected inverters [40-41].
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5.5 PV Generator Sizing

In my work, | used a PV generator with a capacity of 100kW, as a case
study. So in order to obtain this peak power the selected PV module is
Amerisolar AS-6P which is poly-crystalline 72 cells module type rated at
320W as shown in Appendix B-1 .The number of PV modules (Nmoquie)
need for the system can be calculated as follow:

PPV

(5.1

Nioduie = p
module

100000
Niodule = 320 - 312.5 PV modules

5.5.1 Module Arrangement

After selecting the proper solar inverter and PV modules the next step is to
select the optimum way to construct the PV array. National Electrical Code
(NEC) Table 690.7 requires division of the maximum input voltage of the

inverter by 1.13 to correct for the -10°C input temperature [42].

Therefore, the maximum V¢ of the PV array connected to Suny Central
100 inverter is limited to 796.5 V in order to keep the PV array output
voltage below 900V.

Based on the above information, 312 modules can be arranged as 24
parallel PV strings with 13 modules connected in series for every string,
giving a total nominal output voltage of 482.3 V and a total nominal output
current of 207.12 A, which is in the permissible input current and voltage

of the inverter.
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Table 5.3: Array Configuration.

Number of Modules Number of strings | Number of modules in series
312 24 13

5.5.2 PV Generator Calculation

1- The minimum area (A) needed for PV generator can be calculated as:

Apy = Amoaute * Nmodule (5.2)
Apy = 1.94 ¥ 312 = 605.28 m?

2- The PV generator open circuit voltage can be calculated as:

Vocpv = Voc of modute * Ns (5.3)
Voepy = 45.7 * 13 =594.1V

3- The PV generator short circuit can be calculated as:

Iscpv = Isc of modute * Np (5.4)
Icpy =9 * 24 =216 4

4- The PV generator peak power can be calculated as:

Ppy = Proaute * Nmodule (5.5)

Ppy =320 * 312 = 998.840 kW



‘ IMmMpp=207.12A
Vmpp=482.3V

13 312

Figure 5.6: PV modules arrangement.

5.5.3 Input of PV Generator

The inputs affect the output power of PV generator:

|
1

Rated power of array.

N
1

Maximum power temperature coefficient.

¢

Hourly average ambient temperature.

N
1

Hourly average solar radiation.
5.5.4 Output of PV Generator

The output of the selected PV generator is the Hourly DC output power of
PV arrays (Pq4c) at desired conditions hourly, which will be the input power

of the used inverters.

By using equations 2.9 and 2.12 we can calculate the DC output power of

the PV generator.
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Figure 5.7: Input and output of PV generator.
5.6 The Selection of Protection Device

In order to protect all components of the PV system from damage caused
by overcurrent, overcurrent protection device (circuit barker or fuse) must

be included in the system.

To determine the rating current of the selected overcurrent protection

device we use the following equation:

Lating = K* Imaxarray (5.6)
Where,

K: Safety factor=1.25 [6].

Imax.array: The maximum current of the PV array [A].

Thus for the proposed PV, system we need one fuse at the DC side of the
inverter since we have only one array in the constructed system. The rated

current of the selected fuse based on the above equation:

Ifuse = 1.25 %216 = 270 A
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The selected fuse rating current should be equal or a little more than 270A,
considering the fuse standards in the market. Usually two fuses are needed

to connect, one in the positive wire and the second in the negative wire.

To protect the AC side of the inverter, a circuit breaker is used at each
phase. So for single centralized inverter we need three circuit breakers with

rating current calculated according to equation 5.6:
Icg =1.25%145 =181.25A

For master slave inverters with three inverters nine circuit barkers should

be used, the rating for them as follows:
IcBofinverter1 = 1.25 38 = 47.5 A
IcBofinverterz = 1.25 %38 = 47.5 A
IcBofinverters = 1.2 % 61 = 76.25 A
5.7 PV System Optimum Installation

Shadowing effect must be kept in mind during planning the PV system
which consists of several PV arrays. In order to avoid shadowing during the
daily peak sun hours, the minimum distance between PV arrays can be

calculated according to the following equation [6]:

Apmin. = a[sinf = tan(23.5 + L) + cosp ] (5.6)
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Where,

dmin: The minimum distance between two PV arrays facing south [m].

a: The length of the section of the PV array [m]. As shown in Figure 5.8.
B: The tilt angle of the PV array on a horizontal level [degree].

L: The latitude of the project site [degree].

. arravl array?

Py

i —— dmm [

Figure 5.8: Minimum distance (d).

The tilt angle is the angle between the PV array surface and the horizontal
surface. PV arrays are usually fixed at a certain tilt angle all the year equal
to latitude value (32° in Palestine) in order to collect more solar radiation
by the modules. The tilt angle is affected mainly by the latitude value of the
location (L) and seasonal changes, the optimum value of tilt angle can be

calculated as follow [43]:

B = L+ 20° during winter season.

B = L during spring and autumn seasons.
B = L- 10° during summer season.

For Palestine site the tilt angle will be:
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B =32 +10 =42 during winter period.
B =32 during spring and autumn period.
B =32-10=22 during summer period.

If we take the tilt angle to be 28°, and two module connected in series, then
the length of the constructed PV array (a) is equal to 2*width of the PV
module =0.992*2=1.984 m. And after solving equation 5.6 we found that
dmin= 3.1 m.
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Chapter Six
Case Study Evaluation

6.1 Methodology of Analysis

The proposed PV system designed in previous chapter was simulated using
MATLAB software in order to study the output power of the selected
inverters using two different configurations mentioned above (single
centralized and master-slave). An hourly time step is used in this
simulation, by comparing the energy production of the two configurations

the optimum system configuration can be found.
The work of the two configurations is as the follow:

1- Single centralized inverter: Using one and large inverter with a power
rating equal to the peak power of the PV generator as mentioned in section
5.4 which is rated at 100kW. The configuration of this is shown in Figure
6.1.In this type of configuration, the SC inverter will operate continuously

all the time.

PV generator

single centralized
inverter (SC)

l P o

Figure 6.1: Single centralized (SC) configuration.
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2- Master-slave configuration with N equal 3 inverters: using three
inverters connected in parallel as shown in Figure 6.2. The rated power of
the used inverters are as the follows: two 25kW inverters, and one 50kW as

mentioned in section 5.4.

Figure 6.2: Master —Slave (M-S) configurations.

The mode of operation for this configuration depends on the amount of DC
output power of PV generator. One of the inverters operates continuously
(25kW) as a master inverter and the other two inverters are switching
on/off depending on the output power of the PV generator in order to get
the maximum value of the conversion efficiency. When the DC output
power of the PV generator is less or equal to 25 kW only the master
inverter operates. When the power exceeds 25 kW and less or equal than 50
KW two inverters operate (master and 25kW inverter) and sharing the
power equally, otherwise the three inverters operate sharing the power

depending on the rated power of each inverter.
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The work is divided into three different scenarios for each configuration:
o First scenario: study the output energy over one year.
e Second scenario: study the output energy for each month in the year.

e Third scenario: study the output energy for a clear and a cloudy days in

each month of the year.

The hourly average solar radiation and ambient temperature is available for
Nablus site over one year in order to calculate the DC output power of the
PV generator by using equation 2.9 and 2.12. This DC output power will be
the input of the used inverters in each configuration, and then the AC
output energy for each configuration is calculated using the developed

inverter model by the help of MATLAB software.
6.2 Simulation Program Flow Chart

The following flow charts illustrate the mode of operation for the two used
configurations. The flow chart in Figure 6.3 describes the operation of
single centralized configuration while flow chart shown in Figure 6.4

illustrates the operation of mater-slave configuration.
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Get PV generator parameters
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Calculate the houry output power from inverter

Ctain the results
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End

Figure 6.3: SC inverter Flow chart.
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Figure 6.4: Master — Slave configuration Flow chart.
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Chapter Seven
Simulation Results

7.1 First Scenario

The output energy per year is calculated for each configuration and the

results are shown in Table 7.1 and Figure 7.1.

Table 7.1: Yearly average energy production.

= Eout (MWh/year)

MWh/year SC inverter M-S inverters
187.50 181.26 184.50
Efficiency 0.967 0.984

185

184

183 m SC inverter

182 m M-S inverters

181 -

180 -+

output energy / MWh

1

year

Figure7.1: Yearly average energy production.

From the above result, we can get maximum output energy from the
inverter by using M-S configuration rather than using SC inverter. Since
the power rating of SC inverter is equal to the peak power of the PV
generator. Thus at low solar radiation level, such as in the morning and in

the evening or during cloudy days, the solar radiation is low, resulting in
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small DC output power of PV generator. So it’s better to connect an
inverter with small power rating to the same PV generator, hence its
efficiency will be higher than the large inverter for the same operation

conditions.

The conversion efficiency increases by about 2% when using M-S
configuration instead of SC inverter resulting in more energy production

over one year which is equal to 3.24 MWh/ year.

7.2 Second Scenario

In this scenario the two configurations mentioned above is used to show
the output energy for each month in the year in order to show the effect of

solar radiation and temperature for each month in the year.

The output energy for each month using the two configurations is shown in

the following Table.

Table 7.2: Monthly average produced energy.

Month Ein Eout (KWh/month)
kWh/month SC inverter M-S inverters

Jan 8893.78 8528.70 8743.03
Feb 9009.91 8651.28 8859.84
Mar 15443.36 14915.09 15196.82
Apr 17420.29 16859.98 17144.07
May 21399.20 20719.85 21064.65
Jun 22072.04 21389.50 21727.20
Jul 22232.73 21542.13 21886.59
Aug 20687.35 20033.31 20360.92
Sep 17120.12 16576.70 16848.62
Oct 13652.14 13202.18 13431.75
Nov 10302.88 9938.04 10132.14
Dec 9264.79 8906.80 9108.09
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Figure 7.2: Monthly average produced energy.

Table 7.3 shows the efficiency of the used configurations for each month in

the year.

Table 7.3: Efficiency of inverter for each month in the year.

Efficiency
Ry SC inverter M-S inverters
Jan 0.959 0.983
Feb 0.960 0.983
Mar 0.966 0.984
Apr 0.968 0.984
May 0.968 0.984
Jun 0.969 0.984
Jul 0.969 0.984
Aug 0.968 0.984
Sep 0.968 0.984
Oct 0.967 0.984
Nov 0.965 0.983
Dec 0.961 0.983

The amount of the additional energy per month when we use the M-S
configuration instead of using SC inverter is shown in Table 7.4. And from
the output result, one can conclude that in winter and autumn seasons using

the M-S configuration is the better choice since the number of cloudy days
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Is more than clear sky days in these two seasons. In addition, this
configuration is also good in summer season referring to high temperature
that reduce the DC output power of the PV generator as mentioned in
section 2.3.1.4. Thus the master slave configuration is the better choice

over all months of the year.

Table 7.4: Additional energy production for each month.

Additional energy
Month production
kWh/month
Jan 214.33
Feb 208.56
Mar 281.73
Apr 284.09
May 344.80
Jun 337.71
Jul 344.45
Aug 327.61
Sep 271.93
Oct 229.57
Nov 194.10
Dec 201.29
Sum 3240.17

7. 3 Third Scenario

The two configurations mentioned above are used to show the output
energy for a clear and cloudy day selected of each month in order to
investigate the effect of solar radiation and temperature for clear and

cloudy days.

A clear and cloudy day of each month was determined depending in the
shape of the solar radiation for each day in the month. The following

Figure shows the shape of the solar radiation in October as an example,
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from this Figure we can select the clear day and the cloudy day for October

which seen in Figure 7.4 and 7.5.
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Figure 7.3: Solar radiation shape for October month.
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Figure 7.4: Clear day in October.
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Figure 7.5: Cloudy day in October.

The same procedure is done for all months in order to determine the clear
and cloudy days, the following Table shows the clear and cloudy days

selected for each month.

Table 7.5: Clear and cloudy day selected for each month.

Month Clear day Cloudy day
Jan 28 2
Feb 22 11
Mar 26 9
Apr 29 23
May 5 2
Jun 11 4
Jul 9 6
Aug 2 8
Sep 4 19
Oct 1 19
Nov 9 5
Dec 3 18

7.3.1 Clear Day

The following two Tables show the daily output energy and the daily

efficiency for a clear day in each month.
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Table 7.6: Daily output energy for clear day.

Ein Eot (KWh/day)
s oty kWh/day SC inverter M-S inverters
28-Jan 446.72 433.55 439.69
22-Feb 532.82 516.31 524.47
26-Mar 663.10 643.85 652.94
29-Apr 763.24 741.04 751.48
5-May 775.76 752.70 763.85
11-Jun 756.33 733.18 744.53
9-Jul 740.78 719.03 729.35
2-Aug 694.13 671.27 683.09
4-Sep 635.94 616.65 625.91
1-Oct 538.53 522.35 530.05
9-Nov 450.01 436.80 442.95
3-Dec 395.43 382.80 388.88

Table 7.7: Daily efficiency for clear day.

Efficiency
ALY SC inverter M-S inverters
28-Jan 0.971 0.984
22-Feb 0.969 0.984
26-Mar 0.971 0.985
29-Apr 0.971 0.985
5-May 0.970 0.985
11-Jun 0.969 0.984
9-Jul 0.971 0.985
2-Aug 0.967 0.984
4-Sep 0.970 0.984
1-Oct 0.970 0.984
9-Nov 0.971 0.984
3-Dec 0.968 0.983

The energy produced in January for clear day is shown in Figure 7.6.
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Figure 7.6: Power Output on 28-Jan using the two configurations.

The efficiency curve of the two configurations on 28-Jan. is shown in

Figure7.7.
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Figure 7.7: Efficiency curve of SC inverter and M-S inverters on 28-Jan.
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7.3.2 Cloudy Day

The following two Tables show the output energy per day and the

efficiency for a cloudy day in each month.

Table 7.8: Daily output energy for cloudy day.

Ein Eout (kWh/ day)

Cloudy day kWh/day SC inverter M-S inverters
2-Jan 73.00 64.12 71.31
11-Feb 109.29 99.87 107.06
9-Mar 176.06 164.61 172.78
23-Apr 264.99 253.01 260.32
2-May 507.78 489.43 499.55
4-Jun 583.34 562.07 573.93
6-Jul 580.75 560.01 571.35
8-Aug 576.73 555.74 567.41
29-Sep 576.35 555.38 567.07
19-Oct 126.17 116.23 123.66
5-Nov 331.35 317.91 325.78
18-Dec 98.32 88.96 96.22

Table 7.9: Daily efficiency for cloudy day.

Cloudy day | Efficiency
SC inverter M-S inverters

2-Jan 0.878 0.977
11-Feb 0.914 0.980
9-Mar 0.935 0.981
23-Apr 0.955 0.982
2-May 0.964 0.984
4-Jun 0.964 0.984
6-Jul 0.964 0.984
8-Aug 0.964 0.984
19-Sep 0.964 0.984
30-Oct 0.921 0.980
5-Nov 0.959 0.983
18-Dec 0.905 0.979

The energy produced in January for cloudy day is shown in Figure 7.8.
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Figure 7.8: Power Output on 2-Jan. using the two configurations.

The Figure below shows the daily efficiency in January for cloudy day.
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Figure 7.9: Efficiency curve of SC inverter and M-S inverters on 2-Jan.

From the above Tables we conclude that in the clear day using master slave

inverters is profitable, also M-S inverters are more suitable in cloudy days

since the solar radiation affected negatively by cloud so the DC output

power of PV generator will be less, Therefore, using (M-S) configuration is

more efficient than using one large inverter (SC).
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The Table below shows the amount of saving energy per day when using

M-S inverters instead of SC inverter for both clear and cloudy day.

Table 7.10: Additional energy production for clear and cloudy days.

Additional Additional

ener ener
Sl e prod%)étion SlELeyeEy prod%%tion

kWh/day kWh/day
28-Jan 6.14 2-Jan 7.19
22-Feb 8.16 11-Feb 7.19
26-Mar 9.09 9-Mar 8.17
29-Apr 10.44 23-Apr 7.31
5-May 11.15 2-May 10.12
11-Jun 11.35 4-Jun 11.86
9-Jul 10.32 6-Jul 11.35
2-Aug 11.83 8-Aug 11.67
4-Sep 9.26 19-Sep 11.69
1-Oct 7.70 30-Oct 7.43
9-Nov 6.15 5-Nov 7.87
-03Dec 6.09 18-Dec 7.25

Figure 7.10 shows the power sharing between master and slave inverters

for a clear day on may. It explains the reign where the master and slave

inverters activated.
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Figure 7.10 : The power sharing between master and slave inverters.
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Chapter Eighth
Economic Analysis

8.1 Introduction

This chapter shows the cost of generated energy by the two configurations
in order to make economical comparison between them. The economic
analysis used in this work is based on the payback period for both

configurations.
8.2 Initial Cost of PV System

The initial cost includes the cost of the equipment need for PV system,
represented in PV modules, inverters, Protection device ,wires and other
components used in installation. Also, It includes labors and technicians
costs for installation. These costs depend on the size and type of the

component. All these costs are summed to give the overall initial cost.
Initial cost =X components cost + installation cost
1- [Initial cost of photovoltaic modules.

PV-modules available in different sizes and types, any PV module
characterized by its peak watt at STC. The price of peak watt is the same
for mono or poly crystalline but the installation or structure cost will differ
depending on the installed PV area. The ($/W,) will decrease as the rated

power of module increases.
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2- Initial cost of PV inverter

Inverter available in different size and type. The Cost of PV inverter
depends on its capacity, efficiency, voltage range, protection feature and
technology. For this reason the designer can enter the price of these

components manually in software which helps to get the exact cost.
3- Otbher initial costs

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

public use (may be land available free), or for private use.
8.3 Operation and Maintenance (O&M) Cost of 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).

PV generator requires very little maintenance represented in cleaning the
modules surface. So, the operation and maintenance cost is considered to

be 3% of the capital cost.

8.4 Salvage Value

The salvage value is considered as the value of the project components
after the system life time is finished. The salvage value is assumed to be 2

% of the capital cost.
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8.5 Economic Analysis For Both Configurations

The price of the PV system and its installation are important factors in the
Feasibility study of grid connected PV systems. These include the prices of

PV modules, inverter, and all other auxiliaries parts.

For both configurations the main different in the initial cost is in the price
of inverters and M-S controller. However, in SC configuration only one
inverter is used rated at 100kW, while in M-S configuration three inverters
are used and M-S controller that control the operation of inverters. The
controller system consists of sensor for DC current, programmable logic
controllers (PLC) and three contactors. The price of the used inverters and

controller are shown in the table 8.1.

Table 8.1: Cost of the used inverters and controller for both

configurations.

M-S configuration SC configuration

Inverter  and .
Inverter &M- . . . Price
S controller Quantity | Price (NIS) ?:ther Quantity (NIS)

omponent

25kW 2 25,200 100kw 1 36,000
50kwW 1 19,800 Total price 36,000
controller 1 3,600
Total price 48,600

The additional cost required for M-S configuration =48,600-36,000
=12,600 NIS

So, in order to replace the SC inverter with M-S configuration, additional

investment of 12,600 NIS is needed.
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8.5.1 Annul Saving When Using M-S Configuration Instead of SC

Inverter

The simulation results show that the yearly energy production increases by

3.24 MWh/year when using M-S configuration instead of SC inverter.

So the annul saving= the additional energy production per year*cost of

kWh
the annul saving=3,240*0.6=1,944 NIS.
8.5.2 Simple Payback Period Analysis

The payback period for M-S configuration instead of using SC inverter can
be calculated using the following equation:

_ _ additional investment
Simple payback period = _ (8.1)
annual saving of energy

12,600
1,944

Simple payback period = = 6.48 year

So we need to six and a half years in order to overcome the additional
investment needed for M-S configuration, which makes this configuration

economically viable.
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Chapter nine
Conclusions and Future Work

9.1 Conclusions

Based on the performed analysis and the obtained results, the following

conclusions are made:

1- The climate changes have great influence on the output power of PV
systems unlike the traditional source of power that can be kept constant and

doesn’t be affected with weather conditions.

2- The PV inverters have a great effect on the overall efficiency of the PV
system; it can be observed from the study, that inverter efficiency is
affected strongly by the DC input power delivered by the PV generator so

that the inverter efficiency is not constant and varying continuously.

4- The efficiency curve of PV inverter can be modeled by using simple
mathematical expression with very good accuracy. The curve can be
represented by power function. A MATLAB fitting tool is used in order to
calculate the inverter model coefficients; the resulting model has a

coefficient of determination greater than 0.95 for all the used inverter.

5- Engauge Digitizer software is used to convert the efficiency curve into a
data points (1, Pgcpu). These points are used as input data to MATLAB
fitting tool in order to calculate the model coefficient of the efficiency

curve.
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6- This thesis provides in detail a way of improving the overall efficiency
of grid connected PV system focusing on the efficiency of PV inverters.
Master —Slave inverters are used instead of using one large (single
centralized) inverter, the results over one year show that this configuration
can increase the yearly energy production by 3.24 MWh/year. In addition

the DC to AC conversion efficiency of the inverters increases by about 2%.

7- The additional energy production when using the master-slave inverters
can be increased as the PV system becomes larger where this makes the

master slave configuration more profitable.

8-The master-slave concept used in this work can be applied to any system
consisted of large controlling unit such as pumping system, wind energy

system, diesel system etc., in order to improve the system performance.

9- Economic analysis shows that the additional investment in master-Slave
configuration instead of single centralized inverter can be covered within

six and a half years.
9.2 Future Works

It is recommended to calculate the optimum inverter size for the proposed
gird connected PV system. The sizing ratio, which is the ratio of the
nominal power of PV array and inverter rated power, since the optimal size

of inverter has a significant influence in increasing the system efficiency.
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Appendix

Appendix A

Table A.1: The extract points (n, Pdc.pu) for Tripower 25000TL-JP
inverter.

The extract points from curve (1, The value of
Pac.pu) eff|_0|ency when PE %
. Pacs applying the develop
model (1)

88.072 0.012 87.002 1.214
87.036 0.012 87.325 -0.332
86.653 0.012 87.442 -0.911
86.269 0.012 87.558 -1.495
88.609 0.013 88.682 -0.083
87.803 0.013 88.884 -1.231
87.420 0.013 88.979 -1.784
91.025 0.014 89.554 1.616
90.412 0.014 89.686 0.802
89.146 0.015 89.954 -0.906
91.409 0.016 90.637 0.844
90.757 0.016 90.755 0.002
91.831 0.017 91.493 0.368
92.214 0.019 92.194 0.022
92.598 0.020 92.773 -0.189
92.982 0.022 93.260 -0.299
93.749 0.023 93.637 0.119
93.365 0.023 93.673 -0.330
94.132 0.026 94.337 -0.217
94.516 0.027 94.607 -0.096
94.861 0.030 95.082 -0.233
95.245 0.033 95.457 -0.223
95.629 0.035 95.607 0.022
96.012 0.039 96.013 0.000
96.358 0.044 96.325 0.035
96.742 0.048 96.569 0.178
97.049 0.056 96.886 0.168
97.356 0.066 97.195 0.165
97.625 0.077 97.410 0.220
97.817 0.089 97.587 0.235
98.009 0.102 97.730 0.285
98.125 0.117 97.847 0.283
98.202 0.131 97.926 0.281
98.280 0.146 97.995 0.289
98.357 0.160 98.045 0.317
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98.396 0.175 98.089 0.311
98.435 0.190 98.126 0.313
98.435 0.206 98.160 0.279
98.474 0.221 98.186 0.293
98.475 0.237 98.208 0.271
98.475 0.252 98.227 0.252
98.514 0.267 98.243 0.275
98.515 0.282 98.258 0.261
98.515 0.297 98.271 0.248
98.516 0.312 98.282 0.237
98.517 0.327 98.293 0.227
98.517 0.343 98.302 0.218
98.479 0.356 98.310 0.172
98.480 0.371 98.318 0.165
98.480 0.387 98.325 0.158
98.481 0.402 98.331 0.152
98.481 0.408 98.333 0.150
98.482 0.423 98.339 0.145
98.482 0.438 98.344 0.140
98.445 0.453 98.349 0.097
98.445 0.469 98.354 0.093
98.446 0.484 98.358 0.089
98.446 0.499 98.362 0.086
98.409 0.514 98.366 0.044
98.409 0.529 98.369 0.041
98.371 0.543 98.372 -0.001
98.372 0.559 98.375 -0.003
98.372 0.574 98.378 -0.006
98.335 0.589 98.381 -0.047
98.335 0.604 98.383 -0.049
98.335 0.612 98.384 -0.050
98.298 0.627 98.387 -0.091
98.298 0.642 98.389 -0.092
98.299 0.658 98.391 -0.094
98.261 0.673 98.393 -0.134
98.262 0.688 98.395 -0.135
98.262 0.703 98.397 -0.137
98.224 0.717 98.398 -0.177
98.225 0.733 98.400 -0.178
98.187 0.748 98.401 -0.218
98.188 0.763 98.403 -0.219
98.150 0.779 98.404 -0.259
98.150 0.794 98.406 -0.260
98.151 0.809 98.407 -0.261
98.151 0.815 98.407 -0.261
98.114 0.831 98.409 -0.301
98.114 0.846 98.410 -0.301
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98.076 0.862 98.411 -0.341
98.077 0.877 98.412 -0.342
98.039 0.891 98.413 -0.381
98.040 0.906 98.414 -0.382
98.002 0.922 98.415 -0.422
98.002 0.937 98.416 -0.422
97.965 0.952 98.417 -0.462
97.965 0.968 98.418 -0.462
97.966 0.983 98.418 -0.462
97.928 0.999 98.419 -0.502

Table A.2: The extract points (1, Pdc.pu) for TRIO-50.0-TL-OUTD-
US inverter.

The extract points from curve The value of
(M, Pac.pu) efficiency when PE 0%
. Paco applying the develop
model (1)

96.904 0.098 96.664 0.248
96.929 0.108 96.928 0.001
97.052 0.112 97.024 0.028
97.174 0.121 97.194 -0.020
97.322 0.131 97.352 -0.031
97.445 0.140 97.484 -0.041
97.543 0.149 97.584 -0.042
97.666 0.158 97.680 -0.014
97.764 0.168 97.762 0.002
97.862 0.179 97.842 0.021
97.936 0.188 97.903 0.033
97.985 0.197 97.952 0.034
98.034 0.206 98.001 0.034
98.059 0.217 98.050 0.009
98.084 0.228 98.093 -0.009
98.108 0.239 98.131 -0.023
98.133 0.248 98.162 -0.030
98.157 0.259 98.193 -0.036
98.182 0.270 98.220 -0.039
98.206 0.280 98.246 -0.040
98.231 0.291 98.269 -0.038
98.256 0.301 98.288 -0.033
98.256 0.307 98.299 -0.045
98.280 0.318 98.318 -0.038
98.305 0.329 98.335 -0.030
98.329 0.338 98.349 -0.020
98.354 0.349 98.363 -0.010
98.354 0.360 98.377 -0.023




91

98.378 0.370 98.389 -0.011
98.403 0.381 98.401 0.002
98.428 0.391 98.410 0.017
98.452 0.401 98.421 0.032
98.452 0.412 98.430 0.022
98.477 0.423 98.439 0.038
98.501 0.433 98.448 0.055
98.501 0.444 98.455 0.046
98.526 0.454 98.462 0.065
98.550 0.464 98.469 0.082
98.550 0.475 98.476 0.076
98.575 0.486 98.482 0.094
98.575 0.496 98.488 0.088
98.575 0.504 98.492 0.084
98.575 0.515 98.498 0.078
98.575 0.525 98.503 0.073
98.575 0.536 98.508 0.068
98.575 0.547 98.512 0.063
98.575 0.558 98.517 0.059
98.575 0.568 98.521 0.054
98.575 0.579 98.525 0.050
98.575 0.590 98.529 0.046
98.575 0.601 98.533 0.043
98.624 0.609 98.536 0.090
98.575 0.619 98.539 0.037
98.575 0.630 98.542 0.033
98.575 0.640 98.545 0.030
98.575 0.651 98.548 0.027
98.575 0.662 98.551 0.024
98.575 0.673 98.554 0.021
98.575 0.683 98.557 0.018
98.575 0.694 98.559 0.016
98.575 0.705 98.562 0.013
98.575 0.716 98.564 0.011
98.575 0.726 98.567 0.008
98.575 0.737 98.569 0.006
98.575 0.748 98.571 0.004
98.600 0.759 98.573 0.027
98.575 0.769 98.575 0.000
98.575 0.780 98.577 -0.002
98.575 0.791 98.579 -0.004
98.575 0.802 98.581 -0.006
98.575 0.811 98.582 -0.007
98.575 0.820 98.584 -0.009
98.575 0.831 98.585 -0.010
98.575 0.841 98.587 -0.012
98.575 0.852 98.588 -0.014
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98.575 0.863 98.590 -0.015
98.575 0.874 98.591 -0.017
98.575 0.884 98.593 -0.018
98.575 0.895 98.594 -0.019
98.575 0.906 98.595 -0.021
98.550 0.917 98.597 -0.047
98.550 0.928 98.598 -0.048
98.550 0.938 98.599 -0.050
98.550 0.949 98.600 -0.051
98.550 0.960 98.602 -0.052
98.550 0.971 98.603 -0.053
98.550 0.981 98.604 -0.054
98.550 0.992 98.605 -0.055

Table A.3: The extract points (n, Pdc.pu) for Sunny Central 100
inverter.

The extract points from curve The value of
(M, Pac.pu) efficiency when PE %
P applying the develop
L de.pu model (1)

91.399 0.031 90.998 0.439
92.019 0.033 91.558 0.501
92.524 0.036 92.532 -0.010
93.183 0.039 93.254 -0.077
93.609 0.042 93.830 -0.236
94.269 0.045 94.271 -0.002
94.695 0.050 94.807 -0.118
95.122 0.053 95.078 0.046
95.587 0.061 95.598 -0.011
95.936 0.074 96.109 -0.181
96.285 0.085 96.378 -0.096
96.518 0.095 96.536 -0.019
96.790 0.109 96.700 0.093
97.061 0.130 96.847 0.220
97.139 0.139 96.894 0.251
97.216 0.154 96.949 0.274
97.294 0.167 96.986 0.316
97.332 0.176 97.009 0.332
97.371 0.188 97.031 0.349
97.410 0.197 97.047 0.372
97.449 0.204 97.057 0.402
97.488 0.215 97.072 0.427
97.526 0.228 97.086 0.452
97.526 0.237 97.095 0.442
97.565 0.247 97.103 0.474
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97.565 0.263 97.114 0.462
97.565 0.273 97.120 0.456
97.565 0.286 97.127 0.449
97.565 0.295 97.132 0.444
97.565 0.307 97.137 0.439
97.526 0.323 97.143 0.393
97.526 0.336 97.147 0.388
97.526 0.347 97.151 0.385
97.488 0.365 97.156 0.340
97.449 0.398 97.163 0.294
97.410 0.417 97.166 0.251
97.371 0.443 97.170 0.207
97.294 0.460 97.172 0.125
97.255 0.486 97.175 0.082
97.216 0.510 97.177 0.040
97.177 0.535 97.179 -0.002
97.139 0.551 97.181 -0.043
97.100 0.568 97.182 -0.084
97.022 0.589 97.183 -0.166
97.022 0.609 97.184 -0.167
97.022 0.627 97.185 -0.168
96.945 0.650 97.186 -0.249
96.945 0.673 97.187 -0.250
96.867 0.701 97.188 -0.331
96.828 0.727 97.189 -0.372
96.751 0.749 97.189 -0.453
96.751 0.768 97.190 -0.454
96.712 0.785 97.190 -0.495
96.673 0.810 97.191 -0.536
96.634 0.838 97.192 -0.577
96.557 0.860 97.192 -0.658
96.479 0.881 97.192 -0.739
96.479 0.903 97.193 -0.740
96.440 0.923 97.193 -0.780
96.440 0.947 97.193 -0.781
96.363 0.969 97.194 -0.862
96.324 0.992 97.194 -0.903




K
‘ﬁ

-

Passionately

committed to

delivering innovative

energy solution

@ i G

st - & ‘ Chon Craw Geundl o

™ F< Lo
D s LAY o

-
=.9"™% Amerisolar | New Energy New World

94

Appendix B-1

®

AS-6P

POLYCRYSTALLINE MODULE

ADVANCED PERFORMANCE & PROVEN ADVANTAGES

High module conversion efficiency up to 17.01% through advanced manufacturing
technology.

Low degradation and excellent perfformance under high temperature and low light
conditions.

Robust aluminum frame ensures the modules to withstand wind loads up to 2400Pa
and snow loads up to 5400Pa.

Positive power tolerance of 0 ~ +3 %.

High ammonia and salt mist resistance.

Potential induced degradation (PID) resistance.

CERTIFICATIONS

IEC61215, IEC61730, IEC62716, IEC61701, UL1703, CE, ETL(USA), JET(Japan),
J-PEC(Japan), MCS(UK), CEC(Australia), FSEC(FL-USA), CSI Eligible(CA-USA),
Israel Electric(Israel), Kemco(South Korea), InMetro(Brazil), TSE(Turkey)
1S09001:2008: Quality management system

1SO14001:2004: Environmental management system

OHSAS18001:2007: Occupational health and safety management system

SPECIAL WARRANTY

12 years limited product warranty.
Limited linear power warranty: 12 years 91.2% of the nominal power output,

30 years 80.6% of the nominal power output.

100%
97.5% |

- 4

90%

80% - —

Warranted Power

5 10 15 20 25 30
Year
I Linear performance warranty frem Amerisalar
Standard performace warranty

Worldwide Energy and Manufacturing USA Co., Ltd.

www.weamerisolar.eu , info@weamerisolar.eu

EN-V1.0-2015
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ELECTRICAL CHARACTERISTICS AT STC

Nominal Power (Pras) 206W 300W 305W 310W 315W 320W 325W 330W
Open Circuit Voltage (Voc) 45.2v 45.3V 45.4V 45.5V 45.6V ‘ 45.7V 45.8V 45.9V
Short Circuit Current (Isc) 8.60A 8.68A . 8.76A 8.85A 8.93A 9.00A . 9.08A 9.16A
Voltage at Nominal Power (Vip) 36.6V 36.7V 36.8V 36.9V 37.0v 37.14v 3r.2v 37.3V
| Current at Nominal Power (liy) 8.07A ‘ 8.18A . 8.29A 8.41A 8.52A ' 8.63A 8.74A 8.85A
Module Efficiency (%) 15.20 . 15.46 v 15.72 15.98 16.23 16.49 V 16.75 17.01
Operating Temperature -40°C to +85°C
‘ Maximum System Voltage 1000V DC
Fire Resistance Rating Type 1(UL1703)/Class C(IEC61730)
Maximum Series Fuse Rating 15A

STC: Irradiance 1000W/m?, Cell temperature 25°C, AM1.5

ELECTRICAL CHARACTERISTICS AT NOCT

Nominal Power (Prax) 217W 21W 224W 228W 232W 236W 239w 243W
Open Circuit Voltage (Vec) 41.6v 4.7V . 41.8V 419V 42.0V 42.0V ‘ 421V 42.2V
Short Circuit Current (Isc) 6.97A . 7.03A 7.10A 7A7A 7.23A 7.29A 7.35A T42A
Voltage at Nominal Power (Vi) 33.3V 33.4V » 33.5V 336V 33.7V » 33.8V A 33.0v 34.0V
Current at Nominal Power (lrp) 6.52A ‘ 6.62A . 6.69A 6.79A 6.89A 6.98A V 7.05A 7.15A

NOCT: Irradiance 800W/m?2, Ambient temperature 20°C, Wind Speed 1 m/s

MECHANICAL CHARACTERISTICS TEMPERATURE CHARACTERISTICS

Cell type Polycrystalline 156x156mm (6x6inches) Nominal Operating Cell Temperature (NOCT) =~ 45°C+2°C
Number of cells 72 (6x12) \ Temperature Coefficients of Py -0.43%/°C
Module dimensions 1956x992x50mm (77.01x39.06x1.97inches) Temperature Coefficients of Voc -0.33%/°C
Weight 27kg (59.5lbs) | Temperature Coefficients of lsc 0.056%/°C
Front cover 4.0mm (0.16inches) low-iron tempered glass
Junction box P67, 3 diodes Standard packaging 21pes/pallet
Cable 4mm?(0.006inches?), 1000mm (39.37inches) ‘ Module quantity per 20’ container 210 pes
Connector MC4 or MC4 compatible Module quantity per 40’ container 462 pes
ENGINEERING DRAWINGS [IVCURVES |
} i §| Unit: mm ’
T : 4
Barcode I.‘,_;_'\—.l sl biog z :
S o P E s
(] i
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2
i ’ '
0
Nalkige(Vi
l_ “l — N — SO0 — teT A — 200V
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-+ i
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Specifications in this datasheet are subject to change without prior notice. Temperatures

Amerisolar and Amerisolar logo denoted with ® are registered trademarks of Worldwide Energy and Manufacturing USA Co., Ltd.



Efficient

« Hficiency of 98.0% (as per
JIS C 8961)
* Peak efficiency of 98.7%
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Appendix B-2

Flexible

* DC input voltage of up to 1000 V/

* Optimum system design thanks fo
multistiing concept and stepup
converter

* Operating temperature range from
-25°Cto +60°C through active
OpliCool temperature management

Convenient

* Straightforward system visualization
and monitoring thanks to
Webconnect and Sunny Portal

* Integrated graphic display showing
yield values and daily trends

SUNNY TRIPOWER 25000TL-JP

The reliable specidlist for decentralized systems on the medium-voltage grid

Innovative

« Efficient parameterization and
remote monitoring via SMA Cluster
Confroller and Sunny Portal for
mediumsized and largescale
systems

The new Sunny Tripower 25000TLJP is the high-performance solution for use in larger, decentralized medium-voltage systems
ontheJapanese market. This newly developed product is based on the fechnologically mature Sunny Tripower platform. Users
benefit from years of experience and the professional support that SMA as a market leader provides. Its peak efficiency of
98.7 percent ensures highyields, thereby guaranteeing system operators rapid amortization. The multistring concept and wide
input voltage range allows for high design flexibility and compafibility with many PV modules on the market.

In addition to professional and efficient system monitoring, the opfional SMA Cluster Controller also enables personalized

system parameterization using Modbus.
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Efficiency Curve
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Output power / Rated powsr
Input (DC)
Max. DC power (@ cos ¢ = 1) / DC rated power
Max. input voltage

MPP voltage range at nominal voltage / rated input voltage
Min. input voltage / inifial input voltage

Max. input current input A / input B

Number of independent MPP inputs / strings per MPP input
Output (AC)

Rated power at nominal voltage

Max. apparent AC power

Nominal AC voltage

AC voltage range
AC power frequency / range

Rated power frequency / rated grid voliage

Max. output current

Power factor af rated power

Adjustable displacement power factor

THD

Feedtin phases / connection phases

Efficiency

Max. efficiency / efficiency as per JIS C 8961

Protective devices

DCside disconnection point

Ground fault monitoring / grid monitoring

DC surge arester SPD type Il

DC reverse polarity protection / AC short-ircuit current capability / galvanically isolated
Allpole sensitive residual-current monitoring unit

Profection class (as per IEC 62109-1) / overvoltage category (as per IEC 62109-1)
General data

Dimensions (W / H /D)

Weight

Operating temperature range

Noise emission, typical

Self-consumption (at night)

Topology / cooling concept

Degree of protection (as per IEC 60529)
Climatic category (according to IEC 60721-34)
Max. permissible value for relative humidity (non-condensing)
Features

DC connection / AC connection

Display

Interface

Muliifunction relay / Power Control Module
Warranty: 5 /10 /15 / 20 years

OptiTrac Global Peak / FRT* / manual restart

® Standard features  © Optional features  — Not available, data at nominal conditions

* according to JEAC 9701-2012 (3-4)
Type designation

www.SMA-Solar.com

Accessory
[ DC surge arrester type Il, Power Control Module
inputs Aand B PWCMOD10
DCSPD KIT3-10

Mol function relay
MFRO1-10

Sunny Tripower 25000TL-JP

25,550W /25,550 W
1,000V
390 V10800V / 625V
150V /188V
33A/33A
2 /A3; B3

25,000 W
25,000 VA
3/ N /PE 420V, 50 Hz
3/ N /PE 440V, 60 Hz
360 Vio 480V
50Hz / 44 Hz 1o 55 Hz
60Hz / 54 Hz to 65 Hz
50 Hz / 420V
38A
1
0.8 overexcited to 0.8 underexcited
$3%
3/3

98.7% / 98.0%

.
o/e
o
°/o/
.
1/ AC:II; DC: It

661 /682 / 264 mm
(260 /269 / 104 inch|
61 kg (134.481b)
25°Cto +60°C (-13°Fto +140°F)
51 dB(A)
1w
Transformerless / OptiCool
P65
4K4H
100%

SUNCLIX / spring-cage terminal
LC graphic display
Speedwire / Webconnect
o/o
e/0/0/0
e/0 /0

STP 25000TL4P-30

SMA Solar Techno|ogy

Tar

ey

A smes

devatiors,

o SIAA Solar Techrdogy AG. Bustacsh i aregitersdademark af Bustoath SIG, tac. SUNCLK s a regatorsd ook f FHOENIX CONTACT GabHi & Co. KG. Pirted an 15 paps.

Hpawer
change,

STR25000TLIP30MO



Solar inverters

The most powerful ABB string inverter
available today, the TRI0-50.0 has
been designed to maximize the ROI in
large systems. It has all the advantages
of a decentralized configuration for
both rooftop and ground-mounted
installations.

The new TRIO-50.0 inverter is ABR's
three-phase string solution for cost
sfficient large decentralized photovoltaic
systams for both commercial and utility
applications.

Modular design

TRIO-£0.0 has a landscape modular
design to guarantes maximum flexibility.
The separate and cor and
DC compartments increass the eass of
installation and maintenance with their
ability to remain separatsly wired from the

inverter module inside the system.

98

ABB

O

The TRIO comes with the most complete
wiring box configurations available
including 12 or 16 DC inputs, AC and DC
disconnect switches and monitored type
Il AC and DC surge a Is.

Flexibility of installation
The TRIO
over an ex

50’ forced air cooling systsl

1al heatsink, d

gned for a
simple and fast installation, enables for
the maximum flexibility of installation. The
option of horizontal or vertical mounting
bles the best uss of space
1eath or behind the solar

modul

Design flexibility

on topology
antage of a wide input

ge for maximum flexibility of

Highlights:

- Modular landscaps design to
guarantes maximum flexibility

- Separate and configurable AC and DC
compartments increass the
installation and maintsnance

- Complete wiring box configurations;
including, 12 or 16 inputs, AC and DC
disconnact switches

s8 of

- Forced air cooling system over
gxternal heat sink
! supports for both horizontal
or vertical positions allowing 90

s of installation




Additional highlights (s e

- Transformerless topology

- Each inverter is set on specific grid
codes which can be selected directly
in the field

- Lockable wiring boxes

99

Technical data and types
Type code

TRIO-50.0-TL-OUTD-US

Input side

Absolute maximum DG input voltage (Viacas:)

1000V

Start-up DG input voltage (Vo)

200...500 V (Default 260)

Operating DG input vwoltage range (V... Veemai)

0.7xVgar ...950 V (min 250 V)

Rated DC input voltage (Vi)

715 Vdce

Fated DC input power (Pac)

51250 W

Number of independent MPPT

MPPT input DG voltage range (Vueeto ... Vieetna) at Pac

1
520-800 Vdc

Maximum DC input current (licn

100 A

Maximum input short circuit current

144 A

Number of DC inputs string / pairs

12 or 16 string combiner version available / standard version 2

DC connection type

Input fugs {type 1), 12/16 string field wired fuse holders {type 2), 12/16 string
quick connectors (type 3)

Input protection

Reverse polarity protection

Yes, from limited current source; type 2: reverse polarity indicators

Input over voltage protection - varistor Yes
Input over voltage protection - plug In modular surge Typs 2

arrester (optional 12 and 16 string DC combiner option)

Photovoltaic array isolation control

According to US standards

DC switch rating

200A/1000V

Qutput side

AC Grid connaction type

20, Y / 2W+GND or 4W+GND

Rated AC power (P, @cose=1) 50000 W
Maximum AC output power (Pacus @cose=1) 50000 W
Maximum apparent power (Sya:) 50000 VA
Rated AC grid voltage (Vac,) 480V
C voltage range 422-528
Maximum AC output current (lacma) 61 A
Contributory fault current 66 A
Rated output frequency (f;) 60 Hz
Output frequency range (fup...fra) 57...62 Hz

Nominal power factor and adjustable range

>0.995, 0...+ 1 with max Sia

AC connection type

Screw terminal block

Qutput protaction

Anti-islanding protection

According to US standards

Maximum external AC overcurrent protection 90 A
Output overvoltage protection - varistor Yes
Operating performance

Maximum efficiency (nmax) 98.6%
Weighted efficiency (CEC) 98.0%
Safsty

Isolation level Transformerless
Marking TUV

Safety and EMC standard

UL1741, Rue 21, HECO tester per UL 1/41 SA, UL169GE, [EEE1547,
IEEE1547 1, CSA C22.2 107.1-01-2001, FCC Part 15 Sub-part B Class B Limits

2 ABB solar invarters | Product flyer for TRIO-50.0-TL-OUTD-US



CEC efficiency = 98.0 percent
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Technical data and types (preliminary)

Type code

% of Rated Output Power

TRIO-50.0-TL-OUTD-US

Communication

Fiemote monitoring

VSN200 Wifi Logger Cardm[opt‘). VSN700 Data Logger (opt.)

Wireless local monitoring

VSNR00 Wifi Logger Card (opt.)

User interface

LEDs / No display; Aurora Manager Lite software required

Available port

2 RS485

Environmental

Ambient temperature range

-13...+144°F (-25...+60°C) with derating > 122°F (50°C)

Felative humidity

0...100 % condensing

Maximum opgrating altitude without derating

2000 m / 6560 ft

Physical

Enwvironmental protection rating NEMA 4X (NEMA 2F for fan tray)

Cooling Forced air over external heatsink

Dimension (H x W x D) 285" « 587" «12.4" /725 mm x 1491 mm x 215 mm

Weight 209 Tbs overall; 145 Ibs power module, 22 [bs AG wiring box {Full options),

21 Ibs DC wiring box (Full options)

Mounting system options

Wall bracket, horizontal support

e DC Wiring Box Model Number

Description

DCWE-1-TRIO-50.0-TL-OUTD-US-480

Input lugs for use with external combiner, DC disconnect switch, conduit entry

DCWB-2-TRIO-50.0-TL-OUTD-US-480/12

Touch-safe fuse holder 12 string combiner, DC disconnect switch, AFCI, DC
SPD, conduit entry

‘Touch-safe fuse holder 16 string combiner, DC disconnect switch, AFCI, DC
SPD, conduit entry

' DCWE-2-TRIO-50.0-TL-OUTD-US-480/16
[ DCWE-2-TRIO-50.0-TL-OUTD-US-480/12*

Poard mounted fused 12 string combiner, DC disconnect switch, AFCI, DC
SPD, Amphenol connactor

DCWE-2-TRIO-50.0-TL-OUTD-US-480/16"

Board mounted fused 16 string combiner, DC disconnect switch, AFCI, DG
SPD. Amphenol connector

*Avaiiable late 2016

Description

‘e AC Wiring Box Model Number
’ CWE-TRIO-50.0-TL-OUTD-US-480

AC output lugs, conduit entry

ACWR-A-THIO-50.0-TL-OUTD-US-480

G output lugs, conduit entry and AG SPD

AC output lugs, conduit entry, AC SPD and AC disconnect switch

' ACWB-B-THIO-50.0-TL-OUTD-US-4€0

Power Module Model Number

Description

TRIO-50.0-TL-OUTD-US-4€0-POWER MODULE

Inverter section / power moduls

Bracket Model Number

Description

THIO-50.0-BRACKET-VERTICAL

Wall mounting bracket: 90 to 16 degrees from horizontal

THIO-50.0-BRACKET-HORIZONTAL

Mounting bracket; 15 to O degress horizontal

Product flyar for TRIO-50.0-TL-OUTD-US | ABR solar inverters

Q



Support and service

ABB supports its customers with a
dedicated, global service organization
in more than 80 countries, with strong
regional and national technical partner
networks providing a complets range of
life cycle services.

101

For more information pleass contact
your local ABB representative or visit:

www.abb.com/solarinverters

www.abb.com

T

17.201

CABS10 EN Rev. FO2.
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© Copyright 2016 ABE. All rights reserved.
Specifications subject to change without notics.
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Flexible

> Extended temperature range
-20 °Cto+50 °C

> Compact dimensions - easier
installation T
Economic

> Innovative transformer tech-
nology resulting in improved
peak efficiency up to 97.6 %
and Euro Eta of 97.0 %

Safe

> System monitoring and analysis
via integrated data logger

> Simple remote querying using
remote access is possible

Optional

> String monitoring

> DCinput voltage range up to
1000 V

> Operation with grounded PV
generators

> Also available as HE version

SUNNY CENTRAL 100

Powerful and Efficient

Concentrated power at an aftractive price: the Sunny Central 100 outdoor is the perfect solution for PV power plants on the
free field. The weatherproof enclosure and the extended temperature range make it the first choice for reliable outdoor opera-
tion - even under harsh climatic conditions. Plant operators benefit twice: the compact design of the Sunny Central 100 reduces
installation work. And the innovative transformer technology improved the peak efficiency of the central inverter even further,
resulfing in 97.6 %. This makes it one of the most efficient inverters in its class. The indoor version is basically identical to the
Sunny Central 100 Outdoor, though the special ventilation concept makes it the perfect solution for indoor applications.
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SC 100 Outdoor / HE* SC 100 Indoor / HE*
Max. PV power (recommended), (Ppy) 110 kWp 110 kWp
DC voltage range, MPPT (Up) 450V - 820V 450V - 820V
Max. permissible DC voltage (Upc. ) 900V / optional 1000V 900V / optional 1000 V
Max. permissible DC current Max. (Ipc. pex) 235 A 235A

Number of DC inputs (teminal without fuse)

3 x Plus, M12 screws
3 x Minus, M12 screws

3 x Plus, M12 screws
3 x Minus, M12 screws

Nominal AC output power (Px¢) 100 kW 100 kW
Operafing grid voltage +/-10 % (Upc) 400V /300 V* 400V /300 V*
Nominal AC current (Inc_ oo 145A /193 A T45A/ 193 A%
Grid structure TT, TN-S, TN-Cgrid / ITgrid* TT, TN-S, TN-C-grid / ITgrid*
Operating range, grid frequency (fxc) 50Hz - 60 Hz 50 Hz - 60 Hz
Voltage ripple, PV voltage (Upp) <3% <3%

Hamonic distortion of grid current (Kjsc)

<3 % at nominal power

<3 % at nominal power

Power factor (cos ¢)

> 0.99 ot nominal power

>0.99 at nominal power

Max. efficiency Pac pom (1] 97.6%/98.5%" 97.6%/ 98.5 %"
Euroefa ( 970%/98.3%" 97.0% /983 %"
Width / Height / Depth in mm (W / H/ D) 1280/ 1835/ 830 1280 /1835 / 830
Weight approx. (m) 925 kg / 505 kg* 925 kg / 505 kg*
Own consumption in operation Py, ) <1%0fPac om <1%0f Pac pom
Standby operating plion (Puin) < approx. 50 W < approx. 50 W
External auxiliary voltage / grid structure 230V, 50 / 60 Hz TN-Sgrid 230V, 50 / 60 Hz TN-Sgrid
(Optional / Yes*) (Optional / Yes*)
External back-up fuse for auxiliary supply B 16 A, 1-pole B 16A, 1-pole

Communication (NET Piggy Back, optional)

Analog, ISDN, Ethernet, GSM

Analog, ISDN, Ethemet, GSM

Analog inputs

Optional 1 xPT 100, 2x A, 3!

Opfional 1 xPT 100, 2x A, 3!

Overvoltage protection for analog inputs

Optional

Optional

Sunny String Monitor interface (COM 1)

RS485

RS485

PC interface (COM3)

RS232

RS232

Electrically separated relay (ext. signal)

Efficiency curve

1

1

ettt

o0l | === Sunny Central 100

Sunny Cantral 100HE

86 | Sunny Central 100 / Sunny Central 100HE |
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Display (SCC)
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Ground fault monitoring

Heating

Emergency stop

no

Power switch AC side

Optional / Fuse load disconnector *

Optional / Fuse load di

Power switch DC side

motor-driven

motordriven

Monitored overvoltage proteciors AC

Optional

Monitored overvoltage protectors DC

Yes

Optional
Yes

Monitored overvoltage protectors for auxiliary suppl

Optional

EN 610006-2, EN 61000-6-4

Optional

EN 61000-6-2, EN 61000-6-4

as per VDEW regulations

as per VDEW regulations

Protection rating as per EN 60529

IPA4 / IP54

P21

1. Enclosure type according to 60721-3-4 ambient conditions:
fixed location, without protection against wind and weather.
2. Enclosure fype according to 60721-3-3
fixed location, with protection against wind and weather.

1. Classification of

2. Classification of

lly active sub 4C1

ically aci aciL
i 352

ically active sut 452

Permissible ambient temperature (T)

-20°C...+50 °C4

-20°C..+50°C4

15%..95%

15%...95%

Relative humidity, not condensing (Uxg)

Max. altitude (above sea level)

1000 m

1000 m

Fresh air consumption (V yg)

2300 m*/h

2300 m*/h

Air flow (Outdoor installation of SC 100 ourdoor)

Intake over top
blown out through base

Intake and discharge
over fop

* HE: High Efficiency, inverter without electric separation for the connection to @ medium voliage transformer (preliminary data dated March 2008)

1) Specifications apply fo irradiation values = 1,000 (kWh/(kWp x year))

2) Efficiency measured without an internal power supply at Up- = 500V

3) Terminal for an analog sensor provided by the customer in twowire and four-wire version

4) Complies with nominal values up to an ambient temperature of +40 °C, at an ambient temperature of +50 °C the nominal values are held for two hours.

Note: Sunny Central transport documentation, Sunny Central Installation guide and when installing the SC 100 Qutdoor, a suitable foundation, sufficient ventilation and appropri-

ate sun shading systems are necessary

{ SUNNY CENTRAL 100 Ouldoer / 100 Indaor |——————————

2

3x400V/ 50 Hz *3)

s:ﬁ’ T *1) is not necomery in om of HE version

*2) Fuss ewtich disconnecior in cass of HE venion
*3) 3% 300V / 50 Hz In case of HE version

{optonal)
9 - —* Fnlhl:l.lgl'n'g contact

— Status

Inferface for communicafion, &.¢:
Sunny Portl

B I

- i’:zupnﬂbymilwmmul
- Sunny Dk

- Diakn with PC via modem

Inputs for extemal senson, 0.g.2
g Tsmparalure &G Imudlafon
A Refarance cal efc.
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Medium-
voltage
High  _
efficiency

Standard -

Qutdoor -

Low-

voltage |

T
100 0C 700

Accessories
Reprseniative display
of plant dota ih the
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