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ABSTRACT

Photovoltaic (PV) power generators can be used for converting the energy of solar ra-

diation directly into electrical energy without any moving parts. The operation of the

generators is highly affected by operating conditions, most importantly irradiances and

temperatures of PV cells. PV power generators are prone to electrical losses if the op-

erating conditions are non-uniform such as in a case where part of the modules of a

generator are shaded while the rest are receiving the global solar radiation. These con-

ditions are called partial shading conditions and they have been recognized as a major

cause of energy losses in PV power generators.

In this thesis, the operation of silicon-based PV power generators under partial shad-

ing conditions is studied using Matlab Simulink simulation model. The operation of the

model has been verified by measurements of electrical characteristics of a PV module

under several different operating conditions and also under partial shading conditions. A

systematic approach to study the effects of partial shading conditions has been developed

and used. In addition to the systematic approach, a vast amount of data measured from

the Tampere University of Technology (TUT) Solar Photovoltaic Power Station Research

Plant are analyzed and used as input for the simulation model to study operation of PV

power generators under actual operating conditions.

Partial shading conditions have severe effects on the electrical characteristics of PV

power generators and can cause multiple maximum power points (MPPs) to the power-

voltage curve of the generators. In most cases, partial shading conditions lead to the

occurrence of multiple MPPs, but also only one MPP can be present despite of partial

shading. Reasons for this phenomenon are presented and analyzed in this thesis. Because

of multiple MPPs, a considerable amount of available electrical energy may be lost when

the generator is operating at a local MPP with low power instead of the global MPP. In

order to optimize the operation of PV power generators under partial shading conditions

it is crucial to be familiar with the operation of the generators under these conditions.

Results of a systematic study of the effects partial shading conditions on MPP charac-

teristics are shown and a method to differentiate between local and global MPPs will be

presented in this thesis.

Partial shading conditions cause also mismatch losses when the individual PV cells are

not operating at their own MPPs although the generator would operate at its own MPP.

The amount of mismatch losses depends on the partial shading conditions but also on the

electrical configuration of the PV power generator. In this thesis, different configurations

are based on different inverter concepts such as central inverter, string inverter and multi-

string inverter. The mismatch losses under partial shading conditions of these different

PV power generator configurations are studied. It is shown that long series connections

of PV modules are most severely affected by partial shading conditions.
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iv



TABLE OF CONTENTS

List of Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

List of Related Publications . . . . . . . . . . . . . . . . . . . . . . . . . . xi

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Objectives and Scientific Contribution of the Thesis . . . . . . . . . . . . . 5

1.2 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2. Background of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 The Sun as an Energy Source . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 The Photovoltaic Effect and Photovoltaic Cells . . . . . . . . . . . . . . . . 9

2.3 Mathematical Modeling of the Operation of Photovoltaic Cells . . . . . . . 11

2.4 Effect of Environmental Conditions . . . . . . . . . . . . . . . . . . . . . . 14

2.5 The Operation of PV Modules Under Partial Shading Conditions . . . . . 15

2.6 Maximum Power Point Tracking . . . . . . . . . . . . . . . . . . . . . . . . 17

2.7 PV Power Systems and Generator Configurations . . . . . . . . . . . . . . 20

3. Modeling and Simulation of the Operation of Photovoltaic Power

Generators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.1 Simulation Model of PV Power Generator . . . . . . . . . . . . . . . . . . . 22

3.2 Experimental Verification of the Operation of the Simulation Model . . . . 26

3.3 Systematic Approach to Study the Effects of Partial Shading Conditions . 27

3.4 Approach to Study Mismatch Losses Caused by Partial Shading due to Clouds 31

4. Effect of Partial Shading Conditions on Maximum Power Points . . . 34

4.1 Number of Maximum Power Points . . . . . . . . . . . . . . . . . . . . . . 34

4.1.1 Shading Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.1.2 Power Losses in Bypass Diodes . . . . . . . . . . . . . . . . . . . . . . 41

4.1.3 Shunt Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2 Characteristics of Maximum Power Points . . . . . . . . . . . . . . . . . . 52

4.2.1 Voltage of the Global MPP . . . . . . . . . . . . . . . . . . . . . . . . 53

4.2.2 Differentiation Between Local and Global MPPs . . . . . . . . . . . . . 54

5. Effect of Generator Configuration on Mismatch Losses under Partial

Shading Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.1 Mismatch Losses in Different Generator Configurations . . . . . . . . . . . 65

5.1.1 Practical Shading Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 70

5.2 Mismatch Losses due to Partial Shading Caused by Clouds . . . . . . . . . 73

5.2.1 Effect of Shading due to Clouds on Irradiance . . . . . . . . . . . . . . 73

v



Table of Contents

5.2.2 Mismatch Losses in PV Power Generators due to Clouds . . . . . . . . 75

6. Conclusions and Recommendations for Future Work . . . . . . . . . . 79

6.1 Main Conclusions of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.2 Future Research Topics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Appendix A. Method to Obtain Parasitic Resistances for One-Diode

Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Appendix B. Matlab Simulink Model of a PV module . . . . . . . . . . 96

Appendix C. Technical Description of NAPS NP190GKg PV module . 98

Appendix D. Measurement Setup for PV Module Electrical Character-

istics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Appendix E. Layout of TUT Solar Photovoltaic Power Station Research

Plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

vi



LIST OF ABBREVIATIONS

AC Alternating current

AM0 Air mass zero

AM1.5 Air mass 1.5

AM1.5G Air mass 1.5 global

ASTM American Society for Testing and Materials

DC Direct current

DIRECT Dividing rectangles

EU European Union

IC Incremental conductance

IEA International Energy Agency

MPP Maximum power point

MPPT Maximum power point tracking

NOCT Nominal operating cell temperature

NREL National Renewable Energy Laboratory

OC Open-circuit

P&O Perturb and observe

PV Photovoltaic

SC Short-circuit

STC Standard test conditions

TUT Tampere University of Technology

vii



LIST OF SYMBOLS

∆T Temperature difference

A Ideality factor

Abypass Ideality factor of bypass diode

a-Si Amorphous silicon

CdTe Cadmium telluride

CIGS Copper indium gallium selenide

CO2 Carbon dioxide

dP/dI|MPP Notation for differentiation (derivative of power with respect to

current at maximum power point)

Eg Band gap energy

G Irradiance

GSTC Irradiance in standard test conditions

GaAs Gallium arsenide

GaInNAs Gallium indium nitride arsenide

GaInP Gallium indium phosphide

H2O Water

I Current

Id Current through the diode in one-diode model

IMPP,STC Current at maximum power point in standard test conditions

IMPP,high Current at the maximum power point at high values of current (low

values of voltage)

InGaAs Indium gallium arsenide

InGaP Indium gallium phosphide

Io Dark saturation current

Io,bypass Dark saturation current of bypass diode

Io,ns Dark saturation current of non-shaded PV cells

Io,s Dark saturation current of shaded PV cells

Io,STC Dark saturation current in standard test conditions

Io1 Dark saturation current in quasi-neutral regions

Io2 Dark saturation current in depletion region

Iph Light-generated current

Iph,STC Light-generated current in standard test conditions

ISC Short-circuit current

ISC,STC Short-circuit current in standard test conditions

k Boltzmann constant

Ki Temperature coefficient of short-circuit current

Kt Temperature-rise coefficient

viii



Ku Temperature coefficient of open-circuit voltage

L1, L2, L3 Phases 1, 2 and 3 of electrical grid

N Neutral of electrical grid

Nc Number of series-connected cells in a PV module

Ns Number of series-connected blocks of series-connected PV cells

with an anti-parallel-connected bypass diode

P Power

PMPP Power at maximum power point

q Elementary charge

Rs Series resistance

Rs,bypass Series resistance of bypass diode

Rsh Shunt resistance

S1, S2, S3, ... Photodiode sensors 1, 2, 3 and so on of Tampere University of Tech-

nology Solar Photovoltaic Power Station Research Plant

T Temperature of a PV cell/module

Tamb Ambient temperature

TSTC PV module temperature in standard test conditions

U Voltage

Ubd Bypass diode voltage

Ud Voltage of the diode in one-diode model

Ulim,high Relative voltage difference limit to differentiate between local and

global MPPs in case of an MPP at high voltages

Ulim,low Relative voltage difference limit to differentiate between local and

global MPPs in case of an MPP at low voltages

UMPP,ns Maximum power point voltage of a block of series-connected

non-shaded PV cells with an anti-parallel-connected bypass diode

UMPP,STC Maximum power point voltage in standard test conditions

Uns Voltage of a block of series-connected non-shaded PV cells with

an anti-parallel-connected bypass diode

UOC,STC Open-circuit voltage in standard test conditions

Us Voltage of a shaded block of series-connected PV cells with

an anti-parallel-connected bypass diode

Ut Thermal voltage

Ut,ns Thermal voltage of a block of series-connected non-shaded PV cells

with an anti-parallel-connected bypass diode

Ut,s Thermal voltage of a block of series-connected shaded PV cells

with an anti-parallel-connected bypass diode

x System shading

xlim Limit of system shading for which only one maximum power point

exists due to power losses in bypass diodes

ix



List of Symbols

y Shading strength

ylim Limit of shading strength for which only one maximum power point

exist due to low shunt resistance

ymax Maximum shading strength for which only one maximum power

point exists due to low shading strength

x



LIST OF RELATED PUBLICATIONS

The content of this thesis is based on the contents of the following scientific publications.
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P2. Mäki, A. and Valkealahti, S. (2011). Operation of long series-connected silicon-

based photovoltaic module string and parallel-connected short strings under par-

tial shading conditions, 26th European Photovoltaic Solar Energy Conference and

Exhibition, Hamburg, Germany, pp. 4227–4232, DOI: 10.4229/26thEUPVSEC-

2011-5BV.2.10.
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1 INTRODUCTION

”We are like tenant farmers, chopping down the fence around our house for

fuel, when we should be using nature’s inexhaustible sources of energy – sun,

wind and tide.

...

I’d put my money on the sun and solar energy. What a source of power!

I hope we don’t have to wait till oil and coal run out before we tackle that.”1

– Thomas A. Edison

Thomas Edison said the quoted words above in 1931. About 80 years later in 2010,

the world’s total primary energy supply was over ten times the amount it was in 1931

(International Energy Agency, 2012; Rogner, 2012). Taking this into account with the

fact that there are only limited fossil fuel reserves on our planet, it can be said that we are

”chopping down the fence around our house” at an ever-increasing rate. As these reserves

begin to deplete, the prices of fossil fuels are getting higher. The price increase along with

the recognized problems related to the utilization of fossil fuels, such as environmental

pollution and the global warming (Bose, 2010), has raised a concern about the future of

our current lifestyle which is more energy intensive than ever before. Fortunately, this

concern has lead to some positive developments. In 2007, for example, the European

Union (EU) leaders agreed on new energy policies which included a goal to reduce the

effects of energy production on the environment and atmosphere. The policies included a

target according to which 20% share of the energy consumed in EU in 2020 should come

from renewable sources (European Commission, 2012). These ”nature’s inexhaustible

sources of energy” can be regarded as clean and abundant and the potential of these

sources is enormous (Abbott, 2010; Bull, 2001).

Although there are several different renewable energy sources available, the first one

on Edison’s list is the most promising, i.e., the energy coming from the Sun, the solar

radiation. The energy of solar radiation is vital to all living species on our planet and

1Said in a conversation with Henry Ford and Harvey Firestone in 1931. Quoted as it appears in
(Newton, 1987).
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Chapter 1. Introduction

the amount of energy is substantial. Kroposki et al. (2009) estimated in 2009 that the

amount of energy coming from the Sun to Earth in one hour is more than the mankind

consumes in a year. As Edison stated, ”What a source of power!”

The two main ways of utilizing the energy of solar radiation are as heat or by convert-

ing it to electrical energy using photovoltaic (PV) cells. The radiation can be utilized as

such or by concentrating the Sun’s rays from a larger area to a smaller one using lenses

(Abbott, 2010).

The operation of PV cells is based on the photovoltaic effect, first observed by

Alexandre-Edmond Becquerel in 1839. The phenomenon was not fully understood until

1905 when Albert Eistein suggested that energy is exchanged only in discrete amounts,

i.e., photons. Eistein was later awarded the Nobel Prize in Physics 1921 ”for his services

to Theoretical Physics, and especially for his discovery of the law of the photoelectric

effect” (Nobelprize.org, 2013a).

The first functional PV cell, which had an efficiency of about 1%, was made in 1883

by Charles Fritts (Luque and Hegedus, 2003). The first practical silicon PV cell for

energy production purposes was developed in Bell Laboratories by Chapin et al. (1954)

with an efficiency of 6%. This was a major improvement in efficiency compared to earlier

cells with efficiencies of about 1%. PV cell research experienced rapid development

during the 1950s owing to space programs and utilization of PV cells in satellites. The

energy crisis during the 1970s gave another boost to the research and development of PV

cells (Razykov et al., 2011). In 1993, the confirmed maximum efficiency of a terrestrial

silicon-based PV module, which is typically an interconnection of several tens of cells,

had reached 18.2% (Green and Emery, 1993). Twenty years later in 2013 the efficiency

was already 22.9% (Green et al., 2013). At the same time, efficiency of the best research

silicon PV cell under non-concentrated irradiance conditions had already reached 25.0%.

According to Tiedje et al. (1984), the maximum theoretical efficiency of a silicon PV

cell under non-concentrated irradiance conditions is 29.8%, which means that in 2013

the efficiency of the best research silicon cell was less than 5% away from the theoretical

maximum.

Despite of the progress during almost 130 years since the development of the first

functional PV cell, in 2011 a share of the energy produced using PV systems was less

than 1% of the world total primary energy supply (International Energy Agency, 2012).

Fortunately, the utilization of renewable energy sources has become more and more pop-

ular since the beginning of this millenium thanks to support mechanisms such as tax

incentives, feed-in-tariffs and subsidies which have made PV power systems economically

more attractive (Barroso et al., 2010; Jäger-Waldau, 2007). According to Valkealahti

(2011) renewables have already started to impact global energy production and will have

a major impact during the next 30 years. The installed total capacity of PV power sys-

2



tems has increased with a remarkable pace (Renewable Energy Policy Network for the

21st Century, 2008; Wiese et al., 2009, 2010). Most of the installed systems are composed

of silicon PV cells, which were the most commonly used PV cells with a market share of

over 90% in year 2009 (Kroposki et al., 2009). Thus, PV power generators composed of

silicon PV cells were also chosen as the focus in this thesis. Although the characteristics

of PV modules used as an example and in measurements in this thesis are composed

of polycrystalline silicon, similar behavior would also be found with thin film and amor-

phous silicon PV cells. Most important differences are related to temperature coefficients

and to the values of certain parameters but the basic operation is still the same.

Electrical characteristics of a silicon PV cell are non-linear and have only one point at

which the maximum power can be obtained, the maximum power point (MPP). Voltage

and power at the MPP of a single cell are relatively low (of the order of 0.6 V and 4 W,

respectively). Due to low voltage and power ratings, a certain amount of PV cells are

typically connected in series to form PV modules, which are the basic building blocks of

any PV power generator. PV modules can further be connected in series and in parallel

to increase the voltage and power levels of the whole PV power generator (Häberlin,

2012).

The series connection of PV cells is, however, prone to losses if the electrical char-

acteristics of the PV cells are not similar (Bucciarelli, 1979; Chamberlin et al., 1995)

or the cells do not operate under uniform conditions (Alonso-Garćıa, Ruiz and Chenlo,

2006). In series connection, the PV cell with the lowest short-circuit (SC) current limits

the current of the whole series connection (Wenham et al., 2007). Under non-uniform

irradiance conditions, such as in partial shading conditions when some of the cells of the

generator are shaded, the shaded PV cells have lower SC current than the non-shaded

cells. If then the current of the PV power generator is higher than the SC current of the

shaded cells, the cells will be reverse biased due to the other cells in the series connection.

In this case, the reverse biased cells act as a load in the series connection dissipating part

of the power generated by the other cells leading to power losses. These losses can lead to

hot-spots in the shaded cells and the cells can be irreversibly damaged (Lashway, 1988).

The effects of partial shading conditions on PV power generators has been noticed to

be a major cause of power losses and lower-than-expected system efficiencies. Therefore,

the effects of partial shading has been extensively investigated. Several papers have

been published about the modeling of partially shaded PV power generators such as

(Alonso-Garćıa, Ruiz and Chenlo, 2006; Karatepe et al., 2007; Patel and Agarwal, 2008;

Quaschning and Hanitsch, 1996; Ramabadran and Mathur, 2009b; Silvestre and Chouder,

2008; Spertino and Akilimali, 2009; Villalva et al., 2009a). The losses due to partial

shading conditions have been studied previously, for example, in (Gao et al., 2009; Garćıa

et al., 2008; Kovach and Schmid, 1996; Mart́ınez-Moreno et al., 2010; Paraskevadaki and

3



Chapter 1. Introduction

Papathanassiou, 2011; Uchida et al., 2001; Wang and Hsu, 2011b; Xiao et al., 2007a).

Experimental studies of the operation of PV power generators are reported in (Alonso-

Garćıa, Ruiz and Herrmann, 2006; Woyte et al., 2003) and losses due to mutual shading of

PV module rows is studied in (Drif et al., 2008). The effect of different PV module array

schemes on the sensitivity to partial shading conditions has also been studied in (Karatepe

et al., 2007; Kaushika and Gautam, 2003). The effects of partial shading specifically

due to clouds are studied in (Giraud and Salameh, 1999; Jewell and Ramakumar, 1987;

Jewell and Unruh, 1990; Kern et al., 1989) in which the main objective has been to study

the effects of clouds on energy production of PV power generators from the electrical

grid perspective or on the design of energy storage for a PV system. Although the

electrical characteristics of PV power generators have been studied in several publications,

typically only few current-voltage (I-U) and power-voltage (P -U) curves are given under

certain specific operating conditions and, therefore, we are still missing a systematic and

comprehensive study of the effects of partial shading conditions on PV power generators.

The operation of different PV power generator configurations, such as the ones based

on central, string and multi-string inverter and AC module concepts (Kjaer et al., 2005),

has also been studied under partial shading conditions. In (Reinoso et al., 2010, 2013)

the operation of different configurations were studied under shading conditions by clouds.

Different generator configurations were also studied experimentally in (Garćıa et al., 2008;

Woyte et al., 2003). It was noticed in these papers that although PV power generators

with modular structure should have less losses under partial shading conditions, the

results indicate otherwise. It is, however, not clear what was causing the losses. It is

likely that the generator configuration is not the cause of these losses but rather a failure

in maximum power point tracking (MPPT) to reach the MPP with highest power, the

global MPP (Garćıa et al., 2008). These losses are not characteristics for the configuration

but to the MPPT technique.

The performance of MPPT is one of the most important concerns in any PV power

system. In order to obtain maximum amount of energy from PV power generators, the

operating point must be forced to be at the global MPP. This is a relatively simple task

under uniform conditions, because there is only one MPP. There are popular techniques

such as perturb and observe (P&O) and incremental conductance (IC) algorithms for

finding a local MPP which under uniform conditions is also the global one (Esram and

Chapman, 2007; Salas et al., 2006). Under partial shading conditions, however, there

are typically multiple MPPs on the electrical characteristics of the PV power generator.

Conventional MPPT algorithms are unable to recognize if they are operating at a local

MPP with less power than could be obtained at the global MPP (Garćıa et al., 2008).

There has been a lot of research related to the development of global MPPT algo-

rithms. The typical idea in these algorithms is to search the global MPP by scanning the
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1.1. Objectives and Scientific Contribution of the Thesis

whole P -U curve (Kazmi et al., 2009; Noguchi et al., 2002). The advantage of these algo-

rithms is that they are relatively simple and can be used in any system without specific

information about the system or without the knowledge about the operating conditions.

The major disadvantage is that energy is lost every time the search is performed.

P -U curves can also be scanned more efficiently by using the knowledge about the

system and operating conditions which has ben used, for example, in (Alonso et al.,

2009) by noticing that the minimum distance between two local MPPs is the MPP

voltage of the shaded series-connected PV cells connected in anti-parallel with a bypass

diode. Other techniques to improve the performance of the scanning are utilized, for

example, in Fibonacci Search (Ahmed and Miyatake, 2008), DIRECT Search (Nguyen

and Low, 2010) and Particle Swarm Optimization (Miyatake et al., 2011). Two-stage

MPPT algorithm has been developed by combining a conventional MPPT, such as IC,

and some other scanning method (Kobayashi et al., 2006). In the first stage, the operating

point is moved into the vicinity of the global MPP. In the second stage, the conventional

MPPT algorithm is used to reach the global MPP. It has been shown, however, that under

certain partial shading conditions, the first stage of the algorithm is unable to move the

operating point into the vicinity of the global MPP (Alonso et al., 2009). Also some other

techniques which are not, strictly speaking, MPPT techniques, have been developed to

minimize the effects of partial shading on the operation of PV power generators (Karatepe

et al., 2008; Nguyen and Lehman, 2008). Despite of the great amount of work done in

the field of MPPT techniques we are still missing techniques that are able to track to

the global MPP under all conditions without the disadvantages such as the need to scan

the P -U curve and thus losing some part of the energy. There is still work to be done in

order to develop an optimal MPPT method.

1.1 Objectives and Scientific Contribution of the Thesis

The first objective of this thesis is to develop a systematic approach to study the effects

of partial shading conditions on silicon-based PV power generators. Second objective is

to show the effects of partial shading conditions on the P -U curves and the MPPs of

silicon-based PV power generators. These include the number of MPPs and the behavior

of MPP current and voltages under partial shading conditions. It will be shown that

there are three different phenomena that can lead to only one MPP despite of the partial

shading conditions. Also a method to differentiate between local and global MPPs will be

presented. In this thesis the effect of partial shading conditions on mismatch losses in case

of several different PV power generator configurations operating under partial shading

conditions are studied. Mismatch losses in cases of shading caused by static objects such

as buildings and by dynamic objects such as clouds are studied. The objective is to

show which PV power generator configuration is the least sensitive to partial shading
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conditions.

This thesis attempts to reach the above-mentioned objectives by using an experimen-

tally verified Matlab Simulink simulation model of the operation of PV power generators.

The model is based on the well-known one-diode model of the operation of PV cells. The

model takes into account the most important parameters affecting the operation of PV

cells and generators such as irradiance and temperature of the cells. Also the effects

of bypass diodes are modeled. In addition to systematic approach, a vast amount of

irradiance and PV module temperature data recorded with the data acquisition system

of Tampere University of Technology (TUT) Solar Photovoltaic Power Station Research

Plant will be analyzed and used as input data for the simulation model when studying

the effect of partial shading conditions caused by clouds.

The main scientific contributions of this thesis can be summarized as follows:

• A systematical method to analyze the effects of partial shading conditions on PV

power generators.

• Comprehension on the number of MPPs and the explanation of the one-MPP phe-

nomenon under partial shading conditions.

• Comprehension on current and voltage characteristics of the MPPs under partial

shading conditions.

• Method to differentiation between the local and global MPP.

• Comprehension on mismatch losses in different PV power generator configurations

due to partial shading conditions caused by both buildings and clouds.

1.2 Organization of the Thesis

The rest of the thesis is organized as follows. Chapter 2 guides the reader through the

backgrounds of electrical energy production using PV power generators. Characteristics

of solar radiation and the fundamentals of the operation of PV cells will be shortly

presented as well as the effects of the most important operating conditions on PV cells, the

irradiance and PV cell temperature. The effects of bypass diodes on the operation of PV

modules and generators will be presented and the effect on MPPT during partial shading

conditions will be discussed. In the end of the chapter, different electrical configurations

of PV power generators will be presented and discussed.

Chapter 3 presents the simulation model which was used in the research work. The

experimental verification of the model is also presented. It is shown that the model

is sufficiently accurate for the phenomema studied in this thesis and that it takes into

account the most important parameters related to the operation of PV power generators.

In the end of the chapter, a systematic approach to study the effects of partial shading
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conditions and the approach to study the effects of clouds on mismatch losses during

actual operating conditions by using the data from the TUT Solar Photovoltaic Power

Station Research Plant has been described and discussed. The systematic method has

been used to obtain results presented in Chapter 4 and part of the results in Chapter 5.

The results of using actual data are presented and discussed in the end of Chapter 5.

Chapter 4 presents the effects of partial shading conditions on the number of MPPs

and on MPP currents and voltages. Typically P -U characteristics have multiple MPPs

under partial shading conditions. It will be shown that under certain environmental

conditions there can be just one MPP on the P -U curve of the PV power generator

despite of the partial shading conditions. In the end of the chapter, it is shown that it is

possible to differentiate between local and global MPPs based on the knowledge of the

system, of the operating conditions and of the MPP (whether it is a local or the global

MPP) at which the generator is operating.

Chapther 5 presents the effect of partial shading conditions on mismatch losses oc-

curring in PV power generators with different configurations. The effects are studied

by using both systematic approach and practical partial shading scenarios due to static

objects. The chapter also discusses the effect of PV power generator configuration on

the mismatch losses under partial shading conditions due to clouds by using the simu-

lation results having actual measured data recorded with the data acquisition system of

the TUT Solar Photovoltaic Power Station Research Plant as input for the simulation

models.

Finally in Chapter 6, the conclusions of the thesis are presented. In the end of the

chapter some recommendations for further research work are presented.
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2 BACKGROUND OF THE THESIS

This chapter guides the reader through the backgrounds of the utilization of the energy

of solar radiation by using PV power generators. First a brief introduction of the charac-

teristics of solar radiation is given. After that the photovoltaic effect and fundamentals

of the operation of PV cells is given without going too deep into semiconductor physics.

Then the most commonly used modeling methods for modeling the operation of PV cells

are presented as well as alternative methods found in the literature. The effects of the

most important operating conditions on the operation of PV cells are explained. The

effect of non-uniform conditions will be presented and the role and effect of bypass diodes

in PV modules to prevent the damaging of PV cells is shown. In the end of the chap-

ter maximum power point tracking and different electrical configurations of PV power

generators are discussed.

2.1 The Sun as an Energy Source

The energy from the Sun comes to the Earth in the form of electromagnetic radiation

traveling over a distance of approximately 150 million kilometers. The energy is orig-

inated from the fusion reactions in the core of the Sun (Messenger and Ventre, 2010).

The energy released from the fusion reactions heats up the Sun resulting in a surface

temperature of some 5800 K from which the energy is radiated into space (Luque and

Hegedus, 2003). A certain part of that energy, vital to all living things on Earth, comes

in our direction.

Characteristics of solar radiation can be studied in more detail by investigating its

spectrum. The spectrum just outside the Earth’s atmosphere, also known as the air mass

zero AM0 spectrum, according to Guyemard (2004) is shown in Fig. 2.1 with respect to

spectral irradiance with spectrum of air mass 1.5 global (AM1.5G) according to Amer-

ican Society for Testing and Materials (ASTM) (ASTM International, 2008). AM1.5G

corresponds to the spectrum of global irradiance of which the direct part has traveled

through the atmosphere along a path which is 1.5 times the thickness of the atmosphere

in length. By integrating the spectral irradiance AM0 over all wavelengths we get the

generally accepted value of solar constant of 1366.1 W/m2 (Guyemard, 2004). Integra-

tion of AM1.5G over all wavelengths gives basically the maximum value of irradiance

reaching the surface of the Earth on a clear sky day, approximately 1000 W/m2.
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Fig. 2.1: Spectrum of solar radiation outside the Earth’s atmosphere (AM0) and on the sea
level when irradiance has traveled a distance of 1.5 times the thickness of the atmosphere
(AM1.5G).

After reaching the outer part of the Earth’s atmosphere, the solar radiation must still

travel through the atmosphere before we can utilize it (excluding satellites). The effect of

atmosphere on the spectrum of incoming solar radiation can clearly be seen in Fig. 2.1. At

the short wavelengths the most important absorber of irradiance is ozone. The absorption

caused by ozone is very important for life on Earth because short wavelength radiation

(in the ultraviolet region of the spectrum) can damage the living. The narrow absorption

band just below 0.8 µm is due to dioxygen. Two absorption bands just below 1.0 µm

and the one in the range from 1.1 to 1.2 µm are caused by water vapour (H2O) in the

atmosphere. The rest of the absorption bands are caused by H2O and carbon dioxide

(CO2) (Wenham et al., 2007). CO2 is one of the greenhouse gases which are released

to the atmosphere when utilizing fossil fuels such as coal in energy production. This is

claimed to be at least partly responsible for the increase in the average temperature of

Earth’s atmosphere also known as the global warming (Bose, 2010).

2.2 The Photovoltaic Effect and Photovoltaic Cells

Without going too deep into semiconductor physics, the operation of the PV cells can

be explained by using the energy band structure according to which the most weakly

bonded electrons have energies in the energy band called the valence band. The next

band with higher values of energy is called the conduction band. The energy separating

the valence and conduction bands is called the band gap energy (Eg). When a sufficient

amount of energy (≥ Eg) is applied to an electron in the valence band, the atomic bonds

of the electron are broken and the electron is excited into conduction band and it is then
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free to conduct current through the material. When electron is excited into conduction

band, an empty vacancy opens to the valence band where the electron used to be located

creating a positive charge, a hole.

In case of a pure semiconductor material, after certain time the free electron will

recombine, which means the elimination of the electron-hole pair. Due to recombination,

the free electron becomes trapped again in the atomic bonds of the material. This is

why typical PV cells are composed of two different types of semiconductors, p- and n-

type semiconductors. Different types of materials are created by introducing a small

amount of impurity atoms (such as boron and phosphorus in case of silicon PV cells).

When the two different materials are joined together, an electric field is created in the

junction between the materials (called pn-junction) which separates the created electron-

hole pairs and enables utilization of the free charges in electrical energy production. The

theory of semiconductor pn-junctions and transistors was developed by Shockley (1949);

Shockley et al. (1951). Shockley was awarded Nobel Prize in Physics 1956 jointly with

John Bardeen and Walter Houser Brattain ”for their researches on semiconductors and

their discovery of the transistor effect” (Nobelprize.org, 2013b).

In 2009, the most widely used PV cells were based on crystalline silicon (Kroposki

et al., 2009). The production technology of silicon cells is mature and the cost of cells is

becoming lower as the production of cells and the amount of installed PV power systems

increases. It should also be noticed that other types of cells have also been developed and

a lot of research has been done to improve their performance and decrease costs. These

are, for example, thin-film amorphous silicon (a-Si), cadmium telluride (CdTe), copper

indium gallium diselenide (CIGS), gallium arsenide (GaAs) and gallium indium phos-

phide (GaInP). There are also emerging technologies such as dye-sensitized and organic

cells for which the best confirmed cell efficiencies in 2013 were already 11.9% and 10.7%,

respectively (Green et al., 2013; Razykov et al., 2011). So called multi-junction cells have

also been developed which are able to utilize a bigger part of the spectrum of solar radi-

ation compared to conventional single-junction cells. These cells can theoretically have

efficiencies of up to 67% and 86% for non-concentrated and highly concentrated irradi-

ance, respectively. These cells are, however, more expensive to manufacture compared

to conventional silicon PV cells.

The efficiencies of currently the best research cells according to U.S. National Re-

newable Energy Laboratory (NREL) (NREL, 2013) are shown in Fig. 2.2. As can be

seen, the highest reported efficiencies of 37.8% and 44% had been obtained in 2013

with three-junction PV cells under non-concentrated (InGaP/GaAs/InGaAs) and con-

centrated (GaInP/GaAs/GaInNAs) irradiances, respectively. According to Green et al.

(2013), the best confirmed (under standard test conditions (STC) with an irradiance of

1000 W/m2 with AM1.5 spectrum and at a cell temperature of 25 ◦C) efficiency of a
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terrestrial PV module was 24.1% and it was obtained with a thin film PV module based

on GaAs.

Fig. 2.2: Development of efficiencies of different PV cells according to NREL (2013).

2.3 Mathematical Modeling of the Operation of Photovoltaic Cells

In order to optimize the operation of PV power systems it is important to be able to model

the electrical behavior of PV cells. Mathematical presentation for the I-U characteristic

of a PV cell can be derived based on extensive knowledge of semiconductor physics (Luque

and Hegedus, 2003). The general expression for the current of a PV cell I is

I = ISC − Io1

[

exp

(

qU

kT

)

− 1

]

− Io2

[

exp

(

qU

2kT

)

− 1

]

, (2.1)

where ISC is the SC current, U the voltage, k the Boltzmann constant, q the elementary

charge, T the temperature, Io1 and Io2 the dark saturation currents in the quasi-neutral

and depletion regions of the cell, respectively. Eq. (2.1) neglects the effects of parasitic

series resistance Rs and shunt resistance Rsh. These resistances are typically associated

with real PV cells and they represent losses due to several reasons (Messenger and Ventre,
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2010). Incorporating the resistances into Eq. (2.1) yields

I = Iph − Io1

[

exp

(

U +RsI)

Ut

)

− 1

]

− Io2

[

exp

(

U +RsI

2Ut

)

− 1

]

−
U +RsI

Rsh
, (2.2)

where Ut = kT/q is the thermal voltage of the cell. An electrical equivalent circuit

diagram shown in Fig. 2.3 can be drawn based on Eq. (2.2). This model is widely used

in the literature, for example, in (Chamberlin et al., 1995; Galiana et al., 2008; Gow and

Manning, 1999; Sandrolini et al., 2010; Silvestre et al., 2009; Vorster and van Dyk, 2005).

Iph Rsh

Rs

I

U

1 2

Fig. 2.3: The electrical equivalent circuit diagram of a PV cell based on the two-diode
model.

It is, however, often assumed for the sake of simplicity that the effect of dark saturation

current in the depletion region (diode 2 in Fig. 2.3) is relatively small. This is a reasonable

assumption in case of high quality PV cells (Luque and Hegedus, 2003). The effects of

both diodes are then taken into account by using ideality factor A. Combining the effects

of the diodes by using A yields the well-known one-diode model in which the current of

the PV cell

I = Iph − Io

[

exp

(

U +RsI

AUt

)

− 1

]

−
U +RsI

Rsh
, (2.3)

where Io is the dark saturation current of the cell.

The electrical equivalent circuit diagram based on the one-diode model is shown in

Fig. 2.4. The one-diode model is widely used in the literature (Brano et al., 2010; Liu

and Dougal, 2002; Nema et al., 2009; Nousiainen et al., 2013; Shockley and Queisser,

1961; Villalva et al., 2009a), because it is easier to use than the two-diode model to

mathematically model the operation of PV cells and modules. In Fig. 2.4, Id is the

current and Ud = U + RsI the voltage of the diode. Id is the product of the dark

saturation current Io and the exponential term subtracted by one in Eq. (2.3).

The circuit diagram in Fig. 2.4 consists of a current source representing the light-

generated current which is directly proportional to the amount of irradiance reaching
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Id

Iph Rsh

Rs

I

UUd

A

Fig. 2.4: The electrical equivalent circuit diagram of a PV cell based on the one-diode
model.

the surface of a PV cell. It is connected in parallel with a diode which represents the

recombination in the PV cell. In addition to irradiance, the light-generated current of

a PV cell is also dependent on the operating temperature of the cell. This simplified

model is well-known and widely used in the literature and has, therefore, been also

used in this thesis to model the operation of PV power generators. Although the shunt

resistance of two and one-diode models also decribes the operation of PV cells at negative

voltages (in this thesis also) (Alonso-Garćıa and Ruiz, 2006), it is quite common to add

an additional term into the two and one-diode models in order to model the effect of the

Avalanche breakdown phenomenon (Bishop, 1988; Kawamura et al., 2003; Quaschning

and Hanitsch, 1996; Silvestre and Chouder, 2008). Adding an additional term into the

model would only increase the complexity of the simulation model, therefore, requiring

more computational effort to run it. Moreover, adding an additional term would not give

much more information because of the way the partial shading conditions are studied in

this thesis by using the developed systematic method presented in Section 3.3.

The electrical characteristics of a PV cell modeled by using the one-diode model can

also be solved using the Lambert W -function (Ding and Radhakrishnan, 2008; Ghani

et al., 2013; Petrone et al., 2007). Although the one-diode model is a non-linear and

implicit function of PV cell voltage, use of the Lambert W -function allows apparently

explicit calculation of PV cell current as a non-linear function of PV cell voltage. Lambert

W -function cannot be expressed in terms of elementary functions, but can be efficiently

solved by using software such as Matlab and Mathematica.

Although two and one-diode models are the most widely used modeling methods,

other methods can also be found in literature such as the model based on using piecewise

linear parallel branches which use linear models to model different parts of the I-U

curve of a PV cell (Wang and Hsu, 2011b). According to Saetre et al. (2011), the I-U

characteristics can also be modeled using equations for current and voltage based on SC

current, open-circuit (OC) voltage and two different shape parameters.
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2.4 Effect of Environmental Conditions

The I-U and P -U curves of a PV cell obtained by using the one-diode model of a PV

cell are shown in Fig. 2.5 relatively to the values of current and voltage at MPP. As can

be seen, the electrical characteristics are non-linear and have only one point at which the

maximum amount of power can be obtained, i.e. MPP at the point (1.0, 1.0). The other

important points on the curve are the value of SC current (at zero voltage) and value of

OC voltage (at zero current).
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Fig. 2.5: Non-linear electrical characteristics of a PV cell shown relatively to the values
at the MPP.

The most important conditions affecting the operation of silicon PV cells are the

irradiance absorbed by the cells and the temperature of the cells, which is affected by

ambient temperature, wind speed, humidity and, most importantly, the irradiance heat-

ing up the cells. The effect of irradiance on silicon PV cells is shown in Fig. 2.6. The

SC current of the cell is directly proportional to irradiance, which can be seen when

comparing the SC currents under irradiance conditions of 500 W/m2 and 1000 W/m2.

When irradiance doubles, the SC current also doubles. The irradiance also affects the

value of OC voltage, but the effect is smaller than on the SC current. This is due to

the fact that OC voltage is logarithmically dependent on the irradiance. At high values

of irradiance (> 100 W/m2), the change of OC voltage with respect to temperature is

relatively small.

Temperature is the other important factor affecting the operation of silicon PV cells.

The effect of temperature on I-U curve is shown in Fig. 2.7. For a silicon PV cell, the

effect of temperature on OC voltage is approximately –2.3 mV/◦C (Wenham et al., 2007).

The temperature also affects the SC current, but the effect is much smaller than on the
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Fig. 2.6: The effect of irradiance on electrical characteristics of a silicon PV cell relative
to the values at MPP for an irradiance of 1000 W/m2.

OC voltage.
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Fig. 2.7: The effect of temperature on electrical characteristics of a silicon PV cell relative
to the values at MPP for a cell temperature of 25 ◦C.

2.5 The Operation of PV Modules Under Partial Shading Conditions

PV cells are typically connected in series and/or parallel in order to be used in electrical

energy production (Häberlin, 2012). This is due to the fact that the voltage and power

levels of a single PV cell are quite low. Series connection of PV cells increases the

maximum voltage of the system and parallel connection the maximum current. By using
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both series and parallel connections, the PV system can be designed to have the desired

nominal voltage and power levels. Typically the cells are connected in series to form PV

modules, which are the basic building blocks of PV power generators. The amount of

PV modules in a generator depends on such things as the area in which the generator is

installed, voltage and power ratings or limitations of other components of the system or

just basically the cost of the system (Häberlin, 2012).

The series connection of PV cells is, however, prone to mismatch losses if the electrical

characteristics of the PV cells are not similar (Chamberlin et al., 1995) or the cells do

not operate under uniform conditions due to, for example, partial shading conditions

(Alonso-Garćıa, Ruiz and Chenlo, 2006). Mismatch losses are losses which occur when

all the PV cells are not operating at their own MPPs despite the fact that the whole

system would operate at its own MPP. In this thesis, partial shading conditions mean all

conditions during which the operating conditions of all of the PV cells are not identical

but the main focus is on conditions with non-uniform irradiance conditions. In series

connection the PV cell with the lowest SC current limits the current of the whole series

connection (Wenham et al., 2007). Under partial shading conditions, shaded PV cells

have lower SC current than the non-shaded cells. If then the current of the PV power

generator is higher than the SC current of the shaded cell, the cell will be reverse biased

due to the other cells in the series connection. In this case, the reverse biased cell acts as

a load in the series connection dissipating part of the power generated by the other cells

leading to power losses. These losses can lead to a phenomenon called hot-spot heating

in the shaded cell and the cell can be irreversibly damaged (Lashway, 1988).

The mismatch losses due to differences in electrical characteristics of PV cells are

studied in (Bishop, 1988; Bucciarelli, 1979; Chamberlin et al., 1995; Iannone et al., 1998;

Kaushika and Rai, 2007; Saha et al., 1988). It has been found that as long as the

deviation in the MPP currents of the PV cells under uniform conditions is small enough,

the mismatch losses remain quite low (Bucciarelli, 1979). Manufacturers of PV modules

select the cells to be used in a certain module from a set of cells with similar characteristics

thus making sure that the mismatch losses do not become too high. Bishop (1989) studied

the different phenomena such as thermal, avalanche or Zener breakdown leading to the

damaging of PV cells due to hot-spots when the cells operate at negative voltages.

In order to prevent PV cells from damaging due to hot-spots (Muñoz et al., 2008),

bypass diodes are connected in anti-parallel with certain amount of PV cells (Silvestre

et al., 2009). There are 54 series-connected PV cells and three bypass diodes, each of

them connected in anti-parallel with 18 PV cells in the studied PV modules in this thesis.

The optimal amount of bypass diodes in a PV module have been studied earlier in (Al-

Rawi et al., 1994; Silvestre et al., 2009; Ubisse and Sebitosi, 2009). The amount of cells

per bypass diode ultimately depend on the breakdown voltage of the cells so that the
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cell should not be able to operate at reverse bias with negative voltage close to or less

than the breakdown voltage. According to Al-Rawi et al. (1994) the reliability of the PV

module improved as the number of PV cells protected by a bypass diode was decreased.

Losses due to partial shading can be minimized if there is one bypass diode for every cell

(Quaschning and Hanitsch, 1996; Roche et al., 1995). This, on the other hand, increases

the cost of PV modules. Typically bypass diodes are Schottky diodes, but they can also

be controllable switches, which have lower losses than the diodes (Acciari et al., 2011).

Partial shading conditions can occur due to multiple of reasons such as buildings,

trees or clouds. Shading due to static objects typically moves slowly as the Earth spins

around its axis. Shading due to clouds is dynamic in a way that the shading conditions

come suddenly and also leave the area of the generator quickly. The differences between

these different causes of shading are studied and discussed more in Chapter 5 of this

thesis.

The operation of bypass diodes is further illustrated in Fig. 2.8. When the series

connection is operating at a current higher than the SC current of the block of shaded

cells, the bypass diode of that block bypasses the amount of current exceeding the value

of SC currents. If, on the other hand, the operating point is at currents less than the SC

current of the block of shaded cells, none of the bypass diodes conduct.

18 series-connected
non-shaded PV cells

18 series-connected
non-shaded PV cells

18 series-connected
shaded PV cells

18 series-connected
non-shaded PV cells

18 series-connected
non-shaded PV cells

18 series-connected
shaded PV cells

(a) (b)

Fig. 2.8: The operation of bypass diodes when the current of the PV module is (a) higher
or (b) lower than the SC current of the shaded cells.

In addition to preventing hot-spots occurring in PV cells, bypass diodes alter the

electrical characteristics of the modules as can be seen in Fig. 2.9. I-U curve of the

module has now multiple steps due to which the P -U curve in Fig. 2.10 has two MPPs,

one at 16.7 V and the other at 28.7 V.

2.6 Maximum Power Point Tracking

In order to extract maximum amount of energy from PV power generators, they must be

made to operate at their MPP as was shown in Fig. 2.5. There has been a great amount of
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Fig. 2.9: Effect of partial shading conditions on I-U curve of a PV module. One block of
18 series-connected cells with anti-parallel-connected bypass diodes is shaded and two are
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Fig. 2.10: Effect of partial shading conditions on P -U curve of a PV module. One block
of 18 series-connected cells with anti-parallel-connected bypass diodes is shaded and two
are non-shaded.

research and development in the field of MPPT techniques (Esram and Chapman, 2007;

Salas et al., 2006). The operation of different MPPT techniques differ, for example,

in convergence speed, range of effectiveness, complexity, required amount of sensors for

measurements and implementation hardware.

Salas et al. (2006) divides different techniques into indirect and direct techniques.

An example of an indirect technique is the fractional OC method, which makes use of
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the information that the MPP voltage of silicon cells is approximately 80% of the OC

voltage. OC voltage can then be measured in certain time intervals and the operating

point can be adjusted based on the measurement. This technique does not quarantee

operation at the MPP, but is suitable for small generators and is also easy to implement

and cost-effective (Lopez-Lapeña and Penella, 2012). Direct methods ensure that the

operating point is really at least at some of the MPPs. A conventional and popular

direct method is the P&O algorithm. The basic idea is to perturb the operating point

of the PV power generator and observe the change in power. If the power increases, the

operating point is varied in the same direction also in the next step. If power decreases,

the direction of the perturbation is changed. The algorithm does not recognize when it is

at the MPP but keeps on oscillating around the MPP. It has been shown that the most

basic version can fail to stay at the MPP during changing irradiance conditions (Hussein

et al., 1995). Optimization of P&O algorithm in rapidly changing operating conditions

has been discussed, for example, by Femia et al. (2005).

In case of partial shading conditions with multiple MPPs on the P -U curve of the

generator such as in Fig. 2.10, the MPPT becomes more complicated. There has also

been extensive research related to the development of these global MPPT algorithms.

The typical idea in these algorithms is to search the global MPP by scanning the whole

P -U curve or part of it. The scan can be realized with an additional circuit, which scans

the P -U curve between SC and OC operating points (Noguchi et al., 2002), or with an

interfacing converter connected to the input terminals of the PV power generator (Kazmi

et al., 2009). The advantage of these algorithms is that they are relatively simple and

can be used in any system without specific information about the system or without

knowledge about the operating conditions. The major disadvantage is that energy is lost

every time the scan is performed.

P -U curves can also be scanned more efficiently by using knowledge about the system

and operating conditions. Then it is not necessary to scan the whole P -U curve of the

generator. For example in (Alonso et al., 2009) this is done by noticing that the minimum

distance between two local MPPs is the MPP voltage of the shaded series-connected PV

cells connected in anti-parallel with a bypass diode. Several techniques to improve the

performance of the scanning have been developed, such as Fibonacci Search (Ahmed

and Miyatake, 2008), DIRECT Search (Nguyen and Low, 2010) and Particle Swarm

Optimization (Miyatake et al., 2011). However, these algorithms also perform a scan

for the global MPP either within certain time intervals or when certain predetermined

conditions take place. Unfortunately, these predetermined conditions can be satisfied also

due to other changes in operating conditions than partial shading leading to unnecessary

scanning of the power curve. Also some other techniques which are not, strictly speaking,

MPPT algorithms, have been developed to minimize the effects of partial shading on the
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operation of PV power generators (Karatepe et al., 2008; Nguyen and Lehman, 2008).

A two-stage MPPT algorithm (Kobayashi et al., 2006) has been developed by com-

bining a scanning method and a conventional MPPT, such as IC. In the first stage, the

OC voltage and SC current are measured online, which means that power delivery is in-

terrupted during the measurement and some energy is lost. Measurements are then used

to move the operating point into the vicinity of the global MPP. In the second stage,

the conventional MPPT algorithm is used to reach the global MPP. It has been shown,

however, that under certain partial shading conditions the first stage of the algorithm is

unable to move the operating point into the vicinity of the global MPP (Alonso et al.,

2009).

2.7 PV Power Systems and Generator Configurations

PV power generators can basically be classified into stand-alone and grid-connected gen-

erators (Gow and Manning, 2000). In stand-alone systems, the energy storage has a big

influence on the design of the systems. In grid-connected systems, the grid acts as an

energy storage into which the PV power generator can inject power whenever power is

available. According to Eltawil and Zhao (2010) most of the new installed systems are

grid-connected PV systems.

Due to the fact that the output of PV power generators is direct current (DC) and the

electricity in electrical grids is alternating current (AC), there is a need for an additional

component, an inverter. The main function of the inverter is to convert DC into AC. In

PV power systems, the inverter can also have other important functions such as MPPT,

islanding detection, safety and monitoring functions (Teodorescu et al., 2011). In case of

grid-connected systems, several different inverter concepts have been developed (Abella

and Chenlo, 2004; Araújo et al., 2010; Kjaer et al., 2005). In this thesis, the configurations

of PV power generators have been named based on the names of the inverter concepts,

because the PV power generator has certain characteristics when it is used as an input

source for a certain type of inverter. Different inverter concepts are shown in Fig. 2.11.

Most of the systems in the past have been based on the central inverter concept in

which a certain amount of PV modules are connected in series (to form strings) in order

to obtain a high enough voltage level. These strings are then connected in parallel to

increase the power level of the generator. According to Kjaer et al. (2005) the drawbacks

of this configuration are power losses due to centralized MPPT, mismatch losses occuring

due to non-uniform conditions between the PV modules (due to a high amount of modules

distributed on a large area), losses in string diodes (connected in series with strings to

prevent reverse current flow) and non-flexible design.

In the string inverter concept, only one string (or few strings) is connected to an

inverter. There are no losses associated with string diodes and separate MPPTs can be
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AC module
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Fig. 2.11: Different inverter concepts used in PV power systems.

applied to each string, which can further reduce losses. The string inverter concept is

also more modular compared to the central inverter and thus the system is more flexible

if upgraded to higher power levels (Kjaer et al., 2005).

AC modules are results of integrating one inverter and a PV module into one device.

They remove mismatch losses completely if it is assumed that individual PV modules

operate under uniform conditions. Only minor losses due to differences in electrical

characteristics of the cells in PV modules remain. The AC module concept is also the

most modular solution. However, the efficiency of the AC module inverters are typically

not as high as the efficiency of the inverters with higher power ratings (Kjaer et al., 2005).

The multi-string inverter concept is a product of further developing the string inverter

concept. Every string of the generator has its own interfacing DC-DC converter, which

is able to perform MPPT function. The power rating of the inverter in this concept is of

the same order as in a central inverter concept so the efficiency of the inverter is high.

More flexibility is also achieved because new strings can be plugged into the existing

system (Kjaer et al., 2005).

All of the above-mentioned inverter concepts can also be realized using a single or

two cascaded power processing stages (Carrasco et al., 2006). A single-stage inverter

must handle all the tasks such as MPPT and grid current control. The number of PV

modules in the strings must also be high to have high enough of a voltage level in order

for the inverter to produce pure sinusoidal grid current (or currents in case of three-

phase systems). Another solution is the dual-stage inverter which has a separate DC-DC

converter on the generator side and an inverter on the grid side. Basically, a multi-

string inverter is already an example of the dual-stage scheme, because it has a DC-DC

converter performing MPPT and an inverter which converts DC into AC and injects the

power to the electrical grid.
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3 MODELING AND SIMULATION OF THE

OPERATION OF PHOTOVOLTAIC POWER

GENERATORS

This chapter presents the simulation model used to obtain results presented in Chapters 4

and 5 and a method to obtain the parameters of the model. The experimental verification

of the model is also presented and the validity of the model for the purposes of the thesis

is discussed.

A systematic method to analyze the effect of partial shading conditions on the opera-

tion of PV power generators is also presented and discussed. This systematic method has

been utilized to obtain results presented in Chapter 4 and part of the results in Chap-

ter 5. In the end of the chapter, an approach to study the mismatch losses in PV power

power generators under partial shading conditions caused by clouds is presented. The

approach is based on using actual measured data from TUT Solar Photovoltaic Power

Station Research Plant as input for the simulation model.

3.1 Simulation Model of PV Power Generator

The well-known one-diode model in Eq. (2.3) is used in this thesis to model the operation

of PV power generators. The model for the operation of a PV module composed of 54

series-connected PV cells can be obtained by scaling the parameter values used in the

one-diode model for one cell by the number of PV cells in the module. Thermal voltage

of the PV module is then Ut = NckT/q, where Nc is the number of cells in the module.

The method presented by Villalva et al. (2009a) to obtain the values of parameters

used in modeling the operation of PV power generators has been used in this thesis.

It is based on three points in the electrical characteristics of the PV module: the OC

voltage, the SC current and the current and voltage at the MPP. These three points are

measured in STC and presented by the manufacturer of the PV module. The ideality

factor A = 1.3 is used as a typical value found in literature for silicon-based PV modules

(Villalva et al., 2009a; Wenham et al., 2007).

Light-generated current in any environmental conditions can be obtained as a function

of SC current by current division from the one-diode model. The current of the diode

Id is neglected assuming that in SC condition it is very small and almost all of the
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3.1. Simulation Model of PV Power Generator

light-generated current flows to the terminals of the module. Accordingly,

Iph = (ISC,STC +Ki∆T )
G

GSTC

Rsh +Rs

Rsh
, (3.1)

where ISC,STC is the SC current in STC, Ki the temperature coefficient of the SC current,

G the irradiance reaching the surface of the module and the temperature difference

∆T=T–TSTC, where T is the temperature of the PV module. In STC, the module

temperature TSTC and the irradiance GSTC are 25 ◦C and 1000 W/m2, respectively. The

spectral conditions are AM1.5.

The dark saturation current Io depends on the structure and material of the PV cell.

It is obtained in OC operating point by adding the effect of temperature on the OC

voltage in STC. Dark saturation current then becomes

Io =
Iph − (UOC,STC +Ku∆T )/Rsh

exp[(UOC,STC +Ku∆T )/(AUt)]− 1
, (3.2)

where UOC,STC is the OC voltage in STC and Ku the temperature coefficient of the OC

voltage. The operation of PV modules and PV power generators have been modeled in

this thesis by using Eqs. (2.3), (3.1) and (3.2).

A method to obtain the series and shunt resistances is also presented by Villalva et al.

(2009a). It has been pointed out that there is only one pair of values for Rs and Rsh

for which the MPP of the model coincides with the one given by the manufacturer for a

specific PV module in STC. This is due to the fact that the power must match at MPP

as shown in Eq. (3.3) and the derivative of power must also be zero at MPP. This pair

of values can be obtained from

PMPP,STC = UMPP,STC

{

Iph,STC − Io,STC

[

exp

(

UMPP,STC +RsIMPP,STC

AUt,STC

)

− 1

]

−
UMPP,STC +RsIMPP,STC

Rsh

}

, (3.3)

where PMPP,STC is the power, UMPP,STC the voltage and IMPP,STC the current of the

module at MPP in STC. The light-generated current in STC Iph,STC can be obtained

from Eq. (3.1) by inserting ∆T = 0 K and G = GSTC. The shunt resistance Rsh can be

obtained from Eq. (3.3) as a function of series resistance Rs as follows:

Rsh =
UMPP,STC +RsIMPP,STC

Iph,STC − Io,STC {exp [(UMPP,STC +RsIMPP,STC)/(AUt,STC)]− 1} − IMPP,STC
.

(3.4)

Although the equation of the light-generated current Iph,STC includes both the series

23



Chapter 3. Modeling and Simulation of the Operation of Photovoltaic Power
Generators

and the shunt resistance as shown in Eq. (3.1), it is still possible to solve Rsh explicitly

as a function of series resistance Rs. The pair of resistances is solved iteratively by using

a typical series resistance of the PV module as a starting point and finding the pair for

which the maximum power in STC is exactly the same as given by the manufacturer. By

using this method the electrical characteristics of the modeled PV module can be made

to match the three known points of the I-U characteristic in STC. In other conditions

than STC, the operating conditions are taken into account as shown in Eqs. (3.1) and

(3.2). In this thesis, the resistances has been solved by using the Matlab script presented

in Appendix A.

Characteristics of the bypass diodes used in the PV module to protect the cells against

hot-spots are modeled with Eq. (2.3) by assuming the shunt resistance Rsh of the diode

to be infinite and the light-generated current Iph to be zero. The rest of the parameters

in Eq. (2.3), such as the diode ideality factor (Abypass), series resistance (Rs,bypass) and

diode dark saturation current (Io,bypass), are obtained by means of curve fitting to a

measured I-U characteristic of a Schottky diode. Parameters used in the model of a

bypass diode are shown in Table 3.1.

Table 3.1: Parameters used to model the operation of a bypass diode.

Parameter Value

Rs,bypass 0.02 Ω
Abypass 1.50
Io,bypass 3.20 µA

The method to obtain parameters for the PV module considers only the characteristics

of the PV module. The bypass diode and the PV cell are separate and independent

components of the PV module and, therefore, they have also been modeled separately.

Then, in the Simulink simulation model, a block of series-connected PV cells and a

bypass diode connected in anti-parallel are modeled as an integrated system as presented

in Appendix B.

Electrical characteristics of a NAPS NP190GKg PV module, particularly designed to

be used in grid-connected PV power generators, have been used in the simulations. The

technical specifications of a NAPS NP190GKg PV module have been shown in Appendix

C. NAPS NP190GKg PV module is composed of 54 series-connected polycrystalline sili-

con cells. The PV module consists of three similar parts, each having 18 series-connected

cells with an anti-parallel-connected bypass diode to protect them against hot-spots.

The nominal operating cell temperature (NOCT) is 46 ◦C. NOCT is measured in nom-

inal operating conditions in which the irradiance is 800 W/m2, ambient temperature is

20 ◦C and wind speed is 1 m/s with free air access to the rear of the module. Based on

24



3.1. Simulation Model of PV Power Generator

these parameter values, the temperature-rise coefficient Kt of the module can be calcu-

lated (Dunlop, 2005). Kt represents the increase of cell temperature due to irradiance.

Then by knowing the temperature-rise coefficient, the ambient temperature Tamb and

the irradiance G, the module temperature can be calculated as follows:

T = Tamb +KtG. (3.5)

The effect of the PV module temperature-rise due to irradiance on the operation of

the PV power generator has been demonstrated by applying the realistic temperature-rise

coefficient Kt = 0.033 Km2/W and by ignoring it (Kt = 0 Km2/W) in the simulation

model. Irradiance on the studied PV power generator in Chapter 4 (composed of 18

series-connected PV modules) was varied from 0 to 1000 W/m2 and it operated under

uniform conditions at Tamb = 20 oC. The MPP currents of the simulated cases are shown

as a function of MPP voltage in Fig. 3.1. Both the MPP current and voltage increase

continuously with increasing irradiance, if the module temperature is kept constant at

ambient temperature (Kt = 0 Km2/W). For the realistic value of Kt = 0.033 Km2/W,

the MPP current increases more or less similarly with increasing irradiance as for Kt =

0 Km2/W. However, the MPP voltage first increases rapidly, but then starts to decrease

with increasing irradiance. At high irradiance levels the MPP voltage difference between

the two curves is considerable demonstrating the importance of the module temperature-

rise effect due to irradiance on the operation of PV power generators. The effect of Kt

is also visible in the results in (Giesler et al., 2012) in which the measured MPP voltages

of two systems during several years have been shown.
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Fig. 3.1: MPP current of the PV power generator as a function of MPP voltage under
uniform operating conditions for irradiances from 0 to 1000 W/m2 for two values of the
temperature-rise coefficient Kt.
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The electrical characteristics of a single NAPS NP190GKg PV module and the pa-

rameters used in simulations are shown in Table 3.2. Temperature coefficients of SC

current and OC voltage Ki and Ku, respectively, and the ideality factor A are based on

well-known properties of silicon (Wenham et al., 2007).

Table 3.2: Electrical characteristics and parameters used in simulations for a NAPS
NP190GKg PV module.

Parameter Value Parameter Value

UOC,STC 33.1 V Ku –0.124 V/K
ISC,STC 8.02 A Ki 0.0047 A/K
UMPP,STC 25.9 V Kt 0.033 Km2/W
IMPP,STC 7.33 A Rs 0.33 Ω
PMPP,STC 190 W Rsh 188 Ω

A 1.30

The used simulation models of the PV module and the generator are, naturally, sim-

plifications of the operation of real modules and generators. For example, the light-

generated current is dependent on the energy of the band gap of the PV cell material

and on the spectrum of the irradiance, and not just on the value of irradiance as as-

sumed in the model. Also the PV modules are not identical in practice. However, the

used model is accurate enough for analyzing the phenomena studied in this thesis.

3.2 Experimental Verification of the Operation of the Simulation

Model

The operation of the simulation model can be seen in Fig. 3.2 with measured I-U curves in

three different irradiance and temperature conditions. The irradiance of the module was

measured using Kipp & Zonen SP Lite2 pyranometer, which was attached to the module

frame and had the same tilt angle as the module. The temperature of the PV module was

deduced from the measured irradiance, ambient temperature and back plate temperature

of the module (Rubio et al., 2010). Cell temperature was estimated to be 3 ◦C higher

than the backplate temperature under an irradiance of 1000 W/m2. The ambient and

back plate temperatures were measured by using Vaisala HMP155 temperature probe

and a PT100 sensor, respectively. I-U curves in different operating conditions were

measured by using a large capacitor. Once the capacitor was connected in parallel with

the PV module via a switch, the operating point of the PV module changed from SC to

OC. The current and voltage were measured using data acquisition device from National

Instruments (NI DAQPad-6015). The measurement setup is shown in Appendix D.

The accuracy of the simulation model is sufficiently high, especially under high irradi-

ance conditions. This can be seen in Fig. 3.2 by comparing the simulated and measured
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Fig. 3.2: Simulated and measured I-U characteristics under three different operating
conditions.

I-U curves of the module in the case when irradiance is 729 W/m2. The accuracy of

the simulation model slightly decreases around the MPPs (the knees in the curves) with

decreasing irradiance as can be seen for 415 and 132 W/m2 irradiances. The differences

between the simulated and measured currents at the MPPs are 0.04 A, 0.11 A and 0.12

A for irradiances of 729, 415 and 132 W/m2, respectively, and are in line with the results

presented in (Villalva et al., 2009a). The operation of the simulation model under partial

shading conditions has been previously verified in (Mäki et al., 2012) for Raloss SR30-

36 PV modules manufactured using monocrystalline silicon PV cells. Furthermore, the

simulation model is in accordance with the results presented in (Villalva et al., 2009a)

for two different PV modules under several operating conditions.

By experimentally verifying the accuracy of the simulation model for a single PV

module under several uniform conditions and by modeling the operation of bypass diodes

based on the measured characteristics of a Schottky diode, it is reasonable to state

that the simulation model gives reliable results of the general effects of partial shading

conditions for any PV power generator modelled by using these verified components.

3.3 Systematic Approach to Study the Effects of Partial Shading Con-

ditions

In this section, a systematic approach has been developed and used to study the effects

of partial shading conditions on the number of MPPs, characteristics of voltages and

current at MPPs. This approach has also been used in this thesis to study mismatch

losses of PV power generators with different configurations.
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In the approach, the shading of the generators is done by shading one block of series-

connected PV cells protected by an anti-parallel-connected bypass diode at a time. This

is shown in Fig. 3.3 for the first five cases. In the first case, the PV power generator

operates under uniform conditions without shading. In the second case, one third of the

first PV module is shaded. After that the shading is increased one third of a module at

a time until the whole PV power generator is shaded.

1. 2. 3. 4. 5.

Fig. 3.3: Systematic partial shading of PV power generators.

In Chapter 4, the simulation model of the operation of a PV power generator composed

of 18 series-connected NAPS NP190GKg PV modules has been used. This generator cor-

responds to a single-phase grid-connected generator. However, the studied phenomena

are similar for all PV power generators composed of series-connected PV modules. Ac-

cording to the systematic approach, the shading of the PV power generator in Chapter 4

has been done one block of 18 series-connected PV cells with an anti-parallel-connected

bypass diode at a time. This yields a total amount of 55 different shading conditions

(shading of 0 to shading of 54 blocks) for a certain value of irradiance for the shaded

cells. In this thesis, these different shading conditions are described with a term system

shading. System shading represents relative amount of shaded blocks of PV cells with

an anti-parallel-connected bypass diode compared to the total amount of blocks in the

generator (54). A system shading of 0% means that there are no shaded cells and 100%

that all the cells are shaded. For the generator studied in Chapter 4, the values of sys-

tem shading in the first five cases shown in Fig. 3.3 are 0.00, 1.85, 3.70, 5.56 and 7.41%,

respectively.

In the systematic approach, the irradiance of the shaded cells was also varied in

addition to system shading. This was done by systematically decreasing the value of
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irradiance of the shaded cells starting from the value of irradiance of the non-shaded

cells. In the results in Chapter 4, the irradiance of non-shaded cells was 1000 W/m2 and

in the first section of Chapter 5 in was 800 W/m2 representing NOCT conditions. The

ambient temperature in both cases was 20 ◦C. The ratio of the difference between the

irradiances of the shaded and non-shaded cells to the irradiance of the non-shaded cells

is described with a term shading strength. Therefore, shading strength represents the

attenuation of the irradiance due to the shading. Shading strength of 0% means that the

shaded cells receive the same irradiance as the non-shaded cells which means that the

conditions are uniform. Shading strength of 100% means that the shaded cells are not

receiving irradiance at all. In this thesis, the total amount of shading strength steps was

also chosen to be same as for system shading, i.e., 55 steps yielding total amount of 3025

different operating conditions for the generator.

In this thesis, partial shading conditions are assumed to be caused by a single object,

i.e., there are only two values of irradiances affecting the PV power generator. This

means that there can be only two MPPs at maximum. In this way it is possible to

have a systematic way to analyze the effects of partial shading by varying the values of

system shading and shading strength. In practice, however, partial shading of PV power

generators is caused by a variety of objects such as clouds, buildings, trees, animals,

etc. Clouds cause shades which can move very rapidly over the PV power generator.

Shading caused by surrounding structures is more stationary, moving slowly because

of the rotation of the Earth around its axis. The shape of the shading object and

the distance to the PV power generator also has an influence on the shading pattern

and attenuation of the irradiance due to the shading and, accordingly, to the electrical

characteristics and the energy yield of the generator (Mart́ınez-Moreno et al., 2010). In

order to understand the effects of particular shading objects on the operation of PV

power generators comprehensively, different approaches are needed.

Shading of all the PV cells of one block of series-connected PV cells with an anti-

parallel-connected bypass diode introduces a small error compared to results that would

be obtained by using a cell-based modeling approach. This is because in practice there

can be conditions in which only one or few cells of a block of series-connected PV cells

with an anti-parallel-connected bypass diode are be shaded. The error caused by this

simplification, which reduces the complexity of the simulation model significantly, is

relatively small because by shading even a few of the PV cells in one block of cells affects

the electrical characteristics so that they resemble the situation where all the of the

block are shaded (Alonso-Garćıa, Ruiz and Herrmann, 2006; Karatepe et al., 2007). It

becomes clear from the results in (Alonso-Garćıa, Ruiz and Herrmann, 2006; Karatepe

et al., 2007) that by using the cell-based modeling would not affect the overall operation

but only change the values of currents and voltage of MPPs slightly. It should also be
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noted that if the cell-based modeling approach was to be used, more accurate model

for the operation of PV cells under negative voltages including the effect of Avalanche

breakdown phenomenon should also be taken into consideration. This would cause the

simulation model to become very complex and computationally heavy. The developed

systematic approach, however, is used in this thesis to study the behavior of PV power

generators under static partial shading conditions to provide basic understanding on

these effects. Despite of small errors, the approach and simulation model are sufficient

for the purposes of this thesis.

In Chapter 5, the systematic approach has been used to study mismatch losses in PV

power generators with different configurations. The different configurations are shown in

Fig. 3.4. The Long string generator is composed of 18 series-connected PV modules and it

is based on the string inverter concept. The Parallel strings generator has three parallel-

connected strings of six series-connected PV modules and it is based on the central

inverter concept. Finally, the Multi-string generator has three individually controlled

strings of six series-connected PV modules and it is based on the multi-string inverter

concept.

Long string
generator

Parallel strings
generator

Multi-string
generator

Fig. 3.4: Different PV power generator configurations. Long string generator is composed
of 18 series-connected PV modules, Parallel string generator of three parallel-connected
strings of six series-connected PV modules and Multi-string generator of three individually
controlled strings of six series-connected PV modules.

The shading in cases of Parallel strings and Multi-string generators in Chapter 5 has

been done so that one string is completely shaded before shading the next string. The

strings are thought to be installed in adjacent rows and it is assumed that the shadow

starts to cover the generator on one end and continues to shade the generator until all the

modules are shaded. This way the basic behavior of different PV power generators con-

figurations can be investigated systematically. The effects of partial shading conditions,

for example, shading one-third of each PV string connected in parallel, can be deduced
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based on the used shading pattern. In Section 5.1.1, three practical shading scenarios are

studied in order to give more insight in addition to the results of the systematic approach.

3.4 Approach to Study Mismatch Losses Caused by Partial Shading

due to Clouds

Partial shading conditions due to clouds are dynamic and affect the operation of PV

power generators in different way than partial shading due to static objects. The edge

of the shade caused by a static object such as a building is sharp. This means that

when shading due to a building affects the generator, the non-shaded modules receive

the global irradiance while the shaded modules receive the diffuse part of the irradiance

which is typically around 20% of the global irradiance (Armstrong and Hurley, 2010;

Oozeki et al., 2005). Shading due to clouds causes irradiance to change gradually when

the shade of the cloud covers the generator. This means that all the PV modules of the

generator can have different values of irradiance during the cloud shading event.

Mismatch losses due to clouds are analyzed in Chapter 5 by using actual measured

environmental conditions. The irradiances were measured using Kipp & Zonen SP Lite2

photodiode sensors attached to the frames of the PV modules having, therefore, the same

tilt angles as the modules. Temperatures of the PV modules were measured by using

PT100 sensors attached to the back plate of the PV modules. The modules are located

on the roof of the Department of Electrical Engineering (61◦27’05”N, 23◦51’28”E) and

are part of the TUT Solar Photovoltaic Power Station Research Plant which layout is

shown in Appendix E. The modules in question are part of String 2 and the photodiode

sensors used in the study are S9-S14. The data from the irradiance and temperature

sensors were recorded once per second. With such a high sampling frequency, it was

possible to record even the fastest phenomena in the environmental conditions affecting

the PV modules.

The basic weather conditions in Tampere region are such that the mean annual global

irradiation on a horizontal plane is approximately 2.45 kWh/m2/d (Häberlin, 2012; Piri-

nen et al., 2012). For the sake of comparison, the mean annual global irradiation on a

horizontal plane in Berlin is 2.74 kWh/m2/d and in Barcelona 3.96 kWh/m2/d (Häber-

lin, 2012). This means that irradiation conditions are not much different in Tampere

compared to Berlin. Mean annual air temperature in Tampere is 4.4◦C and average

wind speed is 3.1 m/s and the wind is blowing quite evenly from all directions, slightly

more from the southwest than from the other directions (Pirinen et al., 2012).

The environmental data used in the simulations was measured during 180 days from 4

June to 7 September 2011 and from 14 April to 14 July 2012 excluding eight days during

which the measurement system was halted due to maintenance work. The time period is

chosen so that there was no snow covering the PV modules and the surrounding buildings
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caused as little partial shading conditions as possible. Thus, mainly the rotation of the

Earth around its axis and clouds affected the irradiance of the modules. The rotation of

the Earth around its axis causes slow changes in irradiance (below 6.0 Ws/m2). Changes

in irradiance due to moving clouds, however, have been measured to be frequently higher

than 10.0 Ws/m2.

The whole 180-day data was classified into three separate groups of irradiance condi-

tions: dark, uniform and non-uniform. The classification was made according to absolute

values of irradiance and changes occurring between consecutive measurements. Small

changes were assumed to be due to noise in the measurements or due to the rotation of

the Earth around its axis. Higher changes were assumed to be due to moving clouds.

Dark irradiance conditions were present only when the measured absolute value of

irradiance was zero. Uniform conditions were present when the change in irradiance

for all six photodiode sensors was lower than the limit which was defined based on the

changes occurring during a perfectly clear sky day without any objects causing shadows

over the sensors. The rate of irradiance changes during a clear sky day was linearly

dependent on the value of irradiance. For an irradiance of 0 W/m2, changes were smaller

than 1.2 Ws/m2 and were due to noise in the measurements. For an irradiance of 1000

W/m2, changes due to noise were higher, but still below 6.0 Ws/m2.

Because the changes in irradiance due to noise depended linearly on the magnitude

of irradiance, the limit to classify the data into separate data sets was also chosen to be

dependent on the value of irradiance. In this way, the time intervals during which the

changes in measured irradiances were caused by noise and rotation of the Earth around

its axis were classified into the data set of uniform conditions. Non-uniform conditions

were present when the irradiance of at least one photodiode sensor changed more than

the limit of 1.2 to 6.0 Ws/m2 for an irradiance of 0 to 1000 W/m2. This means that

non-uniform conditions constitute only of instances with clouds affecting the irradiances

of the PV modules.

The three different sets of data are used in Chapter 5 to study the mismatch losses in

five different configurations of PV power generators composed of six PV modules. The

interest is on the physical length of the PV module strings in addition to the effect of PV

power generator configuration on mismatch losses and, therefore, there are two versions of

generators with multi-string and parallel strings configurations. Different versions have

different amount of series-connected PV modules in the strings. Different generators

are shown in Fig. 3.5 and they are the Short multi-strings generator composed of three

individually operating strings of two series-connected PV modules, the Short parallel

strings generator composed of three parallel-connected strings of two PV modules and

a blocking diode connected in series, the Long multi-strings generator composed of two

individually operating strings of three series-connected PV modules, the Long parallel
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strings generator composed of two parallel-connected strings of three PV modules and a

blocking diode connected in series, and the Long string generator composed of six series-

connected PV modules. The studied generators are composed of only six PV modules

due to the high computing power needed to analyze the extensive climatic data.

Short multi-strings
generator

Long string
generator

Short parallel strings
generator

Long multi-strings
generator

Long parallel strings
generator

Fig. 3.5: Configurations of the studied PV power generators in case of partial shading due
to clouds.

The physical layout of the studied PV power generator configurations can be seen

in Fig. 3.6. Short multi-strings and Short parallel strings generators are composed of

strings of two series-connected modules which are shown in Fig. 3.6 as short 1, 2 and 3.

Long multi-strings and Long parallel strings generators are composed of strings of three

series-connected modules which are shown in Fig. 3.6 as long 1 and 2. The Long string

generator is the series connection of all six PV modules.

short 1 short 3short 2

long 1 long 2

4.52 11.85 22.36 29.97 40.47

Distance (m)

0.00

Fig. 3.6: Layout of the studied PV power generator configurations in case of partial shading
due to clouds. Different configurations are composed of substrings which are marked as
short 1 to 3 and long 1 and 2.
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4 EFFECT OF PARTIAL SHADING CONDITIONS ON

MAXIMUM POWER POINTS

The first section of this chapter presents the effect of partial shading conditions on the

number of MPPs in a PV power generator composed of 18 series-connected PV modules.

Different phenomena causing only one MPP despite of the partial shading conditions will

be presented and analyzed. The contents of the first section are also presented in (Mäki

and Valkealahti, 2013a).

The last section of this chapter studies the effect of partial shading conditions on

the characteristics of MPP currents and voltages. The results of a thorough study of

MPPs will be presented. First part of the contents of the last section has been published

earlier in (Mäki et al., 2012) and the final part is presented in the manuscript (Mäki and

Valkealahti, 2013b) which is currently in peer review process.

4.1 Number of Maximum Power Points

As a result of the systematic approach and use of the simulation model presented in

Chapter 3, a contour graph of the number of MPPs is shown in Fig. 4.1 as a function of

system shading (amount of shaded cells in the generator) and shading strength (atten-

uation of irradiance due to the shading). As can be seen, the central area of the figure

contains two MPPs, which is the typical case when a PV power generator operates under

partial shading conditions. There are also areas on the bottom, in the bottom right

corner, on the right side as well as in the top left corner of the figure in which there is

only one MPP despite of partial shading conditions. The P -I curve of the PV power

generator operating under partial conditions with both system shading x and shading

strength y of 50% is shown in Fig. 4.2 (the black dot in the center of Fig. 4.1) for a

typical case with multiple MPPs. Most of the figures presenting electrical characteristics

in this section are P -I curves instead of more conventional P -U curves. The reason for

this is that for series-connected PV cells, the current is same for all the PV modules.

It is, therefore, easier to show and explain the reasons for situation with only one MPP

despite of the partial shading conditions using P -I curves because the operating points

of interest are related to specific value of current rather than voltage.

In the systematic approach, only two values of irradiance at maximum affect the
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Fig. 4.1: Number of MPPs in the PV power generator as a function of system shading
and shading strength. Irradiance of non-shaded PV cells was 1000 W/m2.
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Fig. 4.2: P-I curve of the PV power generator operating under partial shading conditions
with x = 50.0% and y = 50.0%.

generator at once. This means that there can be only two MPPs at maximum as shown

in Fig. 4.1. These two MPPs occurring under partial shading conditions are classified

into MPPs at high and low currents. This is done based on the operating point of

individual shaded and non-shaded PV cells. At an MPP at high currents, the current

of the generator is higher than the SC current of the shaded cells. This current interval

from SC current of shaded cells to SC current of the generator is called the high current

region in this thesis. At the MPP at high currents, the non-shaded cells operate near

to their MPPs while the bypass diodes protecting the shaded cells bypass the current
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exceeding the SC current of the shaded cells. This means that the voltage of an MPP at

high currents is a sum of the MPP voltages of blocks of non-shaded cells and the negative

voltages of blocks of shaded cells with a forward biased anti-parallel-connected bypass

diode.

At an MPP at low currents, the generator current is less than the SC current of the

shaded cells. This current interval from zero to SC current of shaded cells is called the

low current region in this thesis. At the MPP at low currents, the voltage is the sum of

voltages of the blocks of shaded cells operating near to their MPPs and the voltage of

blocks of non-shaded cells. Voltages of non-shaded cells are between their MPP and OC

voltages defined by the MPP current at low currents. At this MPP, none of the bypass

diodes conduct current.

P -I curves of the PV power generator operating under three different partial shading

conditions with only one MPP are shown in Fig. 4.3. In case of system shading x =

50.0% and shading strength y = 7.4% (the black dot on the bottom of Fig. 4.1), the P -I

curve has a turn when bypass diodes start to conduct approximately at 7.54 A and 1420

W, but it also has only one MPP on the curve around 6.95 A and 2850 W. The reason

for only one MPP is that the value of shading strength is low and so the SC currents

of the shaded cells are higher than the MPP current of the non-shaded cells. The value

of shading strength, which causes only one MPP, depends on the ratio of MPP current

to SC current of the PV cells. This ratio is closely related to the fill factor which is

a commonly used parameter to evaluate the performance of PV cells. Low fill factor

typically means low value of the ratio of MPP current to SC current. Accordingly, the

one-MPP area increases with a decreasing value of the ratio of MPP current to SC current

and, therefore, also with a decreasing value of fill factor.

In case of system shading x = 96.3% and shading strength y = 50.0% (the black dot

on the right side of Fig. 4.1), the P -I curve has only one MPP at 3.63 A and 1590 W. The

reason for only one MPP is that the power consumed by a high amount of conducting

bypass diodes is higher than the MPP powers of the non-shaded cells. In case of system

shading x = 11.1% and shading strength y = 88.9% (the black dot on the top left corner

of Fig. 4.1), the P -I curve has a turn when bypass diodes start to conduct approximately

at 0.89 A and 416 W, but it has only one MPP at 7.31 A and 2610 W. The reason for

only one MPP is the low value of shunt resistance of the PV cells.

The above-mentioned three phenomena that cause only one MPP to the power curve

of a PV power generator operating under partial shading conditions will be thoroughly

explained in Sections 4.1.1–4.1.3. Different phenomena will be illustrated by using sim-

ulation results as well as a measured I -U curve in Section 4.1.3 related to the one MPP

phenomenon in case of low value of shunt resistance. The reasons for having only one

MPP in different operating conditions are also analysed.
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Fig. 4.3: P-I curves of the PV power generator operating under three different partial
shading conditions with only one MPP (marked with dots in Fig. 4.1).

The analysis is started by assuming that the PV cells and modules are ideal in a way

that the effects of parasitic series resistance (Rs = 0 Ω) and shunt resistance (Rsh =

∞ Ω) are neglected. Only the value of ideality factor A is used to adjust the model so

that the ratio of MPP current to SC current in uniform conditions is the same as for

the realistic model by which the results shown in Figs. 4.1–4.3 have been obtained. By

neglecting the effects of parasitic resistances in Eq. (2.3) and noticing that for the ideal

model I ph = I SC, the current I of an ideal PV cell becomes

I = ISC − Io

[

exp

(

U

AUt

)

− 1

]

, (4.1)

which can be explicitly solved with respect to I and U . The PV power generator modelled

by using Eq. (4.1) is referred to as ideal PV power generator later on in this chapter. For

this ideal model, the voltage of a conducting bypass diode and the current of a reverse

biased bypass diode are zero. It is important to be aware that the simulations are made

using the realistic model unless otherwise noted.

4.1.1 Shading Strength

The one-MPP area on the bottom of Fig. 4.1 is due to the value of shading strength

compared to the value of IMPP,high/ISC, where IMPP,high is the current of the MPP at

high currents (and low voltages) of the PV power generator and ISC the SC current of

the generator. In order to illustrate the reason for only one MPP due to low shading

strength, U -I and P -I curves of the PV power generator are shown in Figs. 4.4–4.5 in
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one and two-MPP conditions with a system shading of 50% and shading strengths of

7.4% and 18.5%, respectively. In Fig. 4.4, the U -I curves bend down abruptly (around

6.4 and 7.4 A) with increasing current. This is followed by a level of lower voltages and

then the curves bend down again in the high current region (around 8.0 A). The point at

which the bypass diodes start to bypass current around the shaded PV cells is at 7.54 A

for a shading strength of 7.4% and 6.62 A for a shading strength of 18.5%. These are the

values of the SC currents of the shaded cells. As can be seen, there is only one MPP on

the P -I curve if the shading strength is so low (in this case 7.4%) that the SC currents of

the shaded cells are higher than the MPP current at the MPP at high currents IMPP,high.

In this case, the shaded cells generate power already at IMPP,high and no MPP can take

place in the high current region.
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Fig. 4.4: U -I characteristics of the PV power generator under partial shading conditions
with a system shading of 50% and shading strengths of 7.4% and 18.5%.

The phenomenon shown in Figs. 4.4–4.5 is also studied analytically by using the ideal

one-diode model of a PV cell without the effects of parasitic series and shunt resistances

given in Eq. (4.1). The voltage of the PV power generator U in the low current region

(upper equation after the curly bracket) and in the high current region (lower equation

after the curly bracket) can be written in the form

U =

{

(1− x)NsUns + xNsUs, 0 ≤ I ≤ (1− y)ISC

(1− x)NsUns, (1− y)ISC < I ≤ ISC,
(4.2)

where x is the system shading, Ns the number of blocks of 18 series-connected PV cells

with an anti-parallel-connected bypass diode. Voltages Uns and Us are the voltages of

one block of 18 non-shaded and shaded series-connected PV cells with an anti-parallel-

38



4.1. Number of Maximum Power Points

0.0 1.5 3.0 4.5 6.0 7.5 9.0
0

800

1600

2400

3200

Current (A)

P
o
w

e
r 

(W
) 7.4%18.5%

Fig. 4.5: P-I characteristics of the PV power generator under partial shading conditions
with a system shading of 50% and shading strengths of 7.4% and 18.5%.

connected bypass diode, respectively.

Let us assume that ISC >> Io (usually done in case of an irradiance > 0 W/m2).

Then by solving Eq. (4.1) with respect to U , we get the equations for Uns and Us. By

substituting Uns and Us into Eq. (4.2), we get

U =



















(1− x)NsAUt,nsln
(

ISC−I
Io,ns

)

+xNsAUt,sln
(

(1−y)ISC−I
Io,s

)

, 0 ≤ I ≤ (1− y)ISC

(1− x)NsAUt,nsln
(

ISC−I
Io,ns

)

, (1− y)ISC < I ≤ ISC,

(4.3)

where y is the shading strength, A the ideality factor and Ut,ns and Ut,s the thermal

voltages of the non-shaded and shaded PV cells, respectively. Io,ns and Io,s are the dark

saturation currents of the non-shaded and shaded PV cells, respectively. The number

of MPPs in the electrical characteristics of the PV power generator modeled by using

Eq. (4.3) is shown in Fig. 4.6. As can be seen, the PV power generator has only one

MPP when shading strength is small enough.

The power derivative dP/dI at the MPP in the high current region (1− y)ISC < I ≤

ISC for the ideal model of PV power generator can be solved from Eq. (4.3) as

dP

dI

∣

∣

∣

∣

MPP,high

= (1− x)NsUMPP,ns + IMPP,high
dU

dI

∣

∣

∣

∣

MPP,high

= (1− x)NsUMPP,ns − (1− x)NsAUt,ns
IMPP,high

ISC − IMPP,high
= 0, (4.4)
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Fig. 4.6: Number of MPPs¨of the ideal PV power generator as a function of system
shading and shading strength under partial shading conditions.

where UMPP,ns is the MPP voltage of a block of 18 non-shaded PV cells protected by one

bypass diode.

The ratio of MPP current to SC current at MPP at high currents can now be solved

from Eq. (4.4) as

IMPP,high

ISC
=

UMPP,ns

UMPP,ns +AUt,ns
. (4.5)

As can be seen from Eq. (4.5), IMPP,high/ISC is always smaller than one for practical

cell temperatures and independent of both system shading x and shading strength y. This

can also be seen in Fig. 4.6 where the bottom edge of the two-MPP area is a straight line.

Although UMPP,ns depends on the type of PV cells, operating conditions and aging, the

order of magnitude of UMPP,ns with respect to AUt,ns is known and it depends mostly on

the number of series-connected cells in anti-parallel with a bypass diode.

The derivatives of power with respect to the current of the ideal PV power generator

modeled by Eq. (4.3) are shown in Fig. 4.7 under the same partial shading conditions as

the P -I curves presented in Fig. 4.5. There are three points at which the derivative is

zero in case of a shading strength of 18.5%. Two of these points at I = 6.20 A and I

= 7.25 A are MPPs and one is a local minimum occurring at I = 6.62 A. At the local

minimum, the shaded cells operate in SC conditions and the bypass diodes are not yet

conducting current. For a shading strength of 7.4% the power derivate is zero only at I

= 6.95 A. This is the MPP in the current interval 0 ≤ I ≤ (1− y)ISC.

In order to have an MPP in the current interval (1 − y)ISC < I ≤ ISC defined in

Eq. (4.4), there must be a local minimum in the P -I characteristics. Otherwise the
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Fig. 4.7: dP/dI curves of the ideal PV power generator for a system shading of 50% and
shading strengths of 7.4% and 18.5%.

shaded cells generate power already at IMPP,high and no MPP can exist at high currents.

A local minimum exists, if the power derivative is positive when I approaches (1− y)ISC

from the right as is true for shading strength of 18.5% for which (1− y)ISC = 6.62 A in

Fig. 4.7. For a shading strength of 7.4% for which (1− y)ISC = 7.54 A, the derivative is

negative when (1−y)ISC < I ≤ ISC. Maximum value of shading strength ymax for which

only one MPP exists can be solved in case of the ideal model of PV power generator

(Eq.(4.1)) by inserting IMPP,high = (1− y)ISC into Eq. (4.5) as

ymax = 1−
UMPP,ns

UMPP,ns +AUt,ns
= 1−

IMPP,high

ISC
. (4.6)

If IMPP,high/ISC is assumed to be 0.9, which is a typical value for silicon PV cells,

two MPPs exist only if y > ymax = 0.1. This means that for weak shading, the power

curve of the PV power generator has only one MPP despite of non-uniform irradiance

conditions.

4.1.2 Power Losses in Bypass Diodes

The one-MPP area on the right side of Fig. 4.1 is caused by the power losses in the

forward biased bypass diodes connected in anti-parallel with the shaded PV cells. This

phenomenon is illustrated in Figs. 4.8–4.9 in which U -I and P -I curves of the PV power

generator are shown in conditions with a shading strength of 50% and system shadings of

77.8% and 96.3% (42 and 52 out of the total amount of 54 blocks of 18 series-connected

PV cells were shaded, respectively). In case of the system shading of 77.8%, the power
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of the non-shaded cells is enough to forward bias the bypass diodes to bypass the current

around the shaded blocks, which causes two MPPs on the power curve of the generator.

In case of the system shading of 96.3%, only two blocks of cells are non-shaded. Their

power is in this case too low to forward bias the total of 52 bypass diodes in anti-

parallel with the shaded cells, when the generator current is in the high current region

(1− y)ISC < I ≤ ISC and so only one MPP exists at low currents.
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Fig. 4.8: U -I characteristics of the PV power generator under partial shading conditions
with a shading strength of 50% and system shadings of 77.8% and 96.3%.
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Fig. 4.9: P-I characteristics of the PV power generator under partial shading conditions
with a shading strength of 50% and system shadings of 77.8% and 96.3%.

The phenomenon shown in Figs. 4.8–4.9 can also be explained analytically by using

42



4.1. Number of Maximum Power Points

the ideal PV cell model without the effects of parasitic resistances, but now with positive

constant voltage for a conducting bypass diode Ubd. PV power generator voltage is now

U =

{

(1− x)NsUns + xNsUs, 0 ≤ I ≤ (1− y)ISC

(1− x)NsUns − xNsUbd, (1− y)ISC < I ≤ ISC.
(4.7)

The number of MPPs when using the model in Eq. (4.7) is shown in Fig. 4.10 for

bypass diode voltage of Ubd = 0.6 V. The ideality factor A has been chosen so that

IMPP,high/ISC is the same under uniform conditions as in the model with which the

results in Fig. 4.1 have been obtained. The horizontal solid/dashed line close to a shading

strength of 10% represents the minimum value for which two MPPs exist. This means

that ymax defined in Eq. (4.6) is just below this line.
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Fig. 4.10: Number of MPPs of the ideal PV power generator as a function of system
shading and shading strength with a finite non-zero voltage Ubd = 0.6 V for a conducting
bypass diode.

The power derivative dP/dI including the voltage of a conducting bypass diode Ubd

in the current interval (1− y)ISC < I ≤ ISC can be solved as

dP

dI
= (1− x)NsUns − xNsUbd

− (1− x)NsAUt,ns
I

ISC − I
, (1− y)ISC < I ≤ ISC (4.8)

The limit of system shading xlim with only one MPP on the power curve can be solved

when the power derivative dP/dI approaches zero when I approaches (1 − y)ISC. This
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can be written as

dP

dI

∣

∣

∣

∣

I=(1−y)ISC

= (1− xlim)NsUMPP,ns − xlimNsUbd

− (1 − xlim)NsAUt,ns
(1− y)ISC

ISC − (1− y)ISC
= 0. (4.9)

The limit of system shading xlim, for which there is only one MPP, can be solved from

Eq. (4.9) as

xlim =
UMPP,ns +AUt,ns(1− 1/y)

UMPP,ns + Ubd +AUt,ns(1− 1/y)
. (4.10)

Both the current through and the losses in bypass diodes are at maximum when the value

of shading strength is at the maximum of 100% (y = 1.0) for certain operating conditions.

The maximum value of xlim corresponding the vertical dashed line in Fig. 4.10 can be

obtained by inserting y = 1.0 into Eq. (4.10).

The maximum value of xlim of the studied system is between the simulation steps

of the system shading of 96.3% (vertical solid/dashed line in Fig. 4.10) and 98.1%. In

these cases two or one block out of the total amount of 54 blocks of 18 series-connected

PV cells are non-shaded, respectively. The maximum value of xlim is determined by the

magnitudes of Ubd and UMPP,ns, which are known system parameters. It can easily be

seen that the value of xlim depends on the voltage of a conducting bypass diode (Ubd) and

the amount of series-connected PV cells (UMPP,ns) in a PV block with an anti-parallel-

connected bypass diode.

The one-MPP area bounded by the dashed lines and the line between two and one-

MPP areas in Fig. 4.10 is due to the effect of bypass diode losses to the MPP and the

ratio IMPP,high/ISC. When operating at MPP at 7.3 A in Fig. 4.11, the bypass diodes in

anti-parallel with the shaded cells bypass the current around the shaded cells. This will

cause losses in bypass diodes which are proportional to the amount of conducting bypass

diodes and the current through them. Therefore, the bypass diode losses shift the MPP

to lower values of current compared to the MPP current of the non-shaded cells. This is

because the power at the MPP in the high current region (1−y)ISC < I ≤ ISC is the sum

of the power produced by the non-shaded cells and the power consumed by shaded cells

having anti-parallel-connected bypass diodes. This can also be seen in Fig. 4.10 where

the minimum value of shading strength, for which there exist two MPPs, increases for

high values of system shading (i.e. for high amounts of conducting bypass diodes).

The change of IMPP,high/ISC is illustrated in Figs. 4.11–4.12 for system shading and

shading strength of 50%. As can be seen, the shaded cells with anti-parallel-connected

bypass diodes consume power when they operate at currents higher than 4.1 A (i.e.
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Fig. 4.11: P-I characteristics of the PV power generator and of the non-shaded and
shaded cells for system shading and shading strength of 50%.
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Fig. 4.12: An extended view of P-I characteristics of the PV power generator and of
the non-shaded and shaded cells for system shading and shading strength of 50% at high
currents.

(1− y)ISC) and the power consumed is directly proportional to the current through the

bypass diodes in anti-parallel with shaded cells as shown in Fig. 4.9. If the voltage and

power of the conducting bypass diodes were zero, the MPP would be at the same current

as the MPP on the ’non-shaded’ curve and the ratio of MPP current to SC current would

be as defined in Eq. (4.5). The shift of the MPP to lower currents due to the power losses

in bypass diodes can clearly be seen in Fig. 4.12, which is an extended view of Fig. 4.11

at high values of current.
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The phenomenon can also be studied by using the ideal model for a PV power gen-

erator with constant bypass diode voltage Ubd by solving the ratio IMPP,high/ISC as a

function of system shading x from Eq. (4.9) at the MPP so that

IMPP,high

ISC
=

UMPP,ns − Ubdx/(1− x)

UMPP,ns +AUt,ns − Ubdx/(1− x)

= 1 −
AUt,ns

UMPP,ns +AUt,ns − Ubdx/(1− x)
. (4.11)

It becomes clear from Eq. (4.11) that IMPP,high/ISC also depends on the system

shading x when the voltage of a conducting bypass diode Ubd > 0 V. As can be seen,

IMPP,high/ISC decreases as the system shading x increases and, therefore, the distance

between the line between the two and one-MPP areas and the horizontal dashed line

on the bottom right corner in Fig. 4.10 increases. To further illustrate the shift of the

MPP current due to the power losses in bypass diodes, the ratio IMPP,high/ISC is shown

in Fig. 4.13 as a function of system shading for a shading strength of 50%. As can be

seen, IMPP,high/ISC decreases as system shading increases. For low values of system shad-

ing the decrease is moderate, but when approaching xlim the decreasing becomes faster

and finally, when xlim has been reached, the value of IMPP,high/ISC collapses to zero.

In Fig. 4.13, the last positive value of IMPP,high/ISC = 0.62 (62%) before the collapse

occurs is when 50 out of 54 blocks of PV cells are shaded yielding a system shading of

92.6%. For system shadings higher than xlim, IMPP,high/ISC = 0 in accordance with the

one-MPP area on the right in Fig. 4.10.
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Fig. 4.13: The ratio of current at the MPP at high currents to SC current as a function
of system shading for a shading strength of 50%.
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4.1.3 Shunt Resistance

The one-MPP area on the top left corner of Fig. 4.1 is caused by the low value of the

parasitic shunt resistance Rsh. The magnitude of the resistance defines the size of the

area so that the smaller the Rsh, the larger the area. This phenomenon is illustrated in

Figs. 4.14–4.15 in which U -I and P -I curves of the PV power generator are shown in

conditions with a system shading of 11.1% and shading strengths of 74.1% and 90.7%

corresponding to two and one-MPP areas, respectively. The effect of partial shading of

the PV power generator can be seen both in the U -I and P -I curves in Figs. 4.14–4.15.
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Fig. 4.14: U -I characteristics of the PV power generator under partial shading conditions
with a system shading of 11.1% and shading strengths of 74.1% and 90.7%.

The phenomenon can be studied by using the ideal PV cell model in Eq. (4.1), but

now with a finite value for parasitic shunt resistance Rsh. This time the losses in bypass

diodes are neglected. Because Rsh is now included in the model of a PV cell, Iph 6= ISC

and the current of the generator is

I = Iph − Io

[

exp

(

U

AUt

)

− 1

]

−
U

Rsh
(4.12)

and the voltage of the generator is

U =



















(1− x)NsAUt,nsln
(

ISC−I−Uns/Rsh

Io,ns

)

+xNsAUt,sln
(

(1−y)ISC−I−Us/Rsh

Io,s

)

, 0 ≤ I ≤ (1− y)ISC

(1− x)NsAUt,nsln
(

ISC−I−Uns/Rsh

Io,ns

)

, (1− y)ISC < I ≤ ISC.

(4.13)

The number of MPPs including the parasitic shunt resistance of 63 Ω for a block of
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Fig. 4.15: P-I characteristics of the PV power generator under partial shading conditions
with a system shading of 11.1% and shading strengths of 74.1% and 90.7%.

18 series-connected PV cells in the simulation model is shown in Fig. 4.16. The shunt

resistance is the same as in the case of the model used to obtain results for the real PV

power generator in Fig. 4.1. The parameters are chosen so that under uniform conditions

the ratio IMPP,high/ISC has the same value as in the case of Fig. 4.1. The comparison of

Figs. 4.6 and 4.10 with Fig. 4.16 clearly demonstrates how shunt resistance Rsh causes

the one-MPP area for conditions with low system shading and high shading strength.
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Fig. 4.16: Number of MPPs of the PV power generator according to the ideal model with
Rsh = 63 Ω. The black dot shows the conditions (system shading of 11.1% and shading
strength of 90.7%) in which the P -U curves with different values of shunt resistances are
shown in Fig. 4.17.
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The effect of shunt resistance on the slope of the P -U curve can be seen from Fig. 4.17

in which an extended view of the P -U curve for a system shading of 11.1% and shading

strength of 90.7% is shown. As can be seen, there is clearly an MPP for infinite shunt

resistance in accordance with Figs. 4.6 and 4.10. The P -U characteristics have two MPPs

and in this case the contour of the number of MPPs is as was shown in Fig. 4.6. For Rsh

= 63 Ω there is clearly no MPP in the low current region and only one MPP exists in

accordance with Figs. 4.1. For Rsh = 109 Ω, there is a point in which the derivative of

power with respect to voltage is zero at I = (1−y)ISC, but no MPP exists, just a plateau

on the power curve. In this case, the border between the one and two-MPP areas would

almost intersect the dot in Fig. 4.16.
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Fig. 4.17: Extended view of P-U characteristics of the PV power generator at low values
of current (at voltages ≥ 480 V) with a system shading of 11.1% and shading strength of
90.7% (the black dot in Fig. 4.16) for infinite and two realistic values of shunt resistance.

The border of one and two-MPP areas takes place when the power derivative dP/dI

in the low current region 0 ≤ I ≤ (1 − y)ISC is zero at I = (1 − y)ISC. dP/dI on that

border can be written as

dP

dI

∣

∣

∣

∣

I=(1−y)ISC

= U + (1− y)ISC
dU

dI

∣

∣

∣

∣

I=(1−y)ISC

= (1− x)NsUns

+ xNsUs + (1− y)ISC

(

(1− x)Ns
dUns

dI

∣

∣

∣

∣

I=(1−y)ISC

+ xNs
dUs

dI

∣

∣

∣

∣

I=(1−y)ISC

)

= 0.

(4.14)

The voltage derivates dUns/dI and dUs/dI in Eq. (4.14) can be solved from Eq. (4.12).
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At the border of one and two-MPP areas I = (1− y)ISC and we obtain

dUns

dI

∣

∣

∣

∣

I=(1−y)ISC

= −
AUt,nsRsh

RshyISC − Uns +AUt,ns
. (4.15)

A corresponding equation can also be derived for dUs/dI at the border. However, at

I = (1 − y)ISC the shaded cells operate in SC and the voltage of a shaded block of 18

series-connected PV cells is Us = 0 V. Therefore, the voltage derivative of shaded cells

at I = (1 − y)ISC is simply dUs/dI = −Rsh. By substituting these into Eq. (4.14), we

finally obtain

dP

dI

∣

∣

∣

∣

I=(1−y)ISC

= (1− x)NsUns

+ (1− y)ISC

[

(1− x)Ns
−AUt,nsRsh

RshyISC − Uns +AUt,ns
− xNsRsh

]

= 0. (4.16)

Shading strength y corresponding to the border of one and two-MPP areas increases

with increasing system shading x at high shading strengths and low system shadings

in accordance with earlier findings (Figs. 4.1 and 4.16). Furthermore, y increases with

increasing shunt resistance Rsh in line with Fig. 4.17 (higher Rsh yields smaller one-

MPP area). To further illustrate this, the contour graphs of one and two-MPP areas are

shown in Fig. 4.18 as a function of system shading and shading strength for various shunt

resistances. The contour of Rsh = 63 Ω corresponds to a typical value of Rsh in case of

an industrial PV module in accordance with Fig. 4.1. It becomes clear from Fig. 4.18

that the one-MPP area in the top left corner decreases with increasing shunt resistance.

The increase of Rsh increases the fill factor of PV cells and, consequently, the overall

energy yield available from the PV cell. This means that ideal PV cells have an infinite

shunt resistance and, accordingly, at least two MPPs under partial shading conditions of

high shading strength and low system shading. This will, on the other hand, complicate

MPPT if only a few cells of the generator are shaded. In this case a two-MPP condition

is undesirable because in case of low system shading and high shading strength, the MPP

at high currents is always the global MPP which means that partial shading condition

like this causes another MPP at low currents which is always a local MPP (Mäki et al.,

2012).

The value of shading strength ylim for which there exists only one MPP at high

currents and a plateau on the power curve at I = (1−y)ISC can be solved from Eq. (4.16)

as a function of system shading and shunt resistance. The exact solution is not easily

understandable, but by neglecting the terms with thermal voltage of non-shaded cells

Ut,ns, a more readable approximation can be obtained. This is a reasonable assumption

for practical values of shunt resistance Rsh. Consequently, the value of limit for which

50



4.1. Number of Maximum Power Points

System shading (%)

S
h
ad

in
g
 s

tr
en

g
th

 (
%

)

400 Ω
160 Ω
63 Ω
25 Ω
10 Ω

0 20 40 60 80 100
0

20

40

60

80

100

Fig. 4.18: Contour graphs of one and two-MPP areas as a function of system shading and
shading strength according to the ideal model for five different shunt resistances Rsh from
10 to 400 Ω.

there is only one MPP ylim can be approximated as

ylim ≈ 1−
(1− x)

x

Uns

RshISC
. (4.17)

Neglecting the terms with Ut,ns causes the accuracy of the approximation to decrease

a bit for very low values of x (< 5%). The approximation shows clearly how ylim increases

with increasing x and finally approaches the upper value one in accordance with Figs. 4.1,

4.10 and 4.18. The effect of shunt resistance on the one-MPP area can also be clearly

seen from Eq. (4.17). ylim increases with increasing shunt resistance and, thereby, the

one-MPP area decreases. If the value of shunt resistance is high, which is typical for

high quality PV cells, the value of ylim is close to one also at low values of x (e.g. for

Rsh = 400 Ω in Fig. 4.18).

The shunt resistance in one-diode model is often assumed to be constant in all op-

erating conditions, e.g. in (Villalva et al., 2009a). However, the PV cell impedance

measurements by Kumar et al. (2009) and Mäki et al. (2010) indicate that the mag-

nitude of the shunt resistance increases as the irradiance decreases. Soto et al. (2006)

state that the value of shunt resistance is inversely proportional to the irradiance and

propose, based on literature and empirical study, that Rsh = Rsh,STCGSTC/G, where

Rsh,STC is the shunt resistance in STC, Gsh,STC the irradiance in STC and G the irradi-

ance of the PV cells. In this case, the one-MPP area caused by the low value of shunt

resistance would shrink noticeably and the contour graph of the number of MPPs would

look identical to Fig. 4.6.
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It was confirmed by measurements by the author of this thesis that the phenomenon

is present in practical generators which means that it is unlikely that the equation pre-

sented by Soto et al. (2006) holds for all PV power generators in all operating conditions.

The measured P -U curve of a PV power generator composed of six series-connected

NAPS NP190GKg PV modules operating under partial shading conditions with a shad-

ing strength of 91.5% and with only one block of 18 series-connected PV cells protected

by an anti-parallel-connected bypass diode shaded (system shading of 5.6%) is shown in

Fig. 4.19. Measurement was done at 13:08:23 on 4 December 2012. The same measure-

ment setup was used as in the measurements for the verification of the simulation model

in Chapter 3 (shown in Appendix D). Only six modules were used because the capac-

itor used in the measurements to vary the operating point from SC to OC was unable

withstand more than 200 V. As can be seen, there is only one MPP at a voltage of 159

V. The value of shunt resistance is so low that the derivative of power with respect to

voltage at the voltage range from 180 V to 200 V is negative and does not contain a local

MPP.
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Fig. 4.19: Measured P -U characteristic of six series-connected PV modules operating
under partial shading conditions with a system shading of 5.6% and shading strength of
91.5% at 13:08:23 on 4 December 2012. Only one MPP exists at a voltage of 159 V.

4.2 Characteristics of Maximum Power Points

As was shown in the previous sections, partial shading conditions typically causes multiple

MPPs to the P–U curve of a PV power generator. In addition to number of MPPs, partial

shading conditions affect the MPP voltages and currents. Especially the voltage and

current of the global MPP are of interest when the purpose is to extract the maximum

available power from the generator under all operating conditions. Depending on the
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partial shading conditions, the global MPP can be at almost any voltage from zero to

OC voltage. In this section, the prevailing behavior of MPPs under partial shading

conditions are studied by using the systematic approach introduced in Chapter 3.

4.2.1 Voltage of the Global MPP

The conventional assumption that the MPP voltage is about 80% of the OC voltage for

PV modules composed of silicon PV cells is correct only in cases of uniform operating

conditions. For example, in partial shading conditions with a shading strength of 85%

and system shading of 20%, the global MPP is at a voltage of less than 60% of the OC

voltage as is shown in Fig. 4.20.
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Fig. 4.20: P -U curve of the PV power generator under partial shading conditions with a
shading strength of 85% and system shading of 20%.

The effect of partial shading on the voltage of the global MPP is illustrated with a

contour graph in Fig. 4.21 as a function of system shading and shading strength obtained

by using the systematic approach. As can be seen, the voltage of the global MPP can

be at voltages lower than 100 V, which is lower than 20% of the OC voltage. At shading

conditions below the diagonal from the origin to the top right corner in Fig. 4.21, the

voltage of the global MPP stays over 400 V being around 75 to 85% of the OC voltage

ranging from 400 V to over 450 V. In this area the global MPP is at high voltages (or

low currents) and conventional MPPT methods which assume that the MPP voltage is

around 80% of the OC voltage are able to function properly. MPP at high voltages

and low voltages are defined the same way as MPP at low currents and high currents,

respectively, in Section 4.1.

It should also be noticed that there is also an upper limit for the voltage of the global
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Fig. 4.21: Voltage of the global MPP as a function of system shading and shading strength.

MPP and it is naturally less than the OC voltage of the generator. This will be discussed

more later on in this chapter when it is shown that if the voltage of an MPP is too

high it cannot be the global MPP if it is assumed that there are two irradiance values

at maximum affecting the generator. In the area above the diagonal in Fig. 4.21, global

MPP voltage decreases strongly with increasing system shading. In this area the MPP at

low voltages is the global MPP. If shading with a shading strength of over 20% covers the

PV power generator gradually, the voltage of the global MPP decreases with increasing

system shading. This can cause problems for connecting the PV power generator to the

electrical grid, because of the wide voltage range required from the MPPT device.

Further problems for the MPPT will occur if the diagonal in Fig. 4.21 is crossed. For

example, in the case of a shading strength of 50% and system shading of 50%, the voltage

of the global MPP is over 450 V. If the shading strength increases to 70%, the voltage

of the global MPP drops below 200 V. The P -U characteristics of the above mentioned

conditions are shown in Fig. 4.22. There are two MPPs almost at the same voltages in

both operating conditions presented in Fig. 4.22. In the case of a shading strength of

50%, the global MPP is at high voltages. When the shading strength increases to 70%,

the MPP at lower voltages becomes the global MPP. Conventional MPPT methods will

easily fail to track the global MPP in these kinds of cases because they are unable to

recognize the other MPP.

4.2.2 Differentiation Between Local and Global MPPs

MPPs under partial shading conditions can be classified into MPPs at low and high

voltages (high and low currents) based on the operating point of individual shaded and
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Fig. 4.22: P -U characteristics of the PV power generator with a system shading of 50%
and shading strengths of 50% and 70%.

non-shaded PV cells as was already discussed in Section 4.1. If the PV power generator

operates at an MPP at low voltages (high currents), non-shaded cells operate near to their

MPPs while the bypass diodes protecting the shaded cells bypass the current exceeding

the SC current of the shaded cells. This means that the voltage of the block of shaded

cells and the bypass diode is negative having the magnitude of the threshold voltage of

a forward biased bypass diode. Therefore, the MPP voltage of the generator is slightly

lower than the MPP voltage of non-shaded cells. If, on the other hand, the generator is

operating at an MPP at high voltages (low currents), shaded cells operate near to their

MPPs while the non-shaded cells have the voltage defined by the current of the MPP at

high voltages (low currents). The voltage of individual non-shaded cells is then between

the MPP and OC voltages.

The prevailing behavior of MPP currents and voltages of the PV power generator

operating under partial shading condition has been demonstrated with results of specific

simulated shading conditions. I-U and P -U curves of the PV power generator operating

under partial shading conditions with shaded cells receiving half of the irradiance received

by the non-shaded cells (shading strength of 50%) and with one-third, two-thirds and

all of the PV cells in the generator shaded (system shadings of 33.3%, 66.7% and 100%)

are shown in Figs. 4.23 and 4.24. In the case of a system shading of 100%, every PV

cell is shaded and, therefore, there is only one MPP on the electrical characteristics of

the generator at 437 V. In the cases of partial shading conditions with system shadings

of 66.7% and 33.3% there are MPPs at low voltages of 117 V and 261 V and at high

voltages of 446 V and 459 V, respectively. The global MPP is at low voltages only in

the case of a system shading of 33.3%. In other conditions, the global MPP is at high
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voltages as can be seen in Fig. 4.24.
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Fig. 4.23: I-U curves with MPPs (dots on the curves) of the PV power generator under
partial shading conditions with shading strength of 50% and system shadings of 33.3%,
66.7% and 100%.
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Fig. 4.24: P -U curves with MPPs of the PV power generator under partial shading
conditions with shading strength of 50% and system shadings of 33.3%, 66.7% and 100%.

It can further be seen in Fig. 4.24 that the voltage of the MPPs at low voltages changes

strongly as a function of system shading. This is due to the fact that the MPP voltage

of an MPP at low voltages comprises of the sum of the MPP voltages of the non-shaded

cells and threshold voltages of conducting bypass diodes. Therefore, MPP voltage at

low voltages is inversely proportional to the system shading because the amount of non-

shaded cells decreases with increasing system shading. It is also important to notice that
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the MPP current of MPPs at low voltages stays almost constant. On the other hand, the

MPP voltage at high voltages changes only slightly as a function of system shading. The

small increase of the MPP voltage at high voltages with decreasing system shading is

due to increasing portion of non-shaded cells in the PV power generator which are forced

to operate at higher voltages than their own MPP voltage. The voltage of a non-shaded

cell is between the MPP and OC voltages of the cell depending on the MPP current at

high voltages and, therefore, the shading strength.

Another prevailing perspective on the behavior of MPP currents and voltages of the

PV power generator operating under partial shading conditions can be obtained by sim-

ulations with a fixed system shading and varying shading strength. I-U and P -U curves

of the PV power generator operating under partial shading conditions with a system

shading of 50% and shading strengths of 33.3%, 66.7% and 100% are shown in Figs. 4.25

and 4.26. In the case of a shading strength of 100% there is only one MPP at 186 V. In

the cases of shading strengths of 66.7% and 33.3% there are MPPs at low voltages of 188

V and 190 V and at high voltages of 462 V and 437 V, respectively. The global MPP is

now at high voltages only in the case of a shading strength of 33.3%. In the other two

cases, the global MPP is at low voltages.
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Fig. 4.25: I-U curves with MPPs (dots on the curves) of the PV power generator under
partial shading conditions with a system shading of 50% and shading strengths of 33.3%,
66.7% and 100%.

It can further be seen in Figs. 4.25 and 4.26 that the voltage of the MPP at low

voltages remains almost the same despite the change in shading strength. This is due to

the fact that the change in shading strength affects only the voltages of the conducting

bypass diodes. The magnitudes of currents and voltages of the bypass diodes increase

only slightly with increasing shading strength and, therefore, the change of voltage of the
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Fig. 4.26: P -U curves of the PV power generator under partial shading conditions with a
system shading of 50% and shading strengths of 33.3%, 66.7% and 100%.

MPP at low voltages is also minimal (MPPs at 186 V to 190 V). On the other hand, the

change in the MPP voltage of the MPPs at high voltages as a function of shading strength

is more significant. The change in MPP voltage happens due to the same phenomenon

as for the MPPs at high voltages in Fig. 4.24. This time the amount of shaded cells

remains the same as the system shading is kept constant, but as the MPP current at

high voltages decreases with increasing shading strength, the voltage of the non-shaded

cells increases towards their OC voltage.

The behavior of MPP currents and voltages of the PV power generator was demon-

strated with selected shading conditions in Figs. 4.23–4.26. As the next step it will be

shown that the demonstrated prevailing behavior of MPP currents and voltages is a pre-

dominant property of the PV power generator composed of series-connected PV modules

operating under partial shading conditions.

I-U and P -U curves of the PV power generator operating under partial shading

conditions have been simulated with 55 steps both for shaded cells (system shading) and

irradiances for the shaded cells (shading strength) with a total amount of 3025 different

operating conditions. All the MPP current and voltage pairs of the MPPs under these

operating conditions are presented in Fig. 4.27. As can be seen, there are clearly two

distinctive regions in which the MPPs lie representing the MPPs at low and high voltages

as classified before. Low voltage MPPs are close to the current of 7.3 A corresponding

to the MPP current of the non-shaded modules receiving an irradiance of 1000 W/m2.

High voltage MPPs are between 400 and 500 V with MPP current varying from 0 to

7.3 A.

Extended views of both low and high voltage ranges of Fig. 4.27 are shown in Figs. 4.28
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Fig. 4.27: MPP current and voltage pairs of the PV power generator operating under
3025 different partial shading conditions.

and 4.29 in which local and global MPPs are marked with black and red dots, respectively.

The MPPs under uniform conditions are marked with red circles around the leftmost red

dots in Fig. 4.29. These points correspond to the curve with temperature-rise coefficient

Kt = 0.033 Km2/W in Fig. 3.1 in Section 3.1.
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Fig. 4.28: MPP current and voltage pairs of the PV power generator at low voltages under
partial shading conditions. Local and global MPPs are presented with black and red dots,
respectively.

As can be seen in Fig. 4.28, the global MPPs are at higher currents than the local

MPPs when the PV power generator is operating at an MPP at low voltages. The global

MPP current changes only slightly with varying MPP voltages, which is a noteworthy
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Fig. 4.29: MPP current and voltage pairs of the PV power generator at high voltages
under partial shading conditions. Local and global MPPs are presented with black and red
dots, respectively, and red circles represent MPPs under uniform conditions.

feature of the PV power generator. Furthermore, differences between global and local

MPPs are very small and they are hard to separate from each other according to either

current or voltage in contrast to the MPPs at high voltages in Fig. 4.29, which can clearly

be divided into local and global MPPs based on the MPP voltage.

The MPPs at high voltages in Fig. 4.29 are grouped in rows having nearly the same

MPP current with varying MPP voltage. For example, in the case of an MPP current

of 2.0 A, the MPP voltage varies from 442 to 495 V. For all of the MPPs in each of

these rows the shading strength is constant, but system shading varies. This corresponds

to a realistic condition for PV power generators, when some shading due to an obstacle

gradually increases. The voltage of the MPP at high voltages gradually decreases with

increasing system shading, but the MPP current stays almost constant corresponding to

the irradiance under shading. It can also be clearly seen in Fig. 4.29 that an MPP cannot

be the global MPP if it has a voltage higher than the voltage at the border between the

red and black dots.

The phenomenon shown in Fig. 4.29 can also be seen in Fig. 4.23 in the case of MPPs

at high voltages. All the MPPs at high voltages in Fig. 4.23 are part of a single row

of MPPs in Fig. 4.29 with almost the same MPP current (from 3.62 A to 3.96 A). The

MPP for system shading of 100%, representing uniform conditions, is one of the red dots

with a red circle at 3.62 A and 437 V in Fig. 4.29. The global MPP voltage for a system

shading of 66.7% is a red dot at 3.72 A and 446 V. The local MPP for a system shading

of 33.3% is a black dot at 3.83 A and 459 V.

It is reasonable to assume that during a typical shading event of a PV power generator
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shading strength is more or less constant but system shading can vary from 0 to 100%

(Armstrong and Hurley, 2010). Accordingly, the voltage difference between the MPPs

at high voltages under partial shading and uniform conditions (fully shaded) increases

with decreasing system shading. In conditions with high system shading, the MPP at

high voltages is the global one (red dots in Fig. 4.29). With decreasing system shading

the voltage difference increases and, finally, MPPs at high voltages become local MPPs

(black dots in Fig. 4.29).
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Fig. 4.30: The relative MPP voltage difference between the local MPP with highest value
of system shading (border of local and global MPPs in Fig. 4.29) and the MPP under
uniform conditions is presented as a function of MPP current. In addition to irradiance of
1000 W/m2 for non-shaded cells, a corresponding curve of 500 W/m2 for non-shaded cells
is also shown.

The leftmost local MPPs (black dots) in Fig. 4.29 represent MPPs under such operat-

ing conditions that the powers of the local MPPs at low and high voltages are nearly the

same. The voltage difference between these MPPs compared to the voltage of the MPPs

under uniform conditions is shown in Fig. 4.30. The relative MPP voltage difference

is the ratio of the voltage difference to the MPP voltage under uniform conditions. In

Fig. 4.30, irradiances of the non-shaded cells are 1000 W/m2 yielding MPP current of

7.32 A at maximum and 500 W/m2 yielding MPP current of 3.62 A at maximum.

If the relative voltage difference between an MPP under partial shading conditions

at high voltages and the MPP under uniform conditions is smaller than the voltage

difference limits shown in Fig. 4.30 for a certain MPP current, the PV power generator is

operating at the global MPP. If the voltage difference is higher, the generator is operating

at a local MPP and the global MPP is at low voltages.

The relative voltage differences in Fig. 4.30 are typically below 6% irrespective of the

irradiance for non-shaded cells (500 or 1000 W/m2). Furthermore, local MPPs have the
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same power when the voltage of the local MPP at high voltages is such that it corresponds

to the voltage difference limit in Fig. 4.30. Therefore, based on Fig. 4.30 it looks feasible

that the voltage difference limit could be used as an indicator whether the MPP at high

voltages is the global MPP or that there is an MPP with more power at low voltages.

The power difference between the MPPs based on the systematic approach is shown

as a contour graph in Fig. 4.31. As can be seen, the power difference of the MPPs is

small in the area of the diagonal on which the powers of the MPPs are almost the same.

This means that operation at the relative voltage difference limit in Fig. 4.30 corresponds

to the operation close to the diagonal of Fig. 4.31. Therefore, despite the fact that the

voltage difference limit in Fig. 4.30 is not constant as a function of MPP current (and

basically shading strength), the power losses due to operating at a local MPP instead of

the global one are small when operating in the area of the diagonal of Fig. 4.31.
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Fig. 4.31: The relative power difference of two MPPs as a function of system shading and
shading strength compared to the power of global MPP. In the case of only one MPP, the
difference is set to zero.

As was shown in Fig. 4.28, it is difficult to differentiate between the local and global

MPPs in case of an MPP at low voltages based on the voltage or the current at the

MPP. However, in practice, shading caused by a static object such as a building causes

high values of shading strength. In the case of a shading like this only the diffuse part

of the irradiance is received by the shaded modules which is approximately 20% of the

global irradiance corresponding to shading strength of 80% (Armstrong and Hurley, 2010;

Oozeki et al., 2005). In case of a shading strength of 80%, the MPP at low voltages is

the global MPP if the relative MPP voltage difference between the MPP under uniform

conditions and the voltage of an MPP at low voltages is lower than 80%. This can be seen

in Fig. 4.32 where the relative MPP voltage difference between an MPP under uniform
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conditions and an MPP at low voltages with the same value of MPP current is presented

as a function of shading strength. The limit in Fig. 4.28 is calculated in such conditions

that the powers at both of the local MPPs are approximately the same which means that

the relative MPP voltage difference in the figure is calculated similarly as the limit for

the MPP at high voltages in Fig. 4.29 but now for the MPPs at low voltages.
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Fig. 4.32: The relative MPP voltage difference between an MPP under uniform conditions
and a local MPP at low voltages with the same MPP current in such conditions that the
powers at both MPPs are the same as a function of shading strength. In addition to
irradiance of 1000 W/m2 for non-shaded cells a corresponding curve of 500 W/m2 for
non-shaded cells is also shown.

If the information presented above was to be used as a part of an MPPT algorithm,

limits for the relative voltage difference could be defined based on Figs. 4.30 and 4.32.

By defining the voltage difference limits separately, they can be chosen so that the per-

formance of the method is optimized. For example, the relative voltage difference limit

in case of an MPP at high voltages Ulim,high can be chosen to be of the order of the

MPP voltage difference limits shown in Fig. 4.30. This way the differentiation method

recognizes that there exists another MPP at lower voltages only if it is probable that the

MPP at high voltages is not the global one.

In the case of an MPP at low voltages, a voltage difference limit Ulim,low can be chosen

so that under conditions with very low system shading the method does not recognize

another MPP on the power curve, because the present MPP is most probably the global

MPP. Ulim,low can also be chosen by considering that the shading strength is typically of

the order of 80 to 85% (slightly higher during mornings and evenings) based on Fig. 4.32.

Then, if the operating point is at an MPP at low voltages, system shading must be large

enough (voltage difference big enough) for having another MPP at high voltages with

higher power. It is, however, also possible to estimate the value of shading strength quite
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accurately by measuring global and diffuse irradiances and, therefore, to improve the

method in case of operating at the MPP at low voltages without the need to assume any

specific value for the shading strength.
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5 EFFECT OF GENERATOR CONFIGURATION ON

MISMATCH LOSSES UNDER PARTIAL SHADING

CONDITIONS

The first section of this chapter presents the results of the systematic study of the effects

of partial shading conditions on mismatch losses in PV power generators with different

configurations. Different configurations are based on different inverter concepts used to

interface PV power generators to the electrical grid. The results, however, apply to

stand-alone systems as well. The contents of the first section is based on the results

presented in (Mäki and Valkealahti, 2011, 2012b).

In the second section, the effect of partial shading conditions due to clouds on mis-

match losses are discussed. The analysis of actual measured data recorded with the data

acquisition system of TUT Solar Photovoltaic Power Station Research Plant will be pre-

sented. The contents of the last section is based on the results presented in (Mäki and

Valkealahti, 2012a).

5.1 Mismatch Losses in Different Generator Configurations

Mismatch losses of PV power generators with different configurations (shown in Fig. 3.4

in Section 3.3) have been calculated by comparing the power of the global MPP to the

sum of the maximum powers of the individual blocks of 18 series-connected cells with an

anti-parallel-connected bypass diode. The mismatch losses are power losses due to the

fact that every block of PV cells does not operate in its own MPP although the whole PV

power generator operates in its global MPP. Mismatch losses are a characteristic property

of each generator configuration. The mismatch losses of different generators under partial

shading conditions are shown in Figs. 5.1–5.3 as a function of system shading and shading

strength as contour graphs.

Mismatch losses of the Long string generator are highest near the diagonal from

origin to top right corner of Fig. 5.1, where the powers at the two local MPPs, when

both of them exist, are equal. The power at the MPP at low voltages decreases as

system shading increases and the power of the MPP at high voltages decreases as shading

strength increases. On the diagonal of Fig. 5.1 the powers of the MPPs are equal, which

leads to high mismatch losses, because both the system shading and shading strength
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Fig. 5.1: Mismatch losses of Long string PV power generator as a function of system
shading and shading strength.
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Fig. 5.2: Mismatch losses of Parallel strings PV power generator as a function of system
shading and shading strength.

are equally high. For Parallel strings and Multi-string generators, three different partial

shading conditions lead to two local MPPs with equal powers as can been seen in Figs. 5.2

and 5.3, because of three parallel operating strings. The mismatch losses are zero for

the Multi-string generator and almost zero for the Parallel strings generator when every

string is either completely non-shaded or completely shaded. These conditions can be

seen in Figs. 5.2 and 5.3 for system shadings of 33.3% or 66.7%.

Mismatch losses in case of the Long string generator can be considerable if both the

system shading and shading strength are very high as can be seen in the top right corner
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Fig. 5.3: Mismatch losses of Multi-string PV power generator as a function of system
shading and shading strength.

of Fig. 5.1. In general, mismatch losses are lower for the Parallel strings and Multi-string

generators than for the Long string generator and are the lowest for the Multi-string

generator. In certain partial shading conditions the mismatch losses in the Long string

generator are considerable, while they are almost zero for the other two generators as

can be seen, for example, for system shadings of 33.3% and 66.7% in Figs. 5.1–5.3.

When a PV power generator operates under partial shading conditions, the direct

part is blocked and only the diffuse part of the irradiance is received by the shaded

modules. On a clear sky day, the diffuse part of the irradiance is typically about 15 to

20% of the global irradiance (Armstrong and Hurley, 2010; Oozeki et al., 2005). The

mismatch losses of the different PV power generators under partial shading conditions

with a shading strength of 85% are illustrated in Fig. 5.4 as a function of system shading.

The curves in the figure are cross cuttings from Figs. 5.1–5.3.

As shown in Fig. 5.4, the mismatch losses of the Multi-string generator on a clear

sky day are never higher than for the Long string or Parallel strings generators. Mis-

match losses for Parallel strings are mostly lower than for the Long string generator.

Mismatch losses for Parallel strings are higher than for Long string predominantly in

case when shading strength is higher than 50% and system shading is low as can be seen

by comparing mismatch losses in Figs. 5.1 and 5.2. This can most clearly be seen for

the shading strength of 85% in Fig. 5.4 for system shadings below 26% (first peak of

the Parallel strings curve) and around 48% (second peak of the Parallel strings curve).

For a system shading of 11%, the mismatch losses for Parallel strings are 21% whereas

the mismatch losses for the Long string and Multi-string generators are only 3%. For

a system shading of 48%, the mismatch losses for Parallel strings are 27% whereas the
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Fig. 5.4: Mismatch losses of the PV power generators under partial shading conditions as
a function of system shading for a shading strength of 85%.

mismatch losses for the Long string and Multi-string generators are only 18% and 6%,

respectively.

The P -U curve of the Parallel strings generator and individual P -U curves of the three

parallel-connected strings are shown in Figs. 5.5 and 5.6 for a shading strength of 85%

and system shadings of 11% and 48%, respectively. As can be seen in Fig. 5.5 in the case

of system shading of 11%, two strings are without shading and String 1 operates under

partial shading conditions. The global MPP of the generator is at 140 V, where String 1

has a power of 125 W and both Strings 2 and 3 have power of 818 W. In this case, total

mismatch losses are 457 W (20.6% of the maximum available power). The losses are

distributed so that the losses in Strings 2 and 3 are almost zero (< 1 W) and basically

the mismatch losses happen in String 1 which operates under partial shading conditions.

The losses in the shaded modules of String 1 are 8 W because they are not operating

exactly at their MPP at a voltage of 160 V. The losses in the non-shaded modules of

String 1 are 448 W. This is because the generator is operating at a voltage of 140 V and

the non-shaded modules produce only 111 W although the maximum available power

from them would be 559 W (36 W more than at the MPP at 90 V in String 1 because

of the losses in the bypass diodes of shaded modules).

In the case of a system shading of 48% in Fig. 5.6, String 1 is completely shaded,

String 2 is under partial shading conditions, and String 3 is without shading. The MPP

voltages of Strings 1 and 3 are close to the global MPP voltage of the Parallel strings

generator, but the voltage of the global MPP of String 2 is close to 73 V with power of

almost 300 W higher than at the local MPP at high voltages. The situation is the same

as for String 1 in Fig. 5.5. The mismatch losses of the Parallel strings generator are now
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Fig. 5.5: P -U curve of the Parallel strings generator and individual curves of parallel-
connected Strings 1, 2 and 3 under partial shading conditions with a shading strength of
85% and system shading of 11%.

as high as 27% because the maximum available power of the generator has decreased due

to increased overall shading.
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Fig. 5.6: P -U curve of the Parallel strings generator and individual curves of parallel-
connected Strings 1, 2 and 3 under partial shading conditions with a shading strength of
85% and system shading of 48%.

The reason for high mismatch losses of the Parallel strings generator at system shad-

ings below 60% is that all the strings of the generator have the same voltage and, thereby,

the local MPPs of the string under partial shading determines the MPP voltages of the

whole generator. On the contrary, if the parallel strings are allowed to operate at their
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own MPPs according to the Multi-string generator configuration, mismatch losses are

smallest for all shading conditions. When system shading increases to over 50%, the

Long string generator has the highest mismatch losses, the Parallel string generator the

second highest and the Multi-string generator the lowest losses.

5.1.1 Practical Shading Scenarios

In order to illustrate the significance of the PV power generator configuration on the

mismatch energy losses under partial shading conditions, the operation of the PV power

generators (Long string, Parallel strings and Multi-string) was also studied in three prac-

tical partial shading scenarios.

The amount of shaded PV cells in the generator (system shading) in the case of

three partial shading scenarios is shown in Fig. 5.7 as a function of time for the period

of one day. It should be noticed that system shading is a relevant parameter only in

the daytime, because at nighttime the PV modules receive no radiation. In all of the

three scenarios, the non-shaded PV cells receive the global irradiance and shaded cells

the diffuse irradiance. The global and diffuse irradiances are shown in Fig. 5.8 during

the simulated day. The ambient temperature was chosen to be 20 ◦C during the whole

day and the temperatures of the PV modules were calculated based on the ambient

temperature, irradiance and temperature-rise coefficient presented in Eq. (3.5).
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Fig. 5.7: System shading of the PV power generators in different partial shading scenarios
during the simulated day.

In Scenario I, there is one PV module in the PV power generators shaded the entire

day (three sets of 18 series-connected PV cells with a bypass diode connected in parallel

corresponding to a system shading of 5.6%). In practice, shading conditions like this
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Fig. 5.8: Global and diffuse irradiances during the simulated day.

could be caused for example by a small tree, a chimney, an air conditioning device or

some other relatively small object or objects located near the PV power generator.

In Scenario II, the PV power generators are assumed to be built using three con-

secutive rows of PV modules, each composed of six PV modules. In the morning and

evening, the first module row shades a part of the second row and the second row shades

a part of the third row. In the morning after sunrise and in the evening before sunset

the shading is more severe and two-thirds of the PV cells are shaded in the second and

third rows (two sets of 18 series-connected PV cells protected by a bypass diode in each

shaded module). Approaching noon, the shading becomes less severe and only one-third

of the PV cells are shaded in the second and third rows (one set of 18 series-connected

PV cells protected by a bypass diode in each shaded module). Around noon the solar

altitude, which is the angle between the sun and horizontal, is assumed to be so high

that there is no mutual shading between the PV module rows.

In Scenario III, the generators are built in the same way as in Scenario II with three

consecutive rows of PV modules, but in this scenario there is no mutual shading between

the module rows. In Scenario III, the shading is caused for example by a large object

such as a tall building in built environment that starts to shade the PV power generator

gradually in the afternoon and finally shades the generator entirely for the rest of the

day.

The mismatch energy losses during the day in the partial shading scenarios are shown

in Table 5.1. Multi-string generator has the smallest mismatch energy losses between

1.15% and 3.61% in all scenarios in accordance with earlier findings in the previous section

and in (Mäki and Valkealahti, 2012b). It is somewhat of a surprise that the Long string

generator has only slightly larger mismatch losses than the Multi-string generator. The
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explanation for this and the specious contradiction between Fig. 5.4 and Table 5.1 is that

in the figure there are mismatch power losses under the respective shading conditions,

but the values in Table 5.1 are mismatch energy losses during one day. The available

total energy yield decreases with increasing system shading. This means that absolute

energy losses of Parallel strings generator at system shadings below 26%, for example,

are much higher than absolute energy losses of the Long string generator at high system

shadings around 80% in Fig 5.4.

Table 5.1: Mismatch energy losses of PV power generators during one day in case of three
partial shading scenarios.

Scenario
Generator I II III

Multi-string 1.15% 3.61% 1.48%
Long string 1.15% 3.68% 1.62%

Parallel strings 6.35% 8.27% 3.27%

In Scenario I, the system shading was 5.6% during the whole day corresponding to a

small shade of, for example, a tree or a chimney. As would be deduced from Fig. 5.4,

the mismatch losses in the energy yield are the same for Multi-string and Long string

generators. For Parallel strings generator the mismatch losses are higher than for the

other two generators because the parallel-connected strings have the same operating

voltage and so there are high losses in the shaded strings as was shown in Fig. 5.5. In

Scenario I, the energy yield of the Parallel strings generator will be over 5% lower than

for the other generator configurations.

In Scenario II, the system shading is 44% early in the morning and late in the afternoon

and decreases towards noon as shown in Fig. 5.7. This scenario corresponds to a quite

realistic case where consecutive PV module strings shade each other when the Sun is

close to the horizon. It can be seen in Table 5.1 that losses in Scenario II in all generator

configurations are much higher than in the other two scenarios. This means that the

layout of the PV power generator should be carefully designed to avoid mismatch losses

due to mutual shading of the PV modules rows as was also noticed by Quaschning and

Hanitsch (1998). Losses in the Multi-string and Long string generators in Scenario II

are almost the same at around 3.6%, which is in accordance with Fig. 5.4. Losses in

the Parallel strings generator are over two times higher (8.27%), which is due to high

absolute mismatch losses at low system shading values shown in Fig. 5.4.

In scenario III, the system shading increases in the afternoon gradually within 2.5

hours from 0% to 100% corresponding to a practical case where the generator is shaded

by a large object such as a building. Mismatch losses for Multi-string and Long string

generators are of the same order of magnitude, close to 1.5%. This result could be
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misleadingly interpreted to be in contradiction with Fig. 5.4. However, at high system

shading values, the irradiance received by the generators is only a fraction of the clear

sky irradiance with a system shading of 0%. Therefore, the large fictitious difference

in mismatch losses between the three generator configurations at high system shading

values in Fig. 5.4 has a small effect on absolute energy losses in this scenario. Losses in

the Parallel strings generator are over two times higher (3.27%), which is again due to

high mismatch losses at low system shading values shown in Fig. 5.4.

Parallel strings generator has clearly the highest mismatch losses in all scenarios.

In Scenario I the losses are almost six times higher than for the other two generators

having a value of 6.35%. In Scenarios II and III, the Parallel strings generator has at

least twice as high mismatch losses than the other generator configurations. The losses

are 8.27% and 3.27%, respectively. Parallel strings generator has substantial mismatch

losses in all the studied scenarios indicating that great caution is needed when using this

configuration in PV power generators.

5.2 Mismatch Losses due to Partial Shading Caused by Clouds

In this section, the mismatch losses caused by non-uniform operating conditions due to

clouds in five PV power generators with different configurations are studied. Different

configurations were introduced in Section 3.4. The analysis is based on actual measured

irradiances and PV module temperatures during a time period of 180 days. The data

was divided into three different sets of data: dark, uniform and non-uniform conditions.

Dark conditions, during which no irradiance reached the sensors, constituted 23.3% of

the whole 180-day time period. Uniform conditions were present 69.7% and non-uniform

conditions the remaining 7.0% of the time.

5.2.1 Effect of Shading due to Clouds on Irradiance

When cloud is covering up the area where PV modules have been installed, it typically

covers one module at a time until every module is shaded in certain time interval de-

pending on the size of the area and the speed of the cloud. An example of the effect of

shading due to a cloud is shown in Fig. 5.9 in which the irradiances of six photodiodes

sensors are shown from 17:14:13 to 17:14:28 on 3 June 2012. At the beginning in the

figure, the cloud is covering the whole area of the PV power generator. Then after one

second, the shade caused by the cloud starts to move away from the area. There is a

period of around three seconds during which the radiation first gradual increase, then

a second period with a steep increase and finally again a period with gradual increase.

After 12 seconds, the whole area is completely non-shaded. Blue curve in Fig. 5.9 rep-

resents the measurement of the first non-shaded photodiode sensor (marked as S9 in the

layout in the Appendix E). Green curve represents the photodiode sensor 4.52 m away
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from the reference sensor (S10), black curve the sensor 11.85 m from the reference sensor

(S11) and so on. Other distances between the sensors are given in the caption of Fig. 5.9.

The maximum irradiance difference in Fig. 5.9 of 158 W/m2 occurs between sensors with

distance of 40.47 m (blue and magenta lines, S9 and S14) and is marked in Fig. 5.9

with dots. The cloud causes instantaneous partial shading conditions for the PV power

generator during a period of some 10 seconds, which, in turn, causes mismatch losses due

to non-uniform irradiance conditions.
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Fig. 5.9: Irradiance measurements of the six photodiode sensors from 17:14:13 to 17:14:28
on 3 June 2012 when a moving cloud is leaving the area of the PV power generator. Blue
curve corresponds to the irradiance measured by the reference sensor. Distances of other
sensors from the reference sensor are 4.52 m (green), 11.85 m (black), 22.36 m (red), 29.97
m (cyan) and 40.47 m (magenta).

The reason for irregular distances between the photodiode sensors is that the sensors

were installed to the ends of rows of adjacent PV modules. The structures on the roof

imposed certain requirements for the layout of the system and, therefore, prevent regular

distances between sensors. It should also be noticed that the sensors were installed to

study the operation of the whole PV power plant composed of several PV module strings,

and not for this specific study. The measurements in Fig. 5.9 are from the photodiode

sensors (S9–S14) attached to PV modules in an east-west orientated PV module string

(String 2) visible in the Appendix E.

The dynamic nature of the effect of clouds on irradiance can also be seen in Fig. 5.10,

where cumulative distributions of instantaneous irradiance differences between the mea-

surements of photodiode sensors during the 180-day period are shown for several distances

between the sensors. One of the six sensors was chosen as a reference sensor (S9 in Ap-

pendix E) respect to which the measurements of other sensors were compared. As can

be seen in Fig. 5.10, measured irradiance differences are all quite small for sensors close
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to each other. In case of sensors with distances of 4.52 m and 40.47 m (green and ma-

genta curves in Fig. 5.9) from the reference sensor S9, 90% of all irradiance differences

are smaller than 30 W/m2 and 207 W/m2, respectively. The amount of high values of

irradiance differences clearly increases with increasing distance between the sensors.
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Fig. 5.10: Cumulative distributions of instantaneous irradiance differences for several
distances between the photodiode sensors during non-uniform irradiance conditions caused
by moving clouds.

The operation of PV power generators and the amount of mismatch losses under

partial shading conditions is highly affected by shading strength, i.e. the attenuation of

irradiance caused by the shading object and not so much by the absolute values of the

irradiance as was discussed in Chapter 4. In line with that, the shading strength has

been defined in this chapter as the ratio of the absolute value of the irradiance difference

to the higher value of irradiance of the two photodiode sensors. This means that the

shading strength is independent of which one of the sensors measures the higher value.

The cumulative distributions of shading strengths are shown in Fig. 5.11. As can be

seen, the amount of high shading strengths increases when the distance between two

sensors increases. In this case for sensors with distances of 4.52 m and 40.47 m (green

and magenta curves in Fig. 5.11), 90% of all shading strengths are smaller than 6.6% and

40.7%, respectively.

5.2.2 Mismatch Losses in PV Power Generators due to Clouds

The dynamic effect of clouds on irradiance shown in Figs. 5.9–5.11 obviously also affects

the operation of PV power generators. These non-uniform conditions cause mismatch

losses in PV power generators composed of interconnected PV modules. In order to

illustrate the effect of moving clouds on the irradiance conditions of a PV power generator
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Fig. 5.11: Cumulative distributions of instantaneous shading strengths for several dis-
tances between the photodiode sensors during non-uniform irradiance conditions caused by
moving clouds. Shading strength is the absolute value of the ratio of irradiance difference
to the higher value of irradiance of the two sensors.

(Figs. 5.10–5.11) and consequently on mismatch losses, let us consider a case of two series-

connected PV modules which are located at the same places as the photodiode sensors.

The total amount of mismatch losses in this PV power generator are shown in Fig. 5.12

as a function of distance between the modules during non-uniform irradiance conditions

caused by moving clouds during the whole 180-day period. As can be seen, the mismatch

losses increase almost linearly as a function of distance between the modules. The linear

increase of mismatch losses as a function of distance is a plausible result because the

speed of a cloud can be assumed to be constant during a shading event of a PV power

generator. Accordingly, the time of partial shading due to moving clouds increase with

increasing distance between the modules.

The results presented in Fig. 5.12 suggest that the mismatch losses in PV power

generators increase as the physical diameter of the generator increases. Therefore, PV

modules feeding a load or an interfacing device (such as an inverter) should be located

as close to each other as possible and configurations with long strings and adjacent or

consecutive series-connected PV modules should be avoided.

The mismatch energy losses of the studied PV power generators with different con-

figurations during the 180-day period are shown in Table 5.2. In addition to mismatch

losses during non-uniform conditions caused by clouds, the mismatch losses during uni-

form conditions and the total losses during non-uniform and uniform conditions are also

presented. Mismatch losses during non-uniform conditions are calculated by comparing

the maximum available energy from the PV power generator during non-uniform condi-
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Fig. 5.12: Mismatch losses in a PV power generator composed of two series-connected
PV modules as a function of distance between the modules during non-uniform conditions
caused by moving clouds.

tions to the maximum energy that could be extracted during non-uniform conditions if

all the PV cells were operating at their own MPPs all the time (i.e. no mismatch losses).

The losses during uniform conditions and total mismatch losses are also calculated simi-

larly. This is the reason why total mismatch losses are not simply a sum of losses during

non-uniform and uniform conditions. As can be seen, the mismatch losses increase as the

length and amount of series-connected PV modules increases. Losses in case of long series

connection are clearly the largest. It should also be noticed that the parallel connections

of strings cause more mismatch losses than multi-string configurations.

Table 5.2: Mismatch losses in different PV power generator configurations.

Mismatch losses
Generator Non-uniform Uniform Total

Short multi-strings 0.82% 0.22% 0.33%
Short parallel strings 1.09% 0.35% 0.49%
Long multi-strings 1.43% 0.33% 0.44%
Long parallel strings 1.76% 0.49% 0.61%

Long string 3.79% 0.47% 1.08%

Mismatch losses in non-uniform operation conditions are bigger than in uniform con-

ditions for all generator configurations as expected. Losses increase considerably with

increasing length of series connections in non-uniform conditions. Parallel strings gener-

ators have slightly larger losses than multi-string configurations. Losses in Long string

configuration are considerably high, close to 4%. This demonstrates that the configura-
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tion of a PV power generator has a major impact on the amount of harvested electrical

energy when building PV power generators in locations where half-cloudy climatic con-

ditions are typical.

Mismatch losses during uniform conditions are clearly higher for parallel-connected

strings than for multi-string configurations with the same number of modules. Actually,

the losses during uniform conditions were larger for Parallel short than for Multi-string

long generator and similarly also for Parallel long generator compared to the losses in

Long string generator. This increase in losses is due to different temperatures between

the PV modules under uniform irradiance conditions because the uniform conditions

were defined so that they were present always when irradiance of none of the photodiode

sensors was changing. This means that although irradiance conditions were uniform,

there could have been differences in the temperatures of the PV modules. Temperature

has a larger effect on the OC voltage of the PV modules than on the SC current and,

therefore, also on MPP voltage. This causes higher losses for parallel-connected than

for series-connected PV modules in case of uniform irradiance conditions. The reason

for this is that the common voltage in parallel connection forces individual modules to

operate further away from their own MPPs than in case of series-connected PV modules.

This phenomenon could further be studied by classifying the data also based on the PV

module temperature conditions (non-uniform or uniform temperatures). In this thesis,

however, the focus is on the losses caused by the moving clouds on irradiances of the PV

modules.

Due to the higher losses during uniform conditions in the case of parallel-connected

strings, the total mismatch losses are lowest for generators with multi-string configura-

tions. The total mismatch losses are still clearly highest for the Long string generator.

Under uniform irradiance conditions, which in practice exist in the most feasible areas

for PV power generators, mismatch losses are below 0.5% for all generator configurations.

In these kinds of conditions mismatch losses due to clouds are not a major concern.

However, in areas with frequent cloud coverage, mismatch losses can be considerable

for a generator composed of a long string of series-connected PV modules. In southern

Finland these losses were shown to be close to 4%. This should be taken carefully into

account when designing PV power systems.
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6 CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

This chapter presents the summary of the thesis. The most important findings and

scientific contributions are summarized. Also some recommendations for the topics of

further research work will be presented.

6.1 Main Conclusions of the Thesis

This thesis studied the effect of partial shading conditions on silicon-based PV power

generators by using a systematic and comprehensive approach developed by the author of

the thesis. Different phenomena were studied by using Matlab Simulink simulation model

based on the well-known one-diode model of the operation of PV cells. The operation

of the simulation model was experimentally verified by the author of the thesis. The

simulation model was shown to be sufficiently accurate for the objectives of the thesis.

Also a vast amount of measured irradiance and PV module temperature data was used

in the analyses in this thesis.

Partial shading conditions have been recognized to have a major effect of the op-

eration of PV power generators. Typically there are multiple MPPs on the electrical

characteristics of PV power generators when operating under partial shading conditions.

It was, however, shown that there are certain conditions where there is only one MPP

despite the partial shading conditions. Three different reasons for this were found and

analyzed. It was found that reasons for having one or more MPPs originated directly

from the physical properties of PV modules: The ratio of MPP current to SC current,

power losses in bypass diodes and the value of parasitic shunt resistance of PV cells.

The characteristics of MPPs were also studied by using the developed systematic

approach. It was found that it is possible to differentiate between local and global MPPs

based on the MPP at which the system operates without losing energy when scanning

the whole or part of the P -U curve of the PV power generator. This finding can be used

to improve existing MPPT algorithms or even to develop completely new methods to

track the global MPP.

PV power generators can be built using different generator configurations. Typically

different configurations are based on the interfacing device connected between the PV
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power generator and the electrical grid such as the central inverter, string inverter or

multi-string inverter. Mismatch losses in PV power generators with different configu-

rations under partial shading conditions in were also studied by using the systematic

approach. Mismatch losses are losses due to non-uniform conditions under which all the

PV cells in the PV power generator are not operating at their own MPP although the

generator would operate at its own MPP. It was noticed that the configuration which is

based on the multi-string inverter concept had the lowest mismatch losses and that long

series connections of PV modules should be avoided when building PV power generators.

The mismatch losses were also studied by using three practical shading scenarios.

Based on this case study, multi-string configuration has least mismatch losses but the

amount of losses of long series string and parallel-connected strings differed from the

results based on the systematic study. It was shown that the layout of the PV power

generator can have a major effect of the mismatch losses if the consecutive PV module

rows cause mutual shading. The layout and configuration should be carefully designed

when building the PV power generators.

Partial shading conditions due to buildings and clouds have different kinds of effects

on the operation of PV power generators. While static objects such as buildings cause

shadows whose edges are sharp so that the irradiance changes rapidly, the irradiance

changes more gradually on the edge of a shade caused by a cloud. The effect of partial

shading conditions due to clouds on mismatch losses was also studied in the thesis by

using measured irradiances and PV module temperature as input for the simulation

models. It was found that the longer the strings of series-connected PV modules, the

more there are mismatch losses during shading events caused by clouds.

6.2 Future Research Topics

This thesis presents a systematic and comprehensive study on the effects of partial shad-

ing conditions on PV power generators. The number of MPPs as well as the MPP voltages

and currents were investigated. Interesting topics for further research work arising from

this thesis include:

1. The systematic approach developed and presented in Chapter 3 utilized only one value

for non-shaded and shaded PV cells. As a next step, the number of different values of

irradiances could be increased. This would need a new approach in order to preserve

the systematic perspective. By increasing the number of different values of irradiances,

new information about the operation of PV power generators could be achieved. This

would be a very interesting and challenging topic for further research work.

2. The basic unit of the simulation model used to obtain the results presented in the thesis

was 18 series-connected PV cells with an anti-parallel-connected bypass diode. In
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further research, a cell-based model with an additional term for reverse characteristics

of PV cells could be developed and used. The same systematic method could be

used and the results could be compared to see if more accurate model will give much

different results related to power losses and location of MPPs if only one or few cells are

shaded of the 18 series-connected cells with an anti-parallel bypass diode. It would be

interesting to see if new phenomena arise which are not visible by using the simulation

model in this thesis such as hot-spot phenomenon related issues.

3. The results in this thesis were obtained by using systematical simulation studies. In

further work, it would be interesting to verify the findings by using the vast amount of

measurement data recorded by the data acquisition system of TUT Solar Photovoltaic

Power Station Research Plant. By analyzing mismatch losses and characteristics of

MPPs, it would be possible to recognize the most important practical partial shading

conditions and operating conditions in general. This would be a very interesting

continuation of the research work presented in this thesis.

4. The method to differentiate between local and global MPPs presented in Chapter 4

could be implemented into an existing MPPT algorithm or even develop a new algo-

rithm. The implementation and testing of this algorithm is a very interesting task on

the way of developing the optimal MPPT algorithm. It has to be taken into account

that the algorithm based on the differentiation of local and global MPPs will require

extensive computational capability from the microprocessor. In addition to that the

sensitivity of the parameters to the changes in the MPP voltages and currents due to,

for example, aging should be investigated carefully.

5. In this thesis, one of the major topics was the operation of electrically different con-

figurations of PV power generators under partial shading conditions. There are also

another configuration in addition to ones in this thesis such as Total Cross Tied and

Bridge Linked configuration (Wang and Hsu, 2011a) which should be studied in future.

As a further work, the effect of the physical layout of the generator should also be

studied. PV power generators are often built by using series-connected, adjacent PV

modules. It would be interesting to compare the operation of a PV power generator

composed of adjacent PV modules to the operation of a generator with modules in-

stalled on a physically square-like area. The square-like shape for the generator should

be beneficial under partial shading caused by clouds because the maximum diameter

of the generator is shorter compared to generator with adjacent PV modules. This

way the differences between the irradiances of the PV modules can be made smaller.

This should cause less mismatch losses and affect less the voltage of the global MPP.

In addition, the effect of mounting positions and orientation of a single module could

be taken into account when comparing the operation of physically different generators.
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APPENDIX A. METHOD TO OBTAIN PARASITIC

RESISTANCES FOR ONE-DIODE MODEL

This appendix presents the code for a Matlab m-file that can be used to obtain the values

of parasitic resistances for one-diode model of a PV cell/module to fit it with the values

of SC current, OC voltage and current and voltage at MPP measured and presented by

the manufacturer of the cell/module in STC.

################################################################################

% Anssi Mäki

% Tampere University of Technology

% Department of Electrical Engineering

% 2012

% Filename: One_diode_model_parameters.m

% Graphical method to obtain the parasitic resistances for one-diode model

clear

clc

Isc=input(’Short-circuit current (A) ? ’); % (A)

Impp=input(’Current at MPP (A)? ’); % (A)

Uoc=input(’Open-circuit voltage (V)? ’); % (V)

Umpp=input(’Voltage at MPP (V)? ’); % (V)

A=input(’Ideality factor (use 1.3 if unknown)? ’); % ()

Ns=input(’Number of series-connected cells? ’); % ()

k=1.3806503e-23; % Boltzmann constant (m^2 kg / s^2)

q=1.60217646e-19; % Elementary charge (C)

Ut=298.15*Ns*k/q; % Thermal voltage (V)

Io=Isc/(exp(Uoc/(Ut*A))-1); % Saturation current to match at open-circuit

maxres = 2; % Maximum value of series resistance

ppo = 100000; % Number of values for series resistance

Rs=transpose(0:maxres/ppo:maxres);

MPP=(Umpp+Rs.*Impp)/(Ut*A); % Inside exponential at MPP

OC = Uoc/(Ut*A); % Inside exponential at OC
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Rsh1=-(Umpp+Impp*Rs-Isc*Rs-((exp(MPP)-1).*(Uoc-Isc*Rs)) ...

./(exp(Uoc/(A*Ut))-1))./(Impp-Isc+(Isc*(exp(MPP)-1)) ...

./(exp(Uoc/(A*Ut))-1));

Rsh2=(A*Umpp*Ut + Umpp*Uoc*exp(MPP) - A*Umpp*Ut*exp(OC) ...

- Impp.*Rs*Uoc.*exp(MPP) - Isc.*Rs*Umpp.*exp(MPP) ...

+ Impp*Isc.*((Rs).^2).*exp(MPP) - A*Impp.*Rs*Ut ...

+ A*Impp.*Rs*Ut*exp(OC))./(A*Impp*Ut + Isc*Umpp.*exp(MPP) ...

- A*Impp*Ut*exp(OC) - Impp*Isc.*Rs.*exp(MPP));

for j=1:ppo-1

if Rsh2(j,1)>=0 && Rsh1(j,1)>=0

if abs(Rsh2(j,1)-Rsh2(j+1,1))<1000 && abs(Rsh1(j,1)-Rsh1(j+1,1))<1000

if Rsh2(j,1)-Rsh1(j,1)>=0 && Rsh2(j+1,1)-Rsh1(j+1,1)<0

kk1=(Rsh1(j+1,1)-Rsh1(j,1))/(Rs(j+1,1)-Rs(j,1));

kk2=(Rsh2(j+1,1)-Rsh2(j,1))/(Rs(j+1,1)-Rs(j,1));

Rseries=Rs(j,1)+(Rsh2(j,1)-Rsh1(j,1))/(kk1-kk2)

Rshunt=kk1*(Rseries-Rs(j,1))+Rsh1(j,1)

else if Rsh2(j,1)-Rsh1(j,1)<=0 && Rsh2(j+1,1)-Rsh1(j+1,1)>0

kk1=(Rsh1(j+1,1)-Rsh1(j,1))/(Rs(j+1,1)-Rs(j,1));

kk2=(Rsh2(j+1,1)-Rsh2(j,1))/(Rs(j+1,1)-Rs(j,1));

Rseries=Rs(j,1)+(Rsh2(j,1)-Rsh1(j,1))/(kk1-kk2)

Rshunt=kk1*(Rseries-Rs(j,1))+Rsh1(j,1)

end

end

end

end

end

plot(Rs,Rsh1,’b.’,Rs,Rsh2,’r.’)

legend(’MPP’,’Der. @ MPP’)

axis([0 maxres 0 1000])

xlabel(’Series resistance (\Omega)’)

ylabel(’Shunt resistance (\Omega)’)

grid

clear OC kk1 kk2 MPP Rs Rsh1 Rsh2 i j

################################################################################
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APPENDIX B. MATLAB SIMULINK MODEL OF A PV

MODULE

This appendix presents Matlab Simulink model of a PV module.

1

Module voltage (V)

273.15+25

Temperature #3 (K)

273.15+25

Temperature #2 (K)

273.15+25

Temperature #1 (K)

1000

Irradiance #3 (W/m2)

1000

Irradiance #2 (W/m2)

1000

Irradiance #1 (W/m2)

Current ramp (A)

(open-circuit to short-circuit)

Current (A)

Irradiance (W/m2)

Temperature (K)

Voltage (V)

Block of cells #3

Current (A)

Irradiance (W/m2)

Temperature (K)

Voltage (V)

Block of cells #2

Current (A)

Irradiance (W/m2)

Temperature (K)

Voltage (V)

Block of cells #1

Add

Fig. B.1: Matlab Simulink model of a PV module composed of three blocks of series-
connected PV cells protected by an anti-parallel-connected bypass diode.
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1

Voltage (V)

max

Ibypass Ubypass

Bypass diode

G

T

I

U

Isc

Block of 18 series-connected PV cells

3

Temperature (K)

2

Irradiance (W/m2)

1

Current (A)

Fig. B.2: Matlab Simulink submodel of series-connected PV cells (in this case 18) with
an anti-parallel-connected bypass diode.

97



APPENDIX C. TECHNICAL DESCRIPTION OF NAPS

NP190GKG PV MODULE

This appendix presents the technical description of NAPS NP190GKg PV module. This

PV module composed of 54 series-connected polycrystalline silicon PV cells is designed

to be used in grid-connected PV systems.

Fig. C.1: Electrical characteristics of a NAPS NP190GKg PV module in STC.
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Fig. C.2: Electrical characteristics of a NAPS NP190GKg PV module in NOCT.
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APPENDIX D. MEASUREMENT SETUP FOR PV

MODULE ELECTRICAL CHARACTERISTICS

This appendix presents the laboratory setup for measuring the electrical characteristics

of PV modules.

Terminals of PV modules

Current probe

Amplifier for
current probe

Data acquisition device
NI DAQPad-6015

Large capacitor
with a switch

Switch

Connectors for
a PV module

Output port for
voltage
measurement

Fig. D.1: Setup and devices for measurement of PV module I-U curves.
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APPENDIX E. LAYOUT OF TUT SOLAR

PHOTOVOLTAIC POWER STATION RESEARCH

PLANT

This appendix presents the layout of the TUT Solar Photovoltaic Power Station Research

Plant. Kipp & Zonen SP Lite2 photodiodes, which are attached to the frame of the PV

modules and have the same tilt angle as the module, are marked with dots. PT100

sensors measuring the temperatures of PV module backplates are marked with triangles.

Fig. E.1: Layout of TUT Solar Photovoltaic Power Station Research Plant. SP Lite2
sensors are marked with blue dots and PT100 sensors with red triangles.
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