Remus Teodorescu | Marco Liserre | Pedro Rodriguez

Grid Converters
for PhOtOVOltaIC and
ind Power Systems







GRID CONVERTERS FOR
PHOTOVOLTAIC AND
WIND POWER SYSTEMS






GRID CONVERTERS FOR
PHOTOVOLTAIC AND
WIND POWER SYSTEMS

Remus Teodorescu
Aalborg University, Denmark

Marco Liserre
Politecnico di Bari, Italy

Pedro Rodriguez
Technical University of Catalonia, Spain

<) IEEE
SWWILEY

A John Wiley and Sons, Ltd., Publication



This edition first published 2011
© 2011, John Wiley & Sons, Ltd

Registered office
John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for permission to
reuse the copyright material in this book please see our website at www.wiley.com.

The right of the author to be identified as the author of this work has been asserted in accordance with the Copyright,
Designs and Patents Act 1988.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form
or by any means, electronic, mechanical, photocopying, recording or otherwise, except as permitted by the UK Copyright,
Designs and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in
electronic books.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and
product names used in this book are trade names, service marks, trademarks or registered trademarks of their respective
owners. The publisher is not associated with any product or vendor mentioned in this book. This publication is designed to
provide accurate and authoritative information in regard to the subject matter covered. It is sold on the understanding that
the publisher is not engaged in rendering professional services. If professional advice or other expert assistance is required,
the services of a competent professional should be sought.

MATLAB® is a trademark of The MathWorks, Inc., and is used with permission. The MathWorks does not warrant the
accuracy of the text or exercises in this book. This book’s use or discussion of MATLAB® software or related products
does not constitute endorsement or sponsorship by The MathWorks of a particular pedagogical approach or particular use
of MATLAB® software.

Library of Congress Cataloguing-in-Publication Data

Teodorescu, Remus.

Grid converters for photovoltaic and wind power systems / Remus Teodorescu, Marco Liserre, Pedro Rodriguez.

p.cm.

Includes bibliographical references and index.

ISBN 978-0-470-05751-3 (hardback)
1. Electric current converters. 2. Photovoltaic power systems—Equipment and supplies. 3. Wind energy conversion
systems—Equipment and supplies. 1. Liserre, Marco. II. Rodriguez, Pedro.  IIL Title.

TK7872.C8T46 2011

621.31'244-dc22

2010031106

A catalogue record for this book is available from the British Library.
Print ISBN: 9780470057513

E-PDF ISBN: 9780470667040

O-book ISBN: 9780470667057

Set in in 10/12pt Times by Aptara Inc., New Delhi, India


http://www.wiley.com

Contents

About the Authors
Preface
Acknowledgements
1 Introduction
1.1 Wind Power Development
1.2 Photovoltaic Power Development
1.3 The Grid Converter — The Key Element in Grid Integration
of WT and PV Systems
References
2 Photovoltaic Inverter Structures
2.1 Introduction
2.2 Inverter Structures Derived from H-Bridge Topology
2.2.1 Basic Full-Bridge Inverter
2.2.2 H5 Inverter (SMA)
2.2.3 HERIC Inverter (Sunways)
224 REFU Inverter
2.2.5 Full-Bridge Inverter with DC Bypass — FB-DCBP (Ingeteam)
2.2.6 Full-Bridge Zero Voltage Rectifier — FB-ZVR
2.2.7 Summary of H-Bridge Derived Topologies
2.3 Inverter Structures Derived from NPC Topology
2.3.1 Neutral Point Clamped (NPC) Half-Bridge Inverter
232 Conergy NPC Inverter
2.3.3 Summary of NPC-Derived Inverter Topologies
24 Typical PV Inverter Structures
2.4.1 H-Bridge Based Boosting PV Inverter with High-Frequency
Transformer
2.5 Three-Phase PV Inverters
2.6 Control Structures
2.7 Conclusions and Future Trends

References

xiii

XV

xvii

Q) = -

25
26
27
28
29



vi

Contents

3.1
3.2

33

34

3.5

3.6

4.1

4.2

4.3

4.4

4.5

4.6

4.7

5.1
52

Grid Requirements for PV 31
Introduction 31
International Regulations 32
3.2.1 IEEFE 1547 Interconnection of Distributed Generation 32
3.2.2 IEC 61727 Characteristics of Utility Interface 33
3.2.3 VDE 0126-1-1 Safety 33
3.2.4 IEC 61000 Electromagnetic Compatibility (EMC — low frequency) 34
3.2.5 EN 50160 Public Distribution Voltage Quality 34
Response to Abnormal Grid Conditions 35
3.3.1 Voltage Deviations 35
332 Frequency Deviations 36
3.3.3 Reconnection after Trip 36
Power Quality 37
34.1 DC Current Injection 37
34.2 Current Harmonics 37
3.4.3 Average Power Factor 38
Anti-islanding Requirements 38
3.5.1 Al Defined by IEEE 1547/UL 1741 39
3.5.2 Al Defined by IEC 62116 40
3.53 Al Defined by VDE 0126-1-1 40
Summary 41
References 41
Grid Synchronization in Single-Phase Power Converters 43
Introduction 43
Grid Synchronization Techniques for Single-Phase Systems 44
4.2.1 Grid Synchronization Using the Fourier Analysis 45
4.2.2 Grid Synchronization Using a Phase-Locked Loop 51
Phase Detection Based on In-Quadrature Signals 58
Some PLLs Based on In-Quadrature Signal Generation 63
4.4.1 PLL Based on a T/4 Transport Delay 63
4.4.2 PLL Based on the Hilbert Transform 64
4.4.3 PLL Based on the Inverse Park Transform 65
Some PLLs Based on Adaptive Filtering 68
4.5.1 The Enhanced PLL 70
4.5.2 Second-Order Adaptive Filter 72
4.5.3 Second-Order Generalized Integrator 74
4.5.4 The SOGI-PLL 78
The SOGI Frequency-Locked Loop 80
4.6.1 Analysis of the SOGI-FLL 82
Summary 89
References 89
Islanding Detection 93
Introduction 93
Nondetection Zone 94



Contents

vii

53
54

5.5

5.6

6.1
6.2
6.3

6.4

6.5

7.1
7.2

7.3
7.4

7.5

Overview of Islanding Detection Methods
Passive Islanding Detection Methods
54.1 OUF-0OUYV Detection

5.4.2 Phase Jump Detection (PJD)
5.4.3 Harmonic Detection (HD)
5.4.4 Passive Method Evaluation
Active Islanding Detection Methods

5.5.1 Frequency Drift Methods

5.5.2 Voltage Drift Methods

5.5.3 Grid Impedance Estimation
554 PLL-Based Islanding Detention

5.5.5 Comparison of Active Islanding Detection Methods

Summary
References

Grid Converter Structures for Wind Turbine Systems
Introduction

WTS Power Configurations

Grid Power Converter Topologies

6.3.1 Single-Cell (VSC or CSC)

6.3.2 Multicell (Interleaved or Cascaded)
WTS Control

6.4.1 Generator-Side Control

6.4.2 WTS Grid Control

Summary

References

Grid Requirements for WT Systems
Introduction

Grid Code Evolution

7.2.1 Denmark

7.2.2 Germany

7.2.3 Spain
7.2.4 UK
7.2.5 Ireland
7.2.6 UsS
7.2.7 China

7.2.8 Summary

Frequency and Voltage Deviation under Normal Operation
Active Power Control in Normal Operation

7.4.1 Power Curtailment

7.4.2 Frequency Control

Reactive Power Control in Normal Operation

7.5.1 Germany

7.5.2 Spain

7.5.3 Denmark

96
98
98
99
99
103
104
104
110
110
114
119
121
121

123
123
124
128
128
133
135
136
139
142
142

145
145
146
148
148
149
149
150
150
150
151
151
152
153
154
155
155
157
157



viii

Contents

7.6

7.7
7.8

7.9

8.1
8.2

8.3

8.4

8.5

8.6

9.1
9.2

9.3

7.5.4 UK
7.5.5 Ireland
7.5.6 UsS

Behaviour under Grid Disturbances

7.6.1 Germany

7.6.2 Spain

7.6.3 US-WECC

Discussion of Harmonization of Grid Codes
Future Trends

7.8.1 Local Voltage Control

7.8.2 Inertia Emulation (IE)

7.8.3 Power Oscillation Dumping (POD)
Summary

References

Grid Synchronization in Three-Phase Power Converters
Introduction

The Three-Phase Voltage Vector under Grid Faults

8.2.1 Unbalanced Grid Voltages during a Grid Fault
8.2.2 Transient Grid Faults, the Voltage Sags (Dips)
8.2.3 Propagation of Voltage Sags

The Synchronous Reference Frame PLL under Unbalanced and Distorted
Grid Conditions

The Decoupled Double Synchronous Reference

Frame PLL (DDSRF-PLL)

8.4.1 The Double Synchronous Reference Frame

84.2 The Decoupling Network

8.4.3 Analysis of the DDSRF

8.4.4 Structure and Response of the DDSRF-PLL

The Double Second-Order Generalized Integrator FLL (DSOGI-FLL)
8.5.1 Structure of the DSOGI

8.5.2 Relationship between the DSOGI and the DDSRF
8.5.3 The FLL for the DSOGI

8.5.4 Response of the DSOGI-FLL

Summary

References

Grid Converter Control for WTS

Introduction

Model of the Converter

9.2.1 Mathematical Model of the L-Filter Inverter

9.2.2 Mathematical Model of the LCL-Filter Inverter

AC Voltage and DC Voltage Control

9.3.1 Management of the DC Link Voltage

9.3.2 Cascaded Control of the DC Voltage through the AC Current

157
158
158
158
158
160
164
164
165
165
165
166
166
167

169
169
171
175
177
179

182

186
186
187
189
192
194
197
198
200
200
201
203

205
205
206
207
209
210
211
213



Contents

ix

9.4

9.5

9.6

10
10.1
10.2

10.3

10.4

10.5

10.6

11

11.1
11.2
11.3
11.4
11.5

9.3.3 Tuning Procedure of the PI Controller

9.3.4 PI-Based Voltage Control Design Example

Voltage Oriented Control and Direct Power Control

94.1 Synchronous Frame VOC: PQ Open-Loop Control
94.2 Synchronous Frame VOC: PQ Closed-Loop Control
9.4.3 Stationary Frame VOC: PQ Open-Loop Control
9.4.4 Stationary Frame VOC: PQ Closed-Loop Control
9.4.5 Virtual-Flux-Based Control

9.4.6 Direct Power Control

Stand-alone, Micro-grid, Droop Control and Grid Supporting
9.5.1 Grid-Connected/Stand-Alone Operation without Load Sharing
9.5.2 Micro-Grid Operation with Controlled Storage
9.5.3 Droop Control

Summary

References

Control of Grid Converters under Grid Faults

Introduction

Overview of Control Techniques for Grid-Connected Converters under

Unbalanced Grid Voltage Conditions

Control Structures for Unbalanced Current Injection

10.3.1  Decoupled Double Synchronous Reference Frame Current
Controllers for Unbalanced Current Injection

10.3.2  Resonant Controllers for Unbalanced Current Injection

Power Control under Unbalanced Grid Conditions

10.4.1  Instantaneous Active—Reactive Control (IARC)

10.4.2  Positive- and Negative-Sequence Control (PNSC)

10.4.3  Average Active—Reactive Control (AARC)

10.4.4  Balanced Positive-Sequence Control (BPSC)

10.4.5  Performance of the IARC, PNSC, AARC and BPSC Strategies

10.4.6  Flexible Positive- and Negative-Sequence Control (FPNSC)

Flexible Power Control with Current Limitation

10.5.1  Locus of the Current Vector under Unbalanced Grid Conditions

10.5.2  Instantaneous Value of the Three-Phase Currents

10.5.3  Estimation of the Maximum Current in Each Phase

10.5.4  Estimation of the Maximum Active and Reactive Power Set-Point

10.5.5  Performance of the FPNSC

Summary

References

Grid Filter Design

Introduction

Filter Topologies

Design Considerations

Practical Examples of LCL Filters and Grid Interactions
Resonance Problem and Damping Solutions

216
217
219
221
222
222
224
225
226
228
229
229
231
234
235

237
237

238
244

245
251
256
258
260
262
263
264
267
269
270
272
274
271
279
285
285

289
289
290
291
296
300



X Contents
11.5.1  Instability of the Undamped Current Control Loop 300
11.5.2  Passive Damping of the Current Control Loop 302
11.5.3  Active Damping of the Current Control Loop 304
11.6  Nonlinear Behaviour of the Filter 306
11.7  Summary 311
References 311
12 Grid Current Control 313
12.1  Introduction 313
12.2  Current Harmonic Requirements 313
12.3  Linear Current Control with Separated Modulation 315
12.3.1  Use of Averaging 315
12.3.2  PI-Based Control 317
12.3.3  Deadbeat Control 320
12.3.4  Resonant Control 326
12.3.5  Harmonic Compensation 329
12.4  Modulation Techniques 335
12.4.1  Single-Phase 338
12.4.2  Three-Phase 340
12.4.3  Multilevel Modulations 343
12.4.4  Interleaved Modulation 347
12.5 Operating Limits of the Current-Controlled Converter 347
12.6  Practical Example 350
12.7  Summary 353
References 353
Appendix A Space Vector Transformations of Three-Phase Systems 355
A.l Introduction 355
A2 Symmetrical Components in the Frequency Domain 355
A3 Symmetrical Components in the Time Domain 357
A4 Components o0 on the Stationary Reference Frame 359
AS Components dg0 on the Synchronous Reference Frame 361
References 362
Appendix B Instantaneous Power Theories 363
B.1 Introduction 363
B.2 Origin of Power Definitions at the Time Domain for
Single-Phase Systems 365
B.3 Origin of Active Currents in Multiphase Systems 366
B4 Instantaneous Calculation of Power Currents in
Multiphase Systems 369
B.5 The p-q Theory 371
B.6 Generalization of the p-q Theory to Arbitrary Multiphase Systems 373
B.7 The Modified p-g Theory 374
B.8 Generalized Instantaneous Reactive Power Theory for Three-Phase
Power Systems 376



Contents xi

B.9 Summary 377
References 378
Appendix C  Resonant Controller 381
C.1 Introduction 381
C2 Internal Model Principle 381
C3 Equivalence of the PI Controller in the dg Frame and the P+Resonant
Controller in the o8 Frame 382

Index 385






About the Authors

Remus Teodorescu received a Dipl.Ing. degree from Polytechnical Uni-
versity of Bucharest in 1989, and a PhD degree in power electronics from
University of Galati in 1994. In 1998 he joined Aalborg University, Depart-
ment of Energy, Power Electronics Section, where he currently works as a
full professor.

He has more than 150 papers published in IEEE conferences and trans-
actions, one book and four patents (pending). He is the co-recipient of the
Technical Committee Prize Paper Awards at IEEE IAS Annual Meeting
1998. He is a Senior Member of IEEE, Past Associate Editor for IEEE Power Electron-
ics Letters and Chair of IEEE Danish Joint IES/PELS/TAS Chapter. His areas of interests
include the design and control of grid-connected converters for mainly wind power and
photovoltaic systems and for utility applications FACTS/HVDC. Remus Teodorescu is the
co-ordinator of the Vestas Power Programme, a five year research programme involving
10 PhD students in the area of power electronics, power systems and storage.

Marco Liserre is engaged in teaching courses of power electronics, in-
dustrial electronics and electrical machines. His current research interests
include industrial electronics applications to distributed power generation
systems based on renewable energies.

He has been a visiting Professor at Aalborg University, Denmark, Alcala
de Henares University, Spain, and at Christian-Albrechts University of Kiel,
Germany. He has given lectures in different universities and tutorials for
many conferences. Dr Liserre is an Associate Editor of the IEEE Trans-
actions on Industrial Electronics and IEEE Transactions on Sustainable Energy. He is the
Founder and the Editor-in-Chief of the IEEE Industrial Electronics Magazine, 2007-2009. He
is the Founder and the Chairman of the Technical Committee on Renewable Energy Systems
of the IEEE Industrial Electronics Society. He received the IES 2009 Early Career Award
and is IEEE-IES Vice-President for publications. Dr Liserre was the Co-Chairman of the
International Symposium on Industrial Electronics (ISIE 2010), held in Bari in 2010.




Xiv About the Authors

Pedro Rodriguez received his M.Sc. and Ph.D. degrees in electrical engi-
neering from the Technical University of Catalonia (UPC-BarcelonaTech),
Barcelona, Spain. In 1990 he joined the faculty of UPC as an Assistant Pro-
fessor, where he is currently an Associate Professor in the Department of
Electrical Engineering and the Head of the Research Center on Renewable
Electrical Energy Systems (SEER). He was a Visiting Researcher at the Cen-
ter for Power Electronics Systems, Virginia Polytechnic Institute and State
University, (Blacksburg, USA). He stayed as a Postdoctoral Researcher at the
Department of Energy Technology (DET), Aalborg University (Denmark).
Currently, he is a habitual visiting professor at the DET where he lectures Ph.D. courses and
participates as a co-supervisor in the Vestas Power Program at the AAU.

Pedro Rodriguez has coauthored about 100 papers in technical journals and conference
proceedings. He is the holder of four licensed patents on wind and photovoltaic systems.
He has lectured courses on power converters applied to power systems in many universities
around the world. His research activity lies in the field of electronic power processors applied
to electrical distributed generation systems, being mainly focused on designing controllers for
the grid interactive power processors, designing power electronics based power processors for
green energy sources and proposing new technical solutions to improve stability and power
quality in electrical networks. Dr. Rodriguez is a Senior Member of the IEEE, an Associate
Editor of the IEEE Transactions on Power Electronics, and the Chair of the IEEE-IES Student
and GOLD Members Activities Committee.




Preface

The penetration of wind- and photovoltaic (PV)-generated electrical energy into the grid
system worldwide is increasing exponentially. A limiting factor is the increasingly stringent
grid requirements imposed by different grid operators aiming to maintain grid stability. Both
wind power (WP) plants and PV power plants are connected to the grid through grid converters
which, besides transferring the generated DC power to the AC grid, should now be able to
exhibit advanced functions like: dynamic control of active and reactive power; stationary
operation within a range of voltage and frequency; voltage ride-through; reactive current
injection during faults; participation in a grid balancing act like primary frequency control,
etc. Therefore the aim of this book is to explain the topologies, modulation and control of
grid converters for both PV and WP applications. In addition to the classical handbooks in
power electronics this book shows the PV- or wind turbine (WT)- specific control functions
according to the recent grid codes and enhances the classical synchronization and current
control strategies with the general case when the grid is unbalanced.

The idea of this book originated in a biannual Industrial/PhD course ‘Power Electronics for
Renewable Energy Systems’ started in May 2005 in Aalborg University, Institute for Energy
Technology, and is successfully continued with over 250 PhDs or industry engineer attendees
(by the end of 2010). The success of this course was due to the practical aspects involved as
more than 40 % of the time was spent in the lab for designing and testing control strategies
on real grid converters. Thus, the initiative for writing this book together with Marco Liserre
from Politecnico di Bari and Pedro Rodriguez from UPC Barcelona has been taken in order
to ensure a unique reference for the course.

The book is intended as a textbook for graduating students with an electrical engineer-
ing background wanting to move into areas of the electrical aspects of PV and WT power
regenerations, as well as for professionals in the PV or WT industry.

Chapter 1 gives an overview of the latest developments in the PV and WT penetrations in
the worldwide power systems as well as the forecast until 2014, which looks very promising
despite the economical crisis of 2008-2010. Chapter 2 discusses the various high-efficiency
topologies for PV inverters as well as some generic control structures. In Chapter 3 the grid
requirements for PV installations are described. Chapter 4 gives a deep analysis of the basic
PLL as the preferred tool for synchronization in single-phase systems and discusses different
quadrature signal generator methods, while Chapter 5 discusses islanding detection methods.
Chapter 6 describes the most typical WT grid converter topologies together with generic
control structures. The most recent grid requirements for WT grid connection, the so-called
Grid Codes, are explained in Chapter 7. The next chapter extrapolates the knowledge of



xvi Preface

single-phase PLL structure for three-phase systems. New robust synchronization structures
are proposed in order to cope with the unbalance grid or frequency adaptation. In Chapter
9 the most used grid converter control structures for WT are explained while Chapter 10
extrapolates the control issue for the case of grid faults, where new control structures are
proposed. In Chapter 11 the issue of designing grid interface filters is discussed along with
methods actively used to damp the resonance for LCL filters. Finally, Chapter 12 goes down
to basics and advanced methods for controlling the grid current going from linear to more
robust nonlinear techniques. The new resonant controllers are introduced and compared with
the classical PI. Appendix A familiarizes the reader with the issue of different coordinate
transformations in three-phase systems, Appendix B gives the basic principle of instantaneous
power theory and Appendix C describes the concept of resonance controllers.

www.wiley.com/go/grid converters
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1

Introduction

In the last few years renewable energies have experienced one of the largest growth areas in
percentage of over 30 % per year, compared with the growth of coal and lignite energy.

The goal of the European Community (the EU) is to reach 20 % in 2020, but the EU-27
energy is only 17 % of world energy. The US, with 22 % of energy share, has adopted similar
goals under the pressure of public opinion concerned by environmental problems and in order
to overcome the economical crisis. However, the policies of Asia and Pacific countries, with
35 % of energy share, will probably be more important in the future energy scenario. In fact,
countries like China and India require continuously more energy (China energy share has
increased 1 point every year from 2000).

The need for more energy of the emerging countries and the environmental concerns
of the US and the EU increases the importance of renewable energy sources in the future
energy scenario.

1.1 Wind Power Development

Grid-connected wind systems are being developed very quickly and the penetration of wind
power (WP) is increasing.

The driving force in Europe was taken in March 2007, when EU Heads of State adopted a
binding target of 20 % of energy generated from renewable sources by 2020. A similar plan
for 25 % renewable energy sources until 2025 has been adopted in the US.

According to BTM Consult [1], the cumulative and annual installed wind power worldwide
in 2009 is shown in Figure 1.1. Despite the economic crisis, 2009 was a very good year,
with a worldwide installed wind power of 38.1 GW (35 % higher than 2008). The biggest
markets in 2009 were China, with 36.1 %, and the US, with 26 %. The cumulative worldwide
installed wind power by the end of 2009 was 160.1 GW. The average growth for the period
2004-2009 was 36.1 %, while the forecast average growth for the period 2010-2014 is 13.6 %
(reduced due to the economic crisis of 2008—2010). The worldwide cumulative installed power
forecasted by 2019 is close to 1 TW, leading to a global wind power penetration of 8.4 %.

Wind energy penetration (%) is defined as the total amount of wind energy produced
annually (TWh) divided by the gross annual electricity demand (TWh). According to the

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
© 2011 John Wiley & Sons, Ltd
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Figure 1.1 Wind power installed worldwide by 2009 and forecast until 2014: cumulative (left) and
annual (right). Source: BTM Consult

EWEA (European Wind Energy Association) [2], the approximate wind energy penetration
in Europe by 2008 was 3.8 %, with the highest penetration levels of 21 % in Denmark, 12 %
in Spain and Portugal, 9 % in Ireland and 7 % in Germany. At the regional level much higher
penetration levels were achieved, as, for example, 36 % in Schleswig-Holstein, Germany, and
70 % in Navarra, Spain.

According to the DOE (US Department of Energy) [3], the wind energy penetration level
in the US reached 1.9 % by 2008, with highest state levels in Iowa 13.3 %, Minnesota 10.4 %
and Texas 5.3 %. The worldwide wind energy penetration by 2008 was 1.5 %.

It is very difficult to define the maximum level of penetration as it is strongly dependent on
the particularities of the grid in the considered area in terms of conventional generation, pricing,
interconnection capacity, demand management and eventual storage capacity. Typically several
regional or national grids are interconnected (as, for example, UCTE and NORDEL) and by
agreement certain shared reserve generation and transmission capacity is provided in order
to cope with n — 1 type contingency. The fluctuating wind power dispatch works also as
a ‘disturbance’ in the system and this reserve capacity can also be successfully used for
balancing purposes. Some studies have indicated that 20 % wind penetration may be achieved
without major transmission or storage developments. Electrical utilities continue to study
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Figure 1.2 PV power installed worldwide by 2009 and forecast until 2014: cumulative (left) and annual
(right). Source: EPIA

the effects of large-scale (20 % or more) penetration of wind generation on system stability
and economics. Denmark has planned wind penetration of 50 % by 2025 [4]. The Danish
grid is strongly interconnected to the European electrical grid through Norway, Germany and
Sweden. Almost half of its wind power is exported to Norway, which can easily balance its
almost entirely hydro-based power system.

In order to be able to increase the wind energy penetration, new grid interconnection
requirements called grid codes have been developed by countries with high penetration.

1.2 Photovoltaic Power Development

The worldwide cumulative and annual photovoltaic (PV) power installed according to EPTA
are shown in Figure 1.2 [5].

The year 2009 was also a good year for PV, as 6.4 GW was installed (equivalent to
approx one-sixth of wind power installed). From an empirical point of view we can say
that PV is growing at approximately the same rate as WP and is just approximately 6 years
behind. The forecast for 2014 is 30 GW for PV, close to the 28.7 GW for WP forcast
6 years ago (for 2008). The worldwide cumulative PV power reached 22.8 GW by the end
of 2009.
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Today, there are several PV parks with installed power > 40 MW in Spain, Germany and
Portugal. The PV penetration is quite low now but it is estimated by EPIA that it could be as
high as 12 % in 2020.

Another important aspect is that the cost of PV panels have dropped during 2008 by around
40 % to levels under € 2/W for PV. The bulk penetration of the PV system is expected around
2015 when the cost of PV electricity is forecasted to became compatible with the cost of
conventional energy.

1.3 The Grid Converter — The Key Element in Grid Integration
of WT and PV Systems

Power converters is the technology that enables the efficient and flexible interconnection
of different players (renewable energy generation, energy storage, flexible transmission and
controllable loads) to the electric power system. Hence it is possible to foresee how the
synchronous machine has a central role in the centralized power system and the grid converter,
also denoted as the ‘synchronous converter’, will be a major player in a future power system
based on smart grid technologies. While the electromagnetic field has a major role in the
synchronous machine, the grid converter is based mainly on semiconductor technology and
signal processing but its connection filter, where the inductor is dominant, still has a crucial
role to play in transient behaviour.

The increase in the power that needs to be managed by the distributed generation systems
leads to the use of more voltage levels, leading to more complex structures based on a single-
cell converter (like neutral point clamped multilevel converters) or a multicell converter (like
cascaded H-bridge or interleaved converters). In the design and control of the grid converter
the challenges and opportunities are related to the need to use a lower switching frequency to
manage a higher power level as well as to the availability of a more powerful computational
device and of more distributed intelligence (e.g. in the sensors and in the PWM drivers).

The book analyses both basic and advanced issues related to synchronization with the grid,
harmonic control and stability, and at the system level in order to detect and manage islanding
conditions for PV power systems and control under grid faults for WT power systems. It is
intended for both graduate students in electrical engineering as well as practising engineers in
the WT and PV industry, with special focus on the design and control of grid converters.
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Photovoltaic Inverter Structures

2.1 Introduction

The PV inverter is the key element of grid-connected PV power systems. The main function
is to convert the DC power generated by PV panels into grid-synchronized AC power.
Depending on the PV power plant configuration, the PV inverters can be categorized as:

® Module integrated inverters, typically in the 50-400 W range for very small PV plants (one
panel).

e String inverters, typically in the 0.4-2 kW range for small roof-top plants with panels
connected in one string.

® Multistring inverters, typically in the 1.5-6 kW range for medium large roof-top plants with
panels configured in one to two strings.

® Mini central inverters, typically > 6 kW with three-phase topology and modular design for
larger roof-tops or smaller power plants in the range of 100 kW and typical unit sizes of 6,
8, 10 and 15 kW.

¢ Central inverters, typically in the 100—1000 kW range with three-phase topology and modular
design for large power plants ranging to tenths of a MW and typical unit sizes of 100, 150,
250, 500 and 1000 kW.

Historically the first grid-connected PV plants were introduced in the 1980s as thyristor-
based central inverters. The first series-produced transistor-based PV inverter was PV-WR in
1990 by SMA [1]. Since the mid 1990s, IGBT and MOSFET technology has been extensively
used for all types of PV inverters except module-integrated ones, where MOSFET technology
is dominating.

Due to the high cost of solar energy, the PV inverter technology has been driven primarily
by efficiency. Thus a very large diversity of PV inverter structures can be seen on the market.

In comparison with the motor drive inverters, the PV inverters are more complex in both
hardware and functionality. Thus, the need to boost the input voltage, the grid connection
filter, grid disconnection relay and DC switch are the most important aspects responsible for
increased hardware complexity. Maximum power point tracking, anti-islanding, grid synchro-
nization and data logger are typical functions required for the PV inverters.

Grid Converters for Photovoltaic and Wind Power Systems Remus Teodorescu, Marco Liserre, and Pedro Rodriguez
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Actually, in contrast with electrical drive industry, which is 20 years older and driven by cost
where the full-bridge topology is acknowledged worldwide, new innovative topologies have
recently been developed for PV inverters with the main purpose of increasing the efficiency
and reducing the manufacturing cost. As the lifetime of PV panels is typically longer than
20 years, efforts to increase the lifetime of PV inverters are also under way. Today, several
manufacturers are offering extended service for 20 years.

The first method used to increase the efficiency was to eliminate the galvanic isolation
typically provided by high-frequency transformers in the DC-DC boost converter or by a
low-frequency transformer on the output. Thus a typical efficiency increase of 1-2 % can
be obtained.

As the PV panels are typically built in a sandwich structure involving glass, silicon semicon-
ductor and backplane framed by a grounded metallic frame, a capacitance to earth is appearing,
creating a path for leakage current. This can compromise personal safety, which is typically
based on a system that monitors the leakage current as an indication of faults, especially
in residential applications. This capacitance can vary greatly, depending on construction or
weather conditions, and in reference [2] typical values of 10 nF/kW for PV are measured using
the full-bridge with unipolar modulation as a well-known source of common mode voltage
resulting in leakage current.

Unfortunately, the transformerless structure requires more complex solutions, typically
resulting in novel topologies in order to keep the leakage current and DC current injection
under control in order to comply with the safety issues.

Another important design issue that is driving the development of new topologies is the
ability to exhibit a high efficiency also at partial loads, i.e. during the periods with reduced
irradiation levels. Actually a weighted efficiency called ‘European efficiency’ has been defined
that takes into consideration the periods for different irradiation levels across Europe.

Today there are many PV inverter manufacturers in the market, such as SMA, Sunways,
Conergy, Ingeteam, Danfoss Solar, Refu, etc., offering a wide range of transformerless PV
inverters with very high European efficiency (>97 %) and maximum efficiency of up to 98 %.

The topology development for the transformerless PV inverters has been taking the starting
point in two ‘well-proven’ converter families:

e H-bridge.
¢ Neutral point clamped (NPC).

The aim of this chapter is to explain some of the most relevant actual transformerless PV
inverter structures as derivatives of these main families. The level of diversity is high as some
structures require a boost DC-DC converter with or without isolation. These boost converters
are well known and will not be described in detail. Some typical combined boosted inverter
structures are presented at the end of this chapter.

For the module-integrated inverters, due to the low power level a very large diversity of new
topologies is reported, but due to the very low actual market share of this type of inverter they
are not explored in this chapter.

2.2 Inverter Structures Derived from H-Bridge Topology

The H-bridge or full-bridge (FB) converter family, first developed by W. Mcmurray in 1965
[3], has been an important reference in the power electronic converter technology development.
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Figure 2.1 Basic FB inverter

It was the first structure able to take advantage of the first available force-commuted semi-
conductor devices (thyristors). The H-bridge topology is very versatile, being able to be used
for both DC-DC and DC-AC conversion and can also be implemented in FB form (with two
switching legs) or in half-bridge form (with one switching leg).

2.2.1 Basic Full-Bridge Inverter

The practical PV inverter topology based on the full-bridge (FB) inverter is shown in Figure 2.1.
Three main modulation strategies can be used:

¢ Bipolar (BP) modulation.
® Unipolar (UP) modulation.
® Hybrid modulation.

In the case of bipolar (BP) modulation the switches are switched in diagonal, i.e. S1
synchronous with S4 and S3 with S2. Thus AC voltage can be generated as shown in Figure
2.2(a) and (b) for the positive and negative output currents respectively.
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Figure 2.2 FB with BP modulation strategy in the case of: (a) positive output current and (b) negative
output current
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The main features of this converter are:

® Leg A and leg B are switched synchronously in the diagonal (S1 = S3 and S2 = §4) with
high frequency and the same sinusoidal reference.
® No zero output voltage state is possible.

Advantages:

® Vpr has only a grid frequency component and no switching frequency components, yielding
a very low leakage current and EMI.

Drawbacks:

® The switching ripple in the current equals 1 x switching frequency, yielding higher filtering
requirements (no artificial frequency increase in the output!).

® The voltage variation across the filter is bipolar (+Vpy — —Vpy — +Vpy), yielding high
core losses.

* Lower efficiency of up to 96.5 % is due to reactive power exchange between L) and Cpy
during freewheeling and high core losses in the output filter, due to the fact that two switches
are simultaneously switched every switching period.

Remark:

Despite its low leakage current the FB with BP modulation is not suitable for use
in transformerless PV applications due to the reduced efficiency.

In the case of unipolar modulation, each leg is switched according to its own reference.
Thus AC current can be generated as shown in Figure 2.3.
The main features of this converter are:

® Jeg A and leg B are switched with high frequency with mirrored sinusoidal reference.
® Two zero output voltage states are possible: S1, S3 = ON and 52, S4 = ON.

Advantages:

® The switching ripple in the current equals 2 x switching frequency, yielding lower filtering
requirements.

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® High efficiency of up to 98 % is due to reduced losses during zero voltage states.

Drawbacks:

® Vpr has switching frequency components, yielding high leakage current and EMI.
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Figure 2.3 The switching states of FB with UP modulation in the case of generating: (a) positive
current and (b) negative current

Remark:

Despite its high efficiency and low filtering requirements FB with UP modulation
is not suitable for use in transformerless PV applications due to the high-frequency
content of the Vpg.

In the case of hybrid modulation [4], one leg is switched at grid frequency and one
leg at high frequency. Thus AC current can be generated as shown in Figure 2.4(a)
and (b).
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Figure 2.4 The switching states of FB with hybrid modulation in the case of generating: (a) positive
current and (b) negative current

The main features of this converter are:

® Leg A is switched with grid low frequency and leg B is switched with high PWM frequency.
® Two zero output voltage states are possible: S1, 2 = ON and §3, $4 = ON.

Advantages:

® Voltage across the filter is unipolar (0 — +Vpy — 0 — —Vpy — 0), yielding lower core
losses.

® Higher efficiency of up to 98 % is due to no reactive power exchange between L) and Cpy
during zero voltage and to lower frequency switching in one leg.

Drawbacks: also a drawback is the fact that this modulation only works for a two quadrant
operation.

® The switching ripple in the current equals 1 x switching frequency, yielding higher filtering
requirements (no artificial frequency increase in the output!).

® Vpg has square wave variation at grid frequency, leading to high leakage current peaks and
large EMI filtering requirements.



