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Resumen

La generacién de energia eléctrica es una caugedereocupacion alrededor del mundo.
Se han hecho una gran cantidad de esfuerzos eseggido para intentar cubrir la creciente
demanda de energia eléctrica. Ademas del aument® @@emanda de energia eléctrica se
requiere que sea renovable. Debido a esto, muciesgpestan haciendo grandes inversiones
en sistemas de generacion de energia eléctricdiadefuentes renovables como la energia
del viento y la energia solar.

Los sistemas que generan energia eléctrica a paetirenergia solar actualmente
proporcionan un alto porcentaje del total de eaepgbducida. De acuerdo con el dltimo
reporte de la agencia internacional de energia @&Asus siglas en inglés) en referencia al
programa de sistemas de potencia fotovoltaica (Pp&Ssus siglas en inglés), el total de
potencia fotovoltaica instalada en el mundo hasiaes de 2009 fue de alrededor de 20.3
GW de los cuales 6.188 GW fueron instalados en 2D@9 total de potencia fotovoltaica
instalada en 2009, 6.113 GW corresponden a sistemaactados a la red eléctrica. El
crecimiento de este tipo de sistemas se debe atrladiiccion de nuevas tecnologias y
desarrollos que han permitido reducir los costedisiefio, manufactura e instalacion de una
planta solar.

Dado que el mayor porcentaje del total de la eaefgfovoltaica instalada proviene de
sistemas conectados a la red eléctrica, este draleajesis estd enfocado al analisis y a la
presentacion de soluciones en sistemas fotovokta@mnectados a la red eléctrica sin
transformador, los cuales pueden proporcionaresigias mas altas que aquellos que usan
transformador. Cuando no existe transformador egitreonvertidor de potencia y la red
eléctrica, corrientes parasitas pueden circularagés de los condensadores parasitos y
causar serios problemas para los usuarios.



iv Resumen

La principal tarea de este trabajo de tesis ha aitlizar y evaluar la operacion de
diferentes topologias sin transformador que ham eitontradas en la bibliografia y de esta
forma proponer algunas soluciones para minimizatiminar las corrientes parasitas que
pueden presentarse debido a las caracteristicgmuel fotovoltaico y de las condiciones de
operacion generales del sistema.

Este trabajo de tesis esta dividido en 6 capitiasel primer capitulo se expone el estado
del arte en el cual se analizan las principalesltgas usadas en aplicaciones de sistemas
fotovoltaicos. En este andlisis general se incluggologias tanto de sistemas monofasicos
como de sistemas trifasicos. Se exponen las veniagesventajas principales para cada
caso.

El segundo capitulo proporciona un andlisis detallde las principales topologias sin
transformador en sistemas monoféasicos. Las topmdogbn mayor eficiencia han sido
estudiadas y se propone una nueva estructura dertiolor que presenta la caracteristica de
reducir a valores cercanos a cero la corrientesfiardaSe presentan resultados tanto de
simulacién como experimentales para justificarckscteristicas de la topologia propuesta.

En el tercer capitulo se introduce el problemaadecborrientes parasitas en los sistemas
trifasicos empleando un modelo de tension de modaio del sistema. Una vez hecho este
andlisis, se presenta una nueva topologia que dma lisimada FB10 y que resuelve el
problema de las corrientes parasitas. La topologissiste basicamente de dos buses de
corriente continua y de un inversor trifasico eenta completo. Se presenta también para el
FB10 un modelo de modo comun basado en el modeiweccional. Se proporcionan
detalles de la estrategia de modulacién empleadaquatrolar el convertidor y un analisis
de pérdidas para cada semiconductor usando PSIM®e({PSimulator) como herramienta
de simulacién. En este caso también se han realilzl correspondientes simulaciones,
asimismo se proporcionan resultados experimenpalesjustificar la topologia.

En el capitulo cuatro se presentan cuatro difeseestrategias de modulacién disefiadas
para controlar el convertidor FB10. Cada estratede modulacibn presenta un
comportamiento distinto tanto en pérdidas de pd@enomo en distorsion harménica y
generacion de corrientes parasitas. Por esta sszbia desarrollado un andlisis completo de
estos pardmetros. Se presentan resultados de sigmujaexperimentales que proporcionan
los detalles de operacion de las cuatro estrategiasodulacion.

Dado que los paneles fotovoltaicos no son fuentestantes de tensién, en el capitulo
cinco se proponen dos estrategias que permitenamsap el sistema tanto en tensién como
en potencia. Un breve analisis muestra como fuacicada una de ellas. Se presentan
resultados de simulacién y experimentales de Iastegias propuestas.



Abstract

Covering the energy demand is an issue that iSreanisly cause of concern around the
world. In the case of electrical energy many effdrave been lately addressed to cover the
continuously growing electrical energy demand byanseof using energy sources, different
from those based on fossil fuels. In this senseyyntauntries have made a very strong bet
on energy generation systems based on renewabieespumainly wind and solar energy,
something that has contributed to develop a safid promising industry around these
technologies.

At the present time, solar energy systems providggaificant percentage of the total
energy production. According to the latest repdrthe International Energy Agency (IEA)
regarding Photovoltaic Power System Program (PVBE®)cumulative installed PV power
at the end of 2009 was around 20.3 GW out of wigdi88 MW were installed in 2009.
From the total PV power installed in 2009, 6.113 MWre grid connected systems. The
growth in the installed PV power is mainly due e hew technologies and developments
that have permitted to reduce costs in the designrsstallation of PV systems.

As the major percentage of the total PV energyalledt belongs to grid connected
systems, this PhD deals with the analysis and mapoof transformerless grid-connected
PV systems which, can provide higher efficiencibant PV systems with transformers.
However, the lack of transformer between the eleaitrgrid and the power converter
generates serious problems regarding the appeacdiheakage ground currents. This issue
associated to these transformerless topologiesehss the proposal of solutions oriented to
overcome this drawback, is one of the main goathisfthesis work.

The main research task in this thesis work is @lyere and evaluate the operation of the
different transformerless topologies presentedhi@ bibliography and to provide some
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solutions to minimize the leakage ground currergrigmenon in order to comply with the
standard requirements.

This dissertation is divided in 6 chapters. Thstfohapter deals with the state of the art, in
which the main topologies used in PV applicatioresanalyzed. This analysis considers not
only single-phase structures but also three-plassdgies.

The second chapter provides an analysis of singdese transformerless topologies. The
most efficient topologies are studied and a newoltmyy is proposed. Simulations and
experimental results are provided in order to eseltihe proposed topology.

The third chapter introduces the three-phase systand the leakage ground current
problem. A general common mode model for the cotiweal three-phase system is showed.
Then a three-phase transformerless topology naRgl\0 (Full-Bridge 10) is presented. As
it will be further discussed this topology consiktsically on two DC independent sources
and a conventional three-phase inverter. A commodemmodel for the proposed topology,
as well as a modulation strategy are explaineti;mahapter. In the framework of this study
an analysis of the distribution losses, based onilsition, was also performed and presented
in this work.

The fourth chapter deals with four different modiala strategies designed to control the
FB10 topology. The modulation strategies have dkffie performance in both power quality
and efficiency. Therefore a complete analysis migarlosses, power quality and leakage
ground current was performed introducing the IGB®del to measure the losses in each
semiconductor. In this chapter experimental resuksalso shown for each case.

As the PV panels are not constant DC sources,ifthechapter gives two proposals; one
to control the power converter under voltage untizea in the DC sources and the second
one is a proposal to control the power injectednfrthe PV panels. Also in this case,
simulations and experimental results are provided.

In the last chapter the general conclusions andfuhge works of this PhD thesis are
given.
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CHAPTER

1.

Introduction

n the last decades, renewable energies have emasgedeliable solution to classical

generation power plants based on fossil fuels, lwidce finite, nonrenewable and

pollutants. Even new developments oriented to ecdahe operation, control and

performance of renewable energy based generatgiarag have contributed positively

to improve its penetration into the electrical netiy however there is still a lot to do
in different fields in order to reach a massivegration of such systems. The usage of fossil
fuels has contributed to maintain an alarming iasee over the last 100 years in the
atmospheric pollution level and global warming (@hican reach a global average
temperature as much as 6 °C during XXIth centung effect in the climate conditions, as
well as the increasing environmental concern, &g the way for the fast development
and installation of renewable energy technologilkes wind power (WT) and photovoltaic
(PV) systems, whose development has been suppoytétk local governments, especially
in European countries. As an example, WT in thgeaof several MW as well as PV farms
in this power range are currently installed alluard the world with great success.

Due to its high potential for producing clean eneagnong all of the renewable energy
sources, solar energy continues to be one of th&t attractive choices for investors and
manufactures, mainly in grid connected residentigplications. According with the
European Photovoltaic Industry Association (EPI¢ total PV power installed at 2010 is
around 37 GW compare to 20.3 GW in 2009. During®Blirope alone added between 11.6
and 13.3 GW of new PV installed capacities. Germhayg been the leader in new PV
installations in the last two years with around W&in 2010) followed by Italy, Czech
Republic, France and Spain. Out of Europe the P¥ketas also growing, in 2010 the major
markets progressed to reach in total between 263¢h GW of PV power installed, where
Japan is the leader with 1 GW followed by USA (~8@W/) and China (=600 MW). In
Figure 1.1, it is shown the historical PV globalrket development, for instance Europe is
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the leader in 2010 with at least 13.3 GW represgngiround 80% of the global cumulative
PV installed capacity [1.1].

The expectative for the future in PV energy indussr hopeful. Experts believe that in
2011 the market could reach up to 16 GW in a mddesaenario. The PV industry is
hopping markets such as the French, Italian, Spawimerican and Chinese will pull the
demand.

Development of global Cumulative PV power
installed
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Figure 1.1. Evolution of the PV market during the last ten gear

1.1. Background and Motivation

The increase in the installation of power plantseobon renewable energy sources has
been almost exponential during the last years. &heshnologies are continuously under
evolution and relevant efforts are being addressedifferent research field in the aim of
making these technologies more efficient, reliaid competitive. In this sense based on the
research and evaluation performed some solutiodsirmprovements can be provided in
order to make a better use of the renewable enespurces.

Among renewable energy sources PV systems arengamore and more importance in
the renewable energy market. The power electrortems used to convert the solar energy
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from the PV panel (DC nonlinear power supply) iml@ctrical energy have a special
importance in the design of a PV power system,tdube fact that the PV panels itself have
not a very high efficiency, commonly between 15%l &9©% in average in commercial

products. This means that the electronic power emion stage must have a very good
efficiency in order to make the overall system cetitjve from a power production point of

view. Additionally the system must be reliable@nms of security and life time.

At the beginning, and still today in many applicat, PV systems are designed for being
connected to the grid through an isolation tramafarthat can be found in the system as a
Low-Frequency Transformer (LFT) on the AC side,asra High-Frequency Transformer
(HFT) on the DC side. The main problem in this apicis that the transformer introduces
additional losses in the system and its integratimm be somehow difficult, as it is a heavy
and bulky component, meanwhile it increases theradveosts. Another alternative to
implement the PV system is to take out the isotatimnsformer and connect the system
directly to the electrical grid by means of a filiee. a LCL filter). The neWwransformerless
system can get a better efficiency than the fingtsp but the main drawback is that now there
is no galvanic isolation. Therefore, and due tottlgh frequency operation (typically in the
range of 2 to 20 kHz) some leakage currents magapjpough the stray capacitance formed
between the PV panel frame and the earth. The maitivation to develop this research
work is to propose efficient power electronic smns to solve the leakage current problem
in transformerless PV applications.

1.2. Objectives

The main objectives of this PhD are focused inghaly, analysis, test and proposal of
new solutions within the field of PV transformedemverters in both: single-phase and
three-phase systems. In a nutshell, the main gdahss work are listed in the following:

» To review and evaluate the electrical effects & wakage ground currents in PV
systems.

» To model and proposed solutions to the leakagengkaurrent problem in the case of
PV transformerless topologies in single and thrieasp systems.

» To make the proposed solutions compatible withréwgiirements established by the
current standards applicable to PV systems conaégotthe electrical grid.

» To develop solutions that can be competitive with tommercial PV inverters not
only in single-phase topologies but also in threage systems in terms of efficiency.

» To propose specific pulsed width modulation strigego control the energy transfer
in the proposed topologies.

According to the points listed above, the main ofiye of this thesis is to propose
solutions based on hardware and control technithessgive rise to PV power systems able
to reduce or eliminate the leakage ground curréeisping or improving the total efficiency
of the PV power conversion system.
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1.3. Thesis Scope and limitations

This PhD work is focused in the PV power convertghjch is the conversion stage
responsible of managing the power flow between airip@t, coming from the PV panels, to
an AC output, which is the distribution network. €Tlpower conversion stage can be
implemented in different ways, for instance: threstages systems (Boost
converter+inverter+Low-frequency transformer), twstages (Inverter+Low-frequency
transformer), etc. This thesis is focused justimgle stage DC to AC configurations, where
an inverter is connected directly to the grid thgiowa grid connection filter. In this regard
both, single-phase and three-phase systems werlyzatiaand the most interesting
topologies were experimentally implemented. The &Ky has been implemented using a
constant DC source in both simulation and expertaidasts.

1.4. Contributions

The contributions of this thesis work are the stwbout the problem associated to
common mode voltage (CMV) and efficiency in the Banhsformerless power converters
and the proposal of solutions oriented to eliminatereduce the leakage ground current
magnitude.

In the case of single-phase systems a new topataigd HB-ZVR topology with high
efficiency and constant CMV has been proposed.aradysis and operation of this topology
is widely explained in this document. A comparatiaealysis with the most extended
topologies used in single-phase systems regartimgfficiency and leakage ground current
was carried out in order to validate the feasipilit the proposed system.

In the case of three-phase systems, a new topalagyproposed. The topology is three-
phase extension of the H5 topology concept, in taise the CMV is constant and the
leakage ground current is close to zero. This mgwlbgy is called FB10 topology.

1.5. State of the art

The PV panel technology has undergone a fast awnlin the last decades, improving
noticeably their efficiency. Nowadays the commdrBi Silicon (Si) cells convert between
14% and around 22% of the solar radiation into lesakectrical energy. Moreover, there are
new PV technologies under development which are &hteach efficiencies close to 40.1%,
as introduced in [1.2] and [1.3].

In the beginning, the PV modules were connecteskifes in order to get a higher voltage
(each panel producing 40V) without using amplificatsystem. Those arrays were later
connected in parallel, so a higher power levelddde reached. These kinds of systems
were experiencing some limitations, such as thel rdéehigh voltage DC cables, the high
power losses, etc. However the main drawback «f tuinfiguration was its inadequate
design for the massive production [1.4]. To overedimese limitations new structures and
control methods have been developed.
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Not only the PV technology and the connection apmfation have been improved, but
also the power electronics devices. The first Pviegation plants were controlled using
thyristors. As a consequence there were importesitlems regarding harmonics because
they can produce a poor power quality. The mode®@SHET s and IGBT’s which today are
broadly used have contributed to reduce that pmbteanks to their high switching
frequency operation, i.e. in the case of MOSFET should be remarked that certain PV
systems may require devices that support 1000 ¥jnstance when series array of PV
modules are directly connected to the inverter][1ld order to overcome this limitation
multi-string topologies can be implemented. Thessesns normally consist of a single PV
strings connected to a DC-DC converter that isdihlinally to a common inverter,
responsible of injecting the power to the electrgrad.

At the beginning PV systems were designed for stdode operation, in which the grid
connection was not required. This kind of applimasi are used in small camp houses, farms,
public lighting systems, etc. (generally low povagplications), in these applications single-
phase systems are commonly used. At the preseef timst PV systems are connected to
the electrical grid by means of three-phase PVrieve. In this sense, lot of research has
been done in order to overcome all the problensteadlto the grid connection, performance
and security.

1.5.1. General PV system layout

A PV system consists in a few well defined stag@st stage is the PV panel or PV panel
arrays; the PV panels receive and harvest the sslargy in order to transform it into
electrical energy. This PV source is a DC nonlineawver supply that delivers its electrical
energy to a second stage called DC-DC convertee 3écond stage can be omitted
depending on the application and the PV array. $tdge has at least two main functions
which are to step-up the DC voltage and to perfoicaahe MPPT (Maximum Power Point
Tracking) task. Third stage consists of an invewdich is responsible to change the DC
voltage into an AC voltage. The AC voltage is thised as an input in a LCL filter which is
directly connected to the grid (fourth stage). Kina very important stage is the control
system which has a lot of tasks to do; some of taeisted below:

MPPT control

DC bus control

Inverter control

Grid Synchronization
Anti-islanding protection
Grid support control

VVVYVYYVYV

As can be seen, the complete system becomes comvplexx all parts are added. Figure
1.2 shows the different parts of a PV system cotetketo the electrical grid. The PV system
is a single-phase system with a DC-DC boost coavevhich increases the input voltage to
a suitable level. A LCL filter takes out the higeduency component from the output current
and finally a low-frequency transformer connecte 8ystem to the electrical grid. This
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transformer provides galvanic isolation for the Bytem. The variables that in general are
used to control the system are also shown. Inputdd€ent (,) and voltage \(,,) are
necessary to implement the MPPT algorithm of thed@wels. On the AC side, the output
current () and voltage \{g) are required to perform functions as: Currenttcan grid
synchronization, etc.

() ()
+
c LCL LF
PV de-dc dc-ac Low Pass Transformer
Array Boost PWM-VSI Filter and
Grid
PV PWM | Vdc PWM |
> e N TTTEITTTTS VoI \ < g
i Vde 1| Grid \ 1 Current 1 Vg
| Control | | Sinchronization ! | control | |«
VPV | ~ooeoo [ PR
smm—m - N e N N , ,
:' MPPT ‘: :Ami-lslaqdingi :' y Plant ‘: B Basic Functions
1 .
[ i\ _protection i Menttorng s M PV Functions
II’ _______ Other functionalities: N . Other Functions
| Active filtering, Micro-grid control :
N and Grid support U
\_ J

Figure 1.2. General layout of a PV system connected to theredatgrid.

1.5.2. PV inverters classification

There are different power converters topologiesHursystems, as it is reported in [1.4]-
[1.5], but within all this variety, it is possible classify them in two main groups. In one
side there are topologies which use a galvaniaioi (transformer) either in the AC side
(Low-Frequency) or in the DC side (High-Frequenaw, on the other side, those that do
not use transformer (transformerless). In geneoalegp converters for PV systems can be
classified as show in Figure 1.3.

f PV Inverters ﬂ
f With Boost ﬂ Without Boost

On the LF side On the HF side

Figure 1.3. General classification of the PV inverters.

Transformerless
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Another way to classify PV inverters can be perfedntonsidering the PV power plant
configuration and the power rate. According to éhesteria power plants can be classified
as indicated in the following:

» Centralized PV invertersThis kind of inverters links a large number of PV
modules to the grid. The PV modules are connectestiies, calledtringsand
then connected in parallel through string diodesruter to generate enough DC
voltage to inject current to the electrical gridheéTdrawbacks of this configuration
are the long DC cables between the inverter angp@éls, the mismatch losses
in the panels and the losses generated by the stiwdes [1.4].

» Modularized invertersThe modularized inverters can be connected wikh ar
several PV modules with a total power below 500WtHis case the PV array
voltage is around 30-150 V [1.6]. According withisthit is require to step-up the
DC input voltage, as a consequence, a system watleral stages can be
implemented, including topologies with transformer.

» String PV invertersin order to obtain a better performance in a Bstem, a
new kind of PV plant was proposed. String PV ineestget the best of
modularized inverters and centralized invertersvefd PV panels can be set in
series reaching DC voltage around 150 to 450 V pitiver level around 2 kW, a
better power range regarding to the above condé@l With this power rating
it is easy to reduce the cost and increase theiaxifiy.

» Multi-string PV inverters:With the need of reducing costs, came up a new
approach to configure a PV plant. In this caseidlea is to connect in parallel
some PV strings with its own MPPT control (booshwerter) and then, with a
DC bus, link them to the electrical grid with a PWiwerter, which includes all
supervisory and protections functions.

1.5.3. PV Inverters with transformer on the AC side (LF)

The simplest scheme used in the energy conversiarPV system is shown in Figure 1.4.
This topology use only one conversion stage an& &rdnsformer. The PV panels deliver a
DC voltage to the inverter, with an adequate maddutascheme for S1, S2, S3 and S4 it is
possible to obtain a square waveform (with sinusombmponent) at the output of the
inverter. The high inductance of the transformer peduce harmonic distortion meanwhile
the transformer provides galvanic isolation. Intespdf these good characteristics, the
operation frequency of this transformer is arouiebb Hz, therefore this transformer will be
big, bulky and expensive. In addition, another dragk of this topology is that the DC input
voltage should be high enough to reach the volkagd of the electrical grid without using a
very high turn ratio in the transformer, which wabuksult in very high currents and losses
[1.7].
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Figure 1.4. Full-bridge PV inverter with low frequency transfeer.

In order to solve the problem of the low DC voltagjethe input, some topologies with
DC-DC boost converter have been proposed. This @Cebnverter boost the DC input
voltage and follows the maximum power point of ¢ panel or array. The Figure 1.5
shows the scheme of this converter.

Db L D
|_u__fYW\_¢
T1
Clink S5
A e e f o o
S2 S4 I:

Figure 1.5. Full-bridge PV inverter with low-frequency transfieer and DC-DC boost converter.

S1 S3

In the converter structure of Figure 1.5, there m@e components than in the first
topology, as a consequence this topology become expensive and the control could be
more complex. In spite of these drawbacks thisrileves on the market with efficiencies
between 93% and 95% [1.7].

The low-frequency transformer isolates the cirgquitom the grid and minimizes the
EMC (Electromagnetic Compatibility) problems evetmem an asymmetric Pulse Width
Modulation (PWM) pattern is used. Moreover, the tt&nsformer has losses in the core
reducing the total efficiency of the system. In g, the LF transformer is a big drawback
in PV systems connected to the electrical grid.

1.5.4. PV Inverters with transformer on the DC side (HF)

In order to overcome the associated problem wighlLh transformer a new configuration
was proposed [1.8]. Figure 1.6 shows a full-bridigeerter with a high-frequency
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transformer. This converter has some stages whiohkist of a high frequency inverter, high-
frequency transformer, rectifier, filter and finall low frequency inverter.

Db Lf
| HFT
3 D1| D3

Lac1
Vs

PV Cllné b

array

Cf 3

Lac2

D2] D4

Figure 1.6. Full-bridge PV inverter with high-frequency transfeer.

The PV panels are still isolated from the grid ahd first inverter delivers a high
frequency square waveform to the high-frequencystfiemer. Therefore, the transformer
size is reduced. Maximum efficiency of 95% is avhlde [1.7]. As can be seen in Figure
1.6, there are eight switches which should be otlatt, therefore the control becomes more
complex compared to other topologies. An altermatoy generate the high frequency square
waveform to feed the high-frequency transformeshiswn in Figure 1.7.

LYY Y g

Ld1 Lf
r___4 NN HFT
D1|D3 ) )
S1 Y Y ¥ S $'3
A S2 Lact
PV ==Cllnk b Cf__ Vs
array T )
Db & 02 o4 ' Lac2
S3 Y W Y S2 S4K

Figure 1.7.  Full-bridge PV inverter with push-pull converterdanigh-frequency transformer.

As can be seen in the figure above, the total amofliswitches is reduced to seven but
the losses produced by the transformer still affiwt total efficiency. The push-pull
converter is used to boost the input voltage ineottd reduce the switching losses on the
high voltage side. As in the previous case, bothveders in series reduce the total
efficiency and the control is still complex.

1.5.5. PV Inverters without transformer (transformerless)

According with the previous section, the transfarimethe PV systems has some critical
drawbacks; size, weight, high losses, expensive, Bt order to avoid the use of
transformers, in the last years, some topologieklwkho not use transformer have been
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developed. When a transformer is not used, thetewis connected directly to the electrical
grid through a LCL filter; therefore there is n@llganic isolation between them.

PV panels are typically manufactured in layers imvmy glass, silicon semiconductor and
a backplane. The junction of these layers is caléne a grounded metallic frame. A PV
inverter typically operates with a switching frequg in the range of kHz (2-15 kHz
depending on the power level), this high frequerey generate leakage currents which flow
through the frame and the stray capacitances. Thasag capacitances are established
between the ground and the metallic frame, in FEiduB the stray capacitances connected to
the positive and negative terminals are modelethéndiagram. The stray capacitances are
finally an element of a closed circuit which cotsisn the PV panels, the AC filter elements
and the grid impedance. These capacitances pravifldl path for the current to flow
through ground. The value of these capacitanceerdipon the weather conditions, PV
topology, PWM pattern, the material used in theattietframe and the values in the passive
elements of the converters. Some experiments haen lone in order to determine
approximately the value of these parasitic eleméuatgler certain conditions) which has
been concluded to be around 100nF/kW according [i8].

CR1 UL High frequency signal

TR el L

o
<
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— Clink

Lac2
2 (4 =]
Cp2

Figure 1.8. Leakage capacitances in a PV system.

Vs

The flow of leakage currents through the stray cepaces is not a problem just from the
electrical point of view, but it is also a seriqueblem related to the safeness of the workers.
In this sense some standards have been establisi@ermany by DIN (Deutsches Institut
fur Normung e.V.). In this standard it is estaldidhhat the maximum leakage current should
be 300 mA [1.10]. Considering this standard, soopelpogies have been developed to fulfill
its requirements. In this section some of the nmportant transformerless PV inverters able
to avoid the appearance of these currents willkptaened.

Transformerless single-phase PV inverters
In the case of the single-phase PV systems, otteeahost popular topologies is based on

the basic full-bridge Inverter and is named H5 I1.1n Figure 1.9 the H5 structure is
shown.
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Figure 1.9. Single-phase H5 PV topology (SMA technologies).

The PWM pattern for this topology can be desigroider to get constant CMV. The
PWM pattern in this case introduces the null stiateugh S5. During the positive half cycle,
when switches S5, S1 and S4 are ON and S2 andeS3Fd, an active state is applied to the
output. In this state, the current in the link inthr increases, Figure 1.10 a). In order to
apply a null state at the output, S5 and S4 gods @& S2 and S3 remain OFF. In this case,
the current decreases and flows through S1 anditite of S4. This means that the S5 and
S4 are switching at high frequency, Figure 1.10 b).
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On the other hand, during negative half cycle wheitches S5, S3 and S2 are ON an
active state is applied to the load. This meanstti@current in the link inductor increases,
Figure 1.11 a). The zero voltage state can be epfliS5 and S2 go OFF. In this case, the
current decreases and flows through S3 and freehmgediode of S1. In this half cycle S5
and S2 are switching at high frequency, this sgashown in Figure 1.11 b).

The pulse width modulation explained above, shdvas the §' switch allows to isolate
the PV panels from the electrical grid during zenitages states and as a consequence
constant CMV on the PV converter is obtained ardi¢akage ground current does not flow
through the stray capacitances. As an additionatattieristic, the '5switch avoids reactive
power exchange between t@gy and thel filter, reducing the losses in the semiconductors
and reactive components.
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Figure 1.11. Modulation states during negative half cycle; (g}ive state, (b) Null state.

H5 is very suitable for transformerless PV applma due to its good characteristics
regarding to EMI (Electromagnetic Interference) poments at PV terminals and high
efficiency. Actually, H5 is currently commercialiteby SMA in the series SunnyBoy
4000/5000 TL with European efficiency higher thah7@o and maximum efficiency of 98%.
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Another transformerless PV topology which is widesed in the PV market is the HERIC
(High Efficiency Reliable Inverter Concept) topojogdrhis topology is also based in the
conventional single-phase full-bridge inverter aveis patented by Sunways in 2006. In this
case, this topology generates the null state atAtBeside by using extra switches, which
allows set all the switches of the full-bridge iFPduring the null state. In this way the PV
panels are isolated from the AC side. The schentii®Etructure is depicted in Figure 1.12.
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As it can be appreciated in Figure 1.12, there tare@ additional switches with the
collector connected at the same point, forming diréctional switch. In Figure 1.13 a),
during the positive half cycle, when S1, S4 anda& ON (S2, S3 and S6 are OFF), an
active state is applied to the output. In this cdke output current increases. In order to
apply a null state, S1 and S4 go OFF while S5 res@IN (S2, S3 and S6 are kept OFF). In
this case, the output current decreases and flavmigh the S5 and D2 (free-wheeling
situation). This state is shown in Figure 1.130wWring all positive half cycle S1 and S4 are
switched at switching frequency while S5 is swittla the line frequency. On the other
hand, during the negative half cycle, when S2,188%6 are ON (S1, S4 and S5 are turned
OFF), an active state is applied and then the outpuent increases, see Figure 1.14 a). The
null state is applied by means of turning OFF S@ 88 while S1, S4 and S5 are kept OFF
and then the output current flows through the S6 @h. In this case, the current decreases.
This state is shown in Figure 1.14 b). As in theecaf the positive half cycle, S2 and S3 are
switched at the switching frequency and S6 is $witkcat the line frequency.
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Figure 1.14. Modulation states during negative half cycle; (a}ive state, (b) Null state.

From the modulation explained above, it is posdiblsee that the two additional switches
can avoid the reactive power exchange betweenLtHdter and theC;, capacitance.
Moreover these two switches operate as a bidineatiswitch and provide a path during zero
voltage states. With this solution the voltage asrthe filter is unipolar, yielding in lower
core losses. As a result, considering these twmitapt characteristics, the efficiency in this
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topology can be high, around 97%. Moreover, no commode switching frequency
components can appear over the PV panel termithedsefore there are not leakage ground
currents flowing through the stray capacitances.

Another promising topology in single-phase PV syseor transformerless applications
is the NPC (Neutral Point Clamped) topology. Thipdlogy consists in a leg with four
transistors in series as shown in Figure 1.15 [1.13
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Figure 1.15. The NPC topology for transformerless single-pHa¥eapplications.

The NPC topology is a structure that consists ur &witches connected in series which
are modulated in order to obtain an AC waveforrthatoutput. This topology is suitable for
PV transformerless systems because there are tiagedluctuations on the DC side since
the PV panels are ground clamped. The null statelgeved by connecting (clamping) the
output to the grounded middle point of the DC bssg D1 and D2, depending on the sign
of the output current.

During the positive half cycle, S2 remains ON wiSleé and S3 are switched at switching
frequency in a complementary way in order to getedifze active and null states. When S1 is
ON and S3 is OFF, an active state is applied toahgput and the current in the link
inductance increases and flows through S1 and Bartbthe output, as is shown in Figure
1.16 a). On the other hand, when S1 goes OFF antdt@8s ON a null state is applied to the
output and the output current decreases while fibmaugh S2 and D1, see Figure 1.16 b).
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In negative half cycle, shown in Figure 1.17, S3ams ON along the whole negative half
cycle, while S2 and S4 are switched at the switghitequency in a complementary way to
provide the active and null states to the outplie active state is applied when S4 comes
ON and S2 goes OFF. In this case, the currentanlittk inductance increases and flows
though the switches S3 and S4 see Figure 1.17h&).nlll state is applied when S4 goes
OFF and S2 comes ON, dealing in a decrease ofutpeitocurrent, which flows through D2
and S3. This state is depicted in Figure 1.17 b).

The NPC topology has the advantage that the volagass the output filter is unipolar,
thus it is possible to obtain low core losses. Mugz, with this configuration there is not
power exchange between tl@&,. and L filter at the output during null states, so the
efficiency can be high, around 98%. Another impuotrthing that contributes to improve the
efficiency is that S2 and S3 are switched at thé fjequency. Finally, in order to increase
the efficiency even more, the voltage rating ofshétches S1 and S4 can be reduce J¢4y
leading in a switching losses reduction. The mestarkable problems with this topology
lays in the fact that there are two additional émdrequires double voltage input in
comparison with the conventional full-bridge inwereand unbalance switching losses may
appear because of the different switching frequancgl and S4 (high frequency) and S2
and S3 (grid frequency). It is important to mentiblat due to the way in which the null
states are generated there are no voltage fluohgton the PV terminals and, as a
consequence, no leakage current appears [1.14].
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Figure 1.16. Modulation states in the NPC topology during pesithalf cycle; (a) Adve state, (k
Null state.

This inverter is currently used [yanfoss Solar inverters the TripleLynxseries (three-
phase 10/12.5/15 kW), and it is commercialized withEuropean Efficiency around 97%
and maximum efficiency around 98% [1.15].
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Finally, the last topology included in this summarglated to the single-phase
transformerless topologies for PV applicationsl$® dased on the full-bridge inverter. This
topology is a modified H5 topology, the main diface is that in this topology the AC side
is not floating, but it is clamped at the middlami®f the dc-link capacitors. The scheme of
this structure is shown in Figure 1.18 [1.16].
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Figure 1.18. Full-bridge inverter with DC by-pass.

In this case, the main idea is to disconnect thebD€ from the grid during null states of
the converter, as in H5. The way in which this fogy is modulated is as follow: during the
whole positive half cycle S1 and S4 are ON whilea®8 S6 are switched at the switching
frequency and S2 and S3 are switched at the same that S5 and S6 but in a
complementary way. Thus, when an active statepieapS1, S4, S5 and S6 are ON and S2
and S3 are OFF, given rise to an increase in thgubgurrent, which flows through S1, S4,
S5 and S6, Figure 1.19 a). On the other hand, wheull state is applied, S5 and S6 comes
OFF while S2 and S3 go ON (S1 and S4 remain ONg. fEsult is that the output current
decreases and gets divided in two paths: one thr8dgand Ds3 and another one through S4
and Ds2, as a consequence, S2 and S3 are switdtiedeno current, therefore there are not
switching losses in these two switches, see FigjLire b).
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In the case of the negative half cycle, S2 and 830N during whole half cycle and S5
and S6 are operating at the switching frequencyslaand S4, but in complementary way.
When S2, S3, S5 and S6 are ON and S1 and S4 aredDFdctive state is applied to the
output, Figure 1.20 a), on the contrary, a nultesta applied when S5 and S6 comes OFF
and S1 and S4 comes ON. In this case, the cusetivided into two paths: one through the
S3 and Ds1 and another one through the S2 andTbsé, as in the previous case S1 and S4
are switched without current, see Figure 1.20 b).

As can be seen in the modulation sequence, the aatjmut voltage is achieved by
clamping the inverter in the middle point of the k. This zero voltage situation permits
to get unipolar voltage across the output filtard aherefore there is not reactive power
exchange between the DC link and the AC filter. theo interesting characteristic is that the
rating voltage for the switches S5 and S6 is tHé dfathe DC input voltage because the
diodes D1 and D2 fix the voltage tqX2. It should also mentioned that the voltage acros
the C,, has only the grid frequency component thus tlasage ground current should be
very low.
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The topology described above is commercially abéglalngeteam) and it is used in
transformerless PV applications getting an europeéfitiency around 95.1% and a
maximum efficiency around 96.5% [1.17].

Three-Phase Transformerless Inverters

The conventional three-phase full-bridge invertethie most widely used inverter in the
general PV applications with galvanic isolationeTFigure 1.21 shows this topology with no
low-frequency transformer. This converter can bestdered as a first approach in order to
look for a solution in which the heavy, bulky angensive transformer can be avoided.

In the inverter shown in Figure 1.21, there are emwitching states than in any of the
previously commented single-phase system. In geéeayht states vectors are applied to the
output along the grid period, six active vectord amo null vectors. The performance of this
inverter has been evaluated in different applicetifil.18]-[1.20]. As aforementioned, PV
system can be designed using galvanic isolationomnecting the system directly to the
electrical grid. This three-phase full-bridge inegrwas evaluated in [1.5] for both cases.
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The results clearly show that this system is ntabig for transformerless applications. In
the case of [1.5], a specific modulation scheme used. In order to understand how the
modulation scheme can affect the CMV behaviour, sétWWM (Pulse Width Modulation)
techniques based on space vector modulation (S\ég lbeen proposed and analyzed in
[1.21]-[1.22].
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Figure 1.21. Three-phase two-level transformerless inverter.

In the case of the topology shown in Figure 1.2lictvis a conventional two-level three-
phase inverter, it is possible to obtain eight eextby combining the state of the six
switches, begin six of them the active vectors vl null vectors, as mentioned before. As
shown in [1.23], the three-phase system can beesepted in the alpha-beta plane.
Therefore, the eight vectors generated by thisrievean be represented in the same way, as
show in Figure 1.22.

In the standard three-phase two-level inverter showFigure 1.21, the output CMV is
defined as the average of the sum of the outpuages. In this case, the CMV, which is

actually the potential voltage between the startrabyoint in the load “n” and the “z
common reference for the three outputs, can beeszpd by the equation (1.1)[1.24].

V_+V,_ +V
Vnz: az 3bz cz_ (11)

In this way taking into account the equation (1.i)is possible to obtain the CMV
generated by each space vector of Figure 1.22 eThhl shows the CMV generated by the
eight space vectors.

As Table 1.1 shows, the CMV is always jumping betw®, 1/3 Vdc, 2/3 Vdc and Vdc,
this means that ground leakage currents can apgielie PV terminals, since this is the
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“floting voltage” of the point “z” respect to thesntral point “n”, which is usually connected
to the earth potential. In order to attempt to owere this problem, some SVPWM (Spacer
Vector Pulse Width Modulation) strategies have begastigated and analyzed in [1.22].

Vs V, Active Vectors Null Vectors

0,0,0)V; (0,0,0)V,
(1,1,0)V, (1,1,1)V;
i ' (0,1,0)V;
v, Vi a 0L)V,
(0,0,1)Vs

(L,0,1)Vs

Vs Vs

Figure 1.22. General SVM for three-phase inverters.

Vector CMV
Vo (0,0,0) 0
Vi (1,0,0)| 1/3 Vdc
V, (1,1,0)| 2/3 Vdc
Vs (0,1,0) 1/3 Vdc
V, (0,1,1)| 2/3 Vdc
Vs (0,0,1)[ 1/3 Vdc
Ve (1,0,1)| 2/3 Vdc
VvV, (1,1,1)|  +Vdc

Table 1.1 CMV generated by two-level FB inverter.

The main idea in [1.22] is to evaluate the perfarom of this three-phase two-level
converter under different modulation strategiesedasn SVPWM. Some of these strategies
have good performance regarding the CMV but onother side, some problems regarding
voltage linearity, harmonic distortion factor arichgltaneous switching may appear. Some
of these PWM techniques are shown in Figure 1.23.



22 I ntroduction

As a result of the evaluation in [1.22], it is pibés to mention some well-defined
characteristics of these strategies. For instaimc#e case of the Active Zero State Pulse
Width Modulation 1 (AZSPWM1) and AZPWM2 the CMV mdtude is reduced but the
CMV frequency is high and also presents a high barmdistortion factor in the output
voltages. The Remote State Pulse Width ModulatRBRWM) has low CMV magnitude
and the frequency is also low (around three tinmesgrid frequency), but the modulation
index is very low and output harmonic distortiorvéy high. In order to attempt to solve the
CMV problem in the three-phase power convertersitar idea was proposed in [1.25]. The
proposed converter is shown in Figure 1.24.
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Vdc/6 Vdc/6
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Figure 1.23. Reduced CMV space vector modulations, (a) AZSPWMLAZSPWM2, (c) RSPWM3
[1.22].

Inverter Filter AC grid

Figure 1.24. Three-phase two-level converter with the neuteahipclamped to the middle point of tl
DC bus.

The difference regarding to the conventional inveis that the neutral point of the load is
connected to the middle neutral point in the DC. Aimus this topology is equivalent to three
independent single-phase half-bridge invertershWits new characteristic, it is possible to
reduce the CMV by using a specific modulation téeghe. When interleaved triangular
signals are used for the PWM, the switching hare®im the grid current cancels out the
neutral current [1.25]. Using this modulation stpt, the CMV for the three individual
phases can be almost constant. As a consequendleich&tions on the DC bus terminals
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are very low regarding to the conventional fulldge three-phase inverter because the
neutral point is connected to the middle pointhaf DC bus holding this voltage at zero volts
[1.5]. In this way, the leakage current is sigrafily reduced by this inverter configuration.
In addition, this inverter has an advantage sinceadditional semiconductors are needed
and, as a consequence, the CMV can be reducedutiiny additional cost. The main
drawback of this topology is that the SVM algoritlwan not be used. Therefore, the use of
the DC voltage is lower than in the SVM strategy.

Another structure which is widely used in threeg#h®V systems is the three-phase three-
level Neutral Point Clamped converter. This inveitedated back to early 1980s when first
three-level diode clamped inverter was developedNbpae, Takahashi and Akagi [1.26].
After that breakthrough, there appeared new topesogith a higher number of levels and
also at the beginning of 1980s first modulatiornteques were well clarified. Although, up
to the present, a lot of different topologies vathlifferent number of levels are in use, three-
level inverter in NPC configuration is the mosteoftapplied on the market [1.27], the
topology is shown in Figure 1.25.

One of the most important advantages of this cdaveegarding to the conventional two-
level inverter is that the efficiency is much betlee to the reduction of the blocking voltage
in each IGBT. This voltage reduction is due to $kees connection of the switches in each
leg. Additionally, each phase has more than twdaga levels, thereby having a lower
harmonic distortion. Another important charactégis that due to the three voltage level at
the output, the filter size is smaller than in twaventional two-level inverter case because
of the lower dv/dt.
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Figure 1.25. Three-phase three-level NPC converter.

The use of this topology in three-phase transfoleasrPV systems is feasible thanks to
the small voltage ripple which appears at the R¥hiteals, thus the leakage ground current
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through the parasitic capacitance at PV termir@fsl@ndCp2in the case of Figure 1.25) is
very low [1.5].

One of the most remarkable drawbacks of this tapolis that unbalance voltage can
appear in the DC bus capacitors. If any curremjected to the neutral point (middle point
betweenClinkl and Clink2) a capacitor will be charged and the other willdischarged.
Thus, the voltage in the middle point will be ditfet of zero and its value will depend on
the current value and direction. This means thawttitage over the terminals @link1 and
Clink2 will be different. As a consequence the voltagplied to the output would become
asymmetric [1.28].

The unbalance problem is not only caused by theentiin the neutral point but also by
the unequal parameters of the DC link capacitoiapnfailures of the DC link capacitors,
unequal parameters on the switching devices anduitfmlance on the non-linear loads
[1.29]. The unbalance problem should be mitigatgtierwise the switching devices can
suffer premature failures, the Total Harmonic Distm (THD) at the output would increase
and the maximum modulation ratio will be limited the terminal with the lower voltage. In
order to solve the unbalance problem some congidesamust be taken into account during
the design of the modulation scheme and contrdesy$1.29]. Another disadvantage that
should be taken into account in this topology & there is a major number of switches and
diodes (six switches and four additional diodesjs tincrease the cost of the whole
converter.

In order to mitigate the effects of the CMV on thbole system, some PWM techniques
have been proposed in the literature [1.30]. Iis #@nse, there are more possible vector
combinations to reduce the magnitude and frequehtlye CMV. It is well know that all the
vectors that can be generated by the NPC conveaterbe represented in a g-h plane as
shown in Figure 1.26 [1.30]. Figure 1.26 shows thate are 27 switching states and some
of them are redundant for a specific vector refeeeposition. It should be noted that this
redundancies appear at the inner hexagon and #reprovide power either from one of the
two DC buses. This redundancy provides some degrédseedom in the pulse width
modulation process design. Using equation (1.1) takthg into account Figure 1.26 it is
possible to calculate the CMV generated by eade.stable 1.2 shows the CMV generated
by each vector in Figure 1.26.

According to [1.30] and Table 1.2, there are sestates in which the CMV is zero. If
only these states were used and all the remainéigsswere excluded from the modulation
strategy, no CMV would be generated. Clearly, tbakpattainable voltage magnitude would
be limited to the circle inscribed in the hexagosated by these six zero CMV vectors.

The bus utilization achieved by this modulatioratggy can be geometrically shown to be
86.6% of the utilization of the nearest three vextaodulator (reference vector is synthesize
using the nearest three vectors, NTV). Addition#tllgan be noted that the state selection is
no longer carried out on an adjacent state bagighwleads to higher ripple and harmonic
distortion in the output voltage and current. Ae BMV is directly proportional to the
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neutral point voltage, any current harmonics igddnto the neutral point will be observed
in the output CMV.

A

Figure 1.26. Switching states for the three-level NPC converter.

Finally, in order to complete the review of theetiphase transformerless converters,
another topology based on the NPC converter wilbbefly explained. This topology is a
multilevel converter which use an active clampestdad a diode clamped circuit. This
topology was developed by Briickner and Bernet id12[d.31]. The topology is depicted in
Figure 1.27 [1.32].

The additional switches of this topology regardingthe conventional NPC converter,
permit to improve the performance in the overadlskes distribution and also it is possible to
have better semiconductor utilization.

As in the NPC three-level inverter, there are 2Gtwes available in order to set the output
voltage level at +Vdc/2, -Vdc/2 or 0. The main difnce in respect to the conventional NPC
inverter is that the path to set the zero voltayellhas more than one way. This means that
there are more switching states which can provate zoltage at the output. In the case of
the converter of Figure 1.25 the utilization of thgger and lower paths is determined by the
direction of the phase current. In the case of Abdve Neutral Point Clamped (ANPC)
converter, switches S2 and S3 are always in ONipogiluring zero voltage state. If active
NPC switches are applied by turning ON S5 and B@,phase current can be conducted
through the upper path of the neutral tap in batbctions. In the same manner, by turning
ON S6 and S3, the phase current can be draw thrtheglower path of the neutral tap in
both directions. Of course, all four switches S5, S6 and S2 can be turned ON at the same
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time. In such case the current distribution betw#en upper and the lower NPC path is

determined by the variation of the ON-state charégtics of the devices used.

State CM Voltage | CM Voltage Vdc~1pw W0
(-1,-1,-1) -Vpc/2 -1/2
(-1,-1,0) | -\bc/3 + Vo/3 -1/3
(-1,-1,1) -\bc/6 -1/6
(-1,0,-1) | -Voc/3 + Vo/3 -1/3
(-1,0,0) | -\bc/6 + 2\/3 -1/6
(-1,0,1) \W/3 0
(-1,1,-1) -\bc/6 -1/6
(-1,1,0) \W/3 0
(-1,1,1) -\bc/6 +1/6
(0,-1,-1) | -\bc/3 + Vo/3 -1/3
(0,-1,0) | -Woc/6 + 2W/3 -1/6
(0,-1,1) W/3 0
(0,0,-1) | -Woc/6 + 2W/3 -1/6

(0,0,0) \b 0

(0,0,1) | Woc/6 +2W/3 +1/6
(0,1,-1) W/3 0

(0,1,0) | \bc/6 + 2Vp/3 +1/6

(0,1,1) | V\bc/3 + Vo/3 +1/3
(1,-1,-1) -\bc/6 -1/6
(1,-1,0) \W/3 0
(1,-1,1) \bc/6 +1/6
(1,0,-1) \W/3 0

(1,0,0) | Woc/6 +2W/3 +1/6

(1,0,1) | V\bc/3 + Vo/3 +1/3

(1,1,-1) -\bc/6 +1/6

(1,1,0) | V\bc/3 + Vo/3 +1/3

(1,1,1) \bc/2 +1/2

Table 1.2. Three-level states and CMV.

When +Vdc/2 is applied to the output (S1 and S@Mhstate), S6 should be turned ON to
guarantee an equal voltage sharing between S3 4n@rSthe other hand, when —Vdc/2 is
applied to the output S5 should be turned ON ireotd balance the voltage between S1 and
S2. This means that the additional balancing msisaire no needed. The distribution of
conduction losses during the null state can berothedl by the selection of the upper and
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lower NPC path. The conduction losses in the +V@ei@ —Vdc/2 can not be influenced by
the selection of the upper and lower NPC path [[1.31

Filter AC grid
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Figure 1.27. Three-phase ANPC multi-level converter.

As a short conclusion of this section, it can kid #zat there are some main aspects which
should be overcome in any transformerless apptinagither in single-phase or in three-
phase systems connected to the electrical grid. @rnbese main problems is related to
power losses. In this sense, the number of semicos has a great influence and also the
way and conditions in which they are switched. t8is, is an aspect that will be faced in this
research work. On the other hand the problem rtltehe leakage ground current, which
has a big influence in the personal security igtbtrregulated by DIN (Deutsches Institut
fur Normung e.V.) standard and as a consequenseréluirement should be fulfilled. In
order to fulfill this standard, new structures anddulation techniques will be studied and
exposed in next chapters in this thesis.

1.5.6. Current controllers for PV systems

The design of control scheme is a critical issuariyp power electronic system. One of the
most important tasks of a controller is to tracduarent reference with minimum error. To do
that, it is necessary to modulate the output veltagnerated by the power converter
according to a given duty cycle, namely, it is resaey to generate the signals to properly
command the switches to synthesize the voltageerde set by the current controller.

The control system in a PV converter connectedh¢oetectrical grid should be satisfying
some special requirements in order to get a goofbneance when it operates in a global
electrical system. Some of these functionalitiebéamplemented in a PV system are listed
below (from Figure 1.2).

Maximum Power Point Tracking (MPPT) control.
Grid synchronization.

DC voltage control.

Current control.

YV V VY
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» Other complementary functionalities (Grid supponrigro-grid control, etc)

This section is focused on the current controlfersPV systems connected to the grid,
thus some of the most popular structures and fomalities in PV systems will be shortly
presented as a complementary part of this intradtycection.

1.5.6.1. Proportional-Integral (Pl) controllers

PI controllers are the most popular linear congrsliused in PV systems. In contrast with
nonlinear controllers, linear controllers have digaeparated current error compensation
and voltage modulation parts; this characteristiomts to exploit the advantage of the open-
loop modulators and an independent design of therativcontrol structure can be done.
Current control is also the responsible for the aigits of the system so its design is a
critical issue. In Figure 1.28, a general schem¢éhefcurrent control in the case of single-
phase system is depicted.

Figure 1.28. General scheme of the current controller in a sipjlase PV system.

A PI controller can be used as tharrent controller block. The transfer function of the
PI controller is given in equation (1.2).

Gy =K, +K? (1.2)

The main disadvantage of the PI controller is rishility to track a sinusoidal reference
without steady-state error and the poor disturbaetion capability. In order to improve
the performance regarding to the dynamic respohseeoP| controller a grid voltage feed-
forward is used [1.33].

In the case of three-phase system a grid curremtralousing PI controllers has been
proposed in [1.34]. The scheme of this current radlet is shown in Figure 1.29.
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Figure 1.29. Current controller for a three-phase PV systemgiBil controllers in the current loop.

In three-phase systems there are a lot of apmitstin which ideally sinusoidal current
waveform is required, because even small phasenptitade errors cause incorrect system
operation. The control system shown in Figure 1ha8 a good performance to fulfill this
requirement. This current control scheme is aldtedd'Synchronous Controller” and is
based in two Pl controllers for the current vectmwmponents defined in rotating
synchronous coordinates d-q [1.35][1.36][1.37].cas be seen in Figure 1.29, the inpigs (
and ig) of the PI controller are DC constants becausethef synchronous coordinate
transformations. Therefore, the PI controller iteab cancel out errors for the fundamental
frequency component which is the frequency of gheekronous d-q transformations [1.38].

Even when the d-q controller works properly at thledamental synchronous frequency
with not steady state error and good dynamics respa simpler controller with not angle
estimation dependency was proposed in [1.39][1 A0k control is shortly explained in the
next section.

1.5.6.2. Proportional-Resonant (PR) controllers

PR controllers are suitable to fulfill the requirems of AC current regulators (zero phase
and magnitude error) and at the same time redwecedmplexity of the control algorithm.
The transfer function is shown in (1.3) whefg is the DC gain andv, is the resonant
angular frequency of the resonant element.

G(=—

=)

It should be noted that the value @f(s) goes to infinite whers=jw,. In this case, the
resonant angular frequenay is set to the angular frequenay of the supply voltage. The
AC error signal can be applied to the resonant efgmwithout any coordinates
transformation. The output signal in the resondeent will be used as a reference signal
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to modulate the converter. A reduced block diagmafma proportional-resonant current
controller is shown in Figure 1.30.

A\ 4
g

~

Figure 1.30. Proportional resonant current controller for @&iphase and single-phase systems.

In Figure 1.30, the output signal of the resondemment is adjusted automatically to a
value which makes the fundamental frequency compookthe AC input current coincide
exactly with its AC reference, eliminating complgtethe steady-state error in the
fundamental component of the supply current. Inegain the transfer function of the PR
current controller is given by (1.4).

S
Gpr(S) = Kp +K; e

o (1.4)

Since no transformations are necessary, this dtertrcan be easily used in single-phase
PV systems. This current controller can be alsa useregulate not only the fundamental
frequency component, but also other harmonic fregies. This can be done by means of
cascading several resonant blocks as is showrgimé-iL.31 [1.41].

S
K———— [-----
2. K s*+(hi2)°

h=357...

Figure 1.31. Proportional resonant current controller and lawen harmonic compensator.

Finally it should be said that the proportionalrgij in the PR controller determines the
bandwidth and acts to eliminate the steady stats@hbrror [1.42].
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1.5.6.3. Hysteresis controllers

As an alternative to PWM control techniques, hyetiex current controllers have been
broadly used also in grid connected converterghag can be easily implemented with no
complex hardware. Another important advantage «f Kind of controllers is their fast
dynamic response and their inherent capabilityinat Ithe peak current injected by the
converter. In addition, hysteresis controllers db nequire any information about the system
parameters, something that enhances its robustness.

The basic hysteresis current control is based owratine PWM control that sets the
output voltage of the inverter instantaneously 3]1.4rhe main task of the PWM current
controller is to adjust the output curreintin order to track the current reference provitdgd
i". By comparing the instantaneous current at theuiuwith the reference signal, the
controller should determine the active times focheawitch in the power converter. As a
consequence, the error signd J should be kept in a tolerance band [1.44]. Adasheme
of a general inverter with a hysteresis currentmdler is shown in Figure 1.32.

+ — /\
AC
Vdc T JG Side
Load
-
A
S i
PWM o) Y
Current _+
Controller i*

Figure 1.32. Basic hysteresis current controller.

In this kind of controllers, the converter switchistate depends on the error between the
current set-point and the real currents injectedthi®y converter. In this way when in a
conventional hysteresis current control the loaderu is lower than the current reference,
the inverter connects the positive of the DC buthtoload, reducing thus the currents. On
the contrary when the load current reference,ghéri than the current reference, the inverter
connects the negative side of the DC bus to the lda it is shown in [1.45], there are some
other hysteresis control structures that provideeghoutput voltage levels. Taking into
account the previous description, the error sigieal be maintained within a certain fixed
band. Figure 1.33 shows the evolution of the loadent when a basic hysteresis current
control is used.

However and in spite of its good dynamic resportkis, fixed error band makes the
switching frequency to vary according to the grattage level and the slope of the reference
signal. This variable switching frequency may caseeeral problems in the system such as:
overheating of the converter, difficulty in thetdit design, resonances and appearance of no
optimum current ripple in the load [1.45].
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Figure 1.33. Output current in an inverter using a conventidngteresis current controller.

In order to overcome the aforementioned problerashisic hysteresis current control can
be modified in order to get an almost constant @viilg frequency by using an adaptive
hysteresis band.

1.5.7. Grid integration of PV systems

Nowadays the PV power systems represent an imgopencentage of the total power
injected to the electrical grid. This means thé Kind of systems should be connected to the
electrical grid in a way in which they can fulfithe requirements set by the electrical grid.
The waveform of the current injected should beiagseidal as possible, in order to present
a good performance regarding the harmonic contequirements established in the
IEC61727/IEEE929 standard.

In order to get a good power factor, it is necgssaisynchronize the current with the grid
voltage. In this sense some techniques have begpoged and evaluated. One of the most
extended techniques is the Phase-Locked Loop (PL4B]-[1.48]. This system consists in
basically three blocks: phase detector, loop fitted Voltage Controlled Oscillator (VCO).
The first block generates an output signal propasi to the phase difference between its
two input signals. Depending on the type of the sphaetector, high frequency AC
components appear together the DC phase differsigoal. The second block, exhibits low
pass filter characteristic and filters out the hfgdgquency AC components from the phase
detector output, typically this is a 1-st order LRew Pass Filter) or a Pl (Proportional
Integral) controller. Finally the VCO generatestatoutput an AC signal whose frequency
varies respect a central frequency as a functiothe@finput voltage. Figure 1.34, shows a
block diagram with the basic structure of the PLL.
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Figure 1.34. Block diagram of the basic Phase Locked Loop (Pdyistem.

1.5.8. Codes for grid connection of PV systems

The grid connection codes are a very importanteissuthe design of grid connected
converters. Some of the most representative cagesxplained in this section.

The waveforms of the current and the voltage agally sinusoidal, but in some particular
cases, they are different from its ideal appearanideese particular cases deal with
perturbations or grid faults. In order to have eaclidea about how grid faults can occur, it is
necessary to explain the most common cases.

Steady state voltage unbalances can occur in thee-fshase electrical grids as a
consequence of the connection of unbalanced spitse loads or when one of the phases
of the three-phase grid is disconnected. Howeherntost common transient unbalances can
occur as a consequence of unbalanced grid fauhss Winbalance situation generates
negative sequence and zero sequence componehesgnid voltages, which seriously affect
to the power converter controllers. Voltage amgligwariations (>+10%) are another kind of
perturbations due to failures in the transmissimed, bad connections, high excitation
currents, etc. Moreover, some fluctuations in ttegjdiency grid signal can be generated in
the generation power plants due to the high variatin the load. Other common problems
in electrical grids are harmonics. Harmonic curseate generated by nonlinear loads as,
computers, electronic equipment, etc. These hamnaumirents, which are multiples of the
fundamental frequency, generate problems as resesamverheating and malfunctions,
which can be damage other equipment connecteack tgriti.

As an example, it is possible to take into congitlen, the standard EN 50160, which
regulates the voltage characteristics of the thigtion system. This standard it was
established in Brussels, Belgium in November of2lpi949]. In this standard, the following
requirements affecting to PV systems can be hibteig;

The maximum voltage unbalance for three-phase terseshould not exceed 3%.
The maximum variation allowed in the voltage amyualé is +10%

In case of the frequency variations the maximunell@eiowed is +1%

The voltage dips duration should be less than drsdaration and less than 60%
in deep.

The THD can not exceed 8%.

YV VVVY

When a PV system is connected to an electrical grichust fulfill some specific
requirement regarding:
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* THD and individual harmonic current levels

* Power Factor (PF)

* Level of injected DC current

» Voltage and frequency range for normal operation
» Detection of islanding operation

* Synchronization and automatic reconnection

»  Grounding connection

Some of the international standards that regulagegrid connection of PV systems are
listed in the following:

» |EC 60364-7-712:2005. Electrical Installations otilBings. Part 7: require-
ments for special installations or locations. Setti712: Photovoltaic power
supply systems [1.50].

> |EEE 1547.1-2005 IEEE Standard Conformance Testdeiures for Equipment
Interconnecting Distributed Resources with Eled&ower Systems [1.51].

» UL 1741. Standard for Safety Inverters, Convert&santrollers and Intercon-
nection System Equipment for Use with Distributetefy Resourcestiy May
1999, updated in 2005.

» |EEE 929-2000. Recommended Practice for Utilityetface of Photovoltaic
(PV) Systems [1.52].

» |EC 61727 (1995-06) Photovoltaic Systems — Charistites of the Utility In-
terface [1.53].

» DS/EN 61000-3-2 (2001) EMC, Limits for harmonic ssions (equipment in-
put current up to and includirids Aper phase) [1.54].

» VDEO0126-1-1 (2006) Selbsstattige Schaltschtellesetén einer netzparalellen
Eigenerzeugungsanlage und dem 6ffentlichen Niedarsmgsnetz [1.55].

Most of these standards pay a special attentiche¢oTHD and to individual harmonics
levels of the injected current, as well as the radmoltage and frequency operating range,
anti-islanding detection and the level of the DQrent injected into the grid. Particularly,
the German standard VDE 0126-1-1 states that dismdion is mandatory in 0.2 s in case of
DC current injection higher than 1 A. The VDE-01P4- also regulates the leakage ground
currents and faults levels in the case of transéoless inverters. According to the VDE-
0126-1-1, there are three different currents tanbeitored:

v" Ground fault current, which happens in case ofisoh failure when the current
flows through the ground wire.
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v' Fault current, which represents the sum of theaimaneous values of the line
currents, which under normal operation conditidmsud be zero.

v' Leakage ground currents, which are the result eérmgial variations across the
capacitive coupled parasitic elements.

Monitoring is typically done using a Residual Cutrdlonitoring Unit (RCMU), which
measures the fault and leakage current of the whpdtem. The standard states that the
power converter should be disconnected from thenrgad within 0.3 s in case the leakage
current is higher than 300 mA. Furthermore, the tRdean Square (RMS) value of the
fault/leakage current jumps, and their respectigeahnection times, are regulated according
to the Table 1.3.

As can be seen ihable 1.3in cases of increasing the RMS value of fault/lggkaurrent
by 30 mA, the disconnection is mandatory in 0.3t €an be also appreciated that as the
leakage ground current increases the disconnetitienis reduced in a significant ratio. This
means that in case of a fault characterized by hegkage ground currents the systems
should go automatically into a complete stop iregy\short time.

Leakage current Jump valu®isconnection time
(MA) (s)
30 0.3
60 0.15
100 0.04

Table 1.3. Leakage current jumps and their correspondingodisection time from VDE
0126-1-1.

1.6. Outline of the thesis

This thesis is focus on the study and analysisasfsformerless PV power inverters, and
proposes new solutions to overcome the main prablefrthis kind of systems, namely,
cancellation of leakage currents flowing througé #tray capacitances of the PV panels and
converters. The contents of this thesis are dividesix chapters according to the following
schedule:

The first chapter reviews the state of the artramsformerless PV systems. A general
overview and presentation of the main PV topologgeperformed. In the case of single-
phase systems, the review is focus in those moatmmn topologies currently installed in
PV systems. In the case of three-phase systemg Bih performance topologies in terms
of CMV and efficiency are presented. The introduttiobjectives, background, motivation
and scope of the thesis project are also presémtéds chapter.
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The second chapter describes in detail the operatiml characteristics of single-phase
transformerless PV inverters. A new topology baseH&ERIC topology is proposed. The
effectiveness of the proposed system is demondttatexperimental and simulation results.
Some conclusions regarding leakage current andiaffiy of the proposed topology are
presented at the end of this chapter.

The third chapter is devoted to study and anallggeperformance of three-phase systems
regarding the CMV resulting from their modulatiofihe model to analyze the leakage
ground current is described. A new topology ablsdive the problem of the leakage ground
current is proposed and its modulation strategyrésented. The CMV model for this new
topology is describe and analyzed as well. The telands with some conclusions regarding
the performance of this new three-phase power gsioretopology.

The fourth chapter analyses different modulatiorategies for the power conversion
topology proposed in Chapter three. All of the egd modulation strategies are evaluated
by simulation and experimentally under given ogeratonditions in order to compare their
performance. A comparative analysis about totaioaic distortion was performed as well.
Finally an analysis regarding power losses is etswucted.

The fifth chapter is basically focused on the conwf the DC bus of the topology
proposed in Chapter three. On one side, a techri@eempensate the differences between
both DC sources is proposed, analyzed and evaluatel in simulation as experimentally.
On the other side, a technique for DC power shacmgtrol is proposed. Simulation and
experimental results are presented to demonstiate effectiveness of the proposed
technique.

The last chapter contains the conclusions obtaiagda result of the analysis and
evaluation performed during this thesis and alstdaios the future works in this researching
line.
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CHAPTER

2.

Single-phase transformerless PV power
converters

ransformerless PV converters can improve the effity of the energy conversion

process in PV systems. However, the use of tram&fdess converters in a PV

power plant entails new challenges to be overcoméhé design process. For

instance, as it was explained in Chapter 1, wheisalation transformer is used in

the connection of the PV converter to the eledtrigad, leakage ground current
can appear through the stray capacitance formedeketthe frame of the PV panels and the
earth plane. The magnitude of these leakage grauwmcents depends on the different
parameters and conditions of the PV facility, foample, the PV panel size, whether
conditions, humidity, PWM strategy used to contt@ inverter, etc. In order to study the
causes and effects of the parasitic currents, ammmmode model will be presented in the
next section.

2.1. Common mode model

This common mode model is aimed to be a useful tookexplain how the CMV
contributes to the generation of currents throdghstray capacitances of a PV facility. In a
first step, it is necessary to consider the corspdgstem and its stray elements. The system
shown in Figure 2.1 corresponds to a single-phagesystem with a low- frequency
transformer connected to the electrical grid [2[2]2], [2.3], [2.4], [2.5]. The power system
depicted in this figure includes the low-frequenitgansformer, with the stray capacitances
that exist between the primary and secondary wgsiifhe value of these capacitances can
be estimated in the range of hundreds of picofardtiese very small stray capacitances
allow a very big attenuation of the common modeents. The EMI filter at the primary of
the low-frequency transformer should filter thethfgequency current components generated
by the CMV. Therefore, the filter size becomes v@nall and easy to design.
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Figure 2.1. General single-phase PV system with low-frequeranysformer.

From Figure 2.1 a simplified common mode model sfragle-phase transformerless PV
system can be deduced, as it is shown in refef@x8 In this model the power converter is
simplified using two voltage controlled sources am&hile the low-frequency transformer is
removed and just the output filter is considerede Tmhodel includes the CMV source and
also the contribution of the asymmetries in theefiinductance which can be located in the
positive line, in the neutral line or in both ofeth. The way in which thé filter is
considered can vary the common mode currents inPi¥estray capacitances. The final
model obtained from this simple analysis is showRigure 2.2.

V4 =Vpmv-
Vemvan = PR, +L,) Lem
M LYY\, SN\
L12= L1 Il Lz N
E Vemv-tot Cem
% Cep | J.l.-s(}.tl 4
------------------------------------- b I bbbk
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Figure 2.2. Final common mode model of the single-phase PV peaasverter.

This model can be very useful when the objectivi@ isvaluate the leakage current level
in the stray capacitances of the PV panel. In EduR,V;; corresponds to the CMV that can
be introduced by the asymmetries in the outpugrfittductancesy/cwy-anis the CMV,Cy, is
the stray capacitanc¥cyy.iot IS the total CMV resulting from the addition o&t¥cpy.an and
Vs1, and finallyC.,, andLs represent the impedance along the neutral pathsi@ering this
simplified model, the leakage current behaviourdifierent PV topologies can be evaluated.
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2.2. Analysis of the H5 and HERIC topologies

Two of the most used topologies in single-phasesfaamerless PV systems are the H5
and the HERIC (High Efficient and Reliable Inver@wncept) topologies [2.7], [2.8]. Figure
2.3 shows these two topologies, which are bas#teiconventional full-bridge converter.
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Figure 2.3. Popular single-phase transformerless PV systemsi§and (b) HERIC.

In Figure 2.3 (a), the H5 topology is depicted. églained in Chapter 1 this topology
disconnects the DC bus during the null states efrttodulation strategy. As a result, the
CMV can be kept constant and the leakage groungtrucan be drastically reduced. This
characteristic gives a very good performance indi@merless PV applications. In addition,
due to the way in which the modulation strateggasigned, the efficiency can arrive to very
high values.

Figure 2.3 (b) shows the HERIC topology. This tagyl was also presented in Chapter 1.
As the H5 structure, this topology is also basedthie full-bridge inverter. The main
difference is that there is a bidirectional switththe AC side that is responsible to generate
the null states at the output of the converter tiidl switches of the full-bridge are set to OFF
during null states. Therefore, as in the previapology, this characteristic permits to keep
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constant the CMV at the terminals of the PV paraid reduce significantly the leakage
ground currents. The efficiency that this topolagy achieve is also very high.

2.3. The HB-ZVR topology

The proposed topology is inspired on the HERIC logg The main idea is to design the
bidirectional power switch at the output of the mowonverter with a different power
configuration. In the proposed topology, the bidii@al switch is implemented using one
switch and a diode bridge. The proposed topologlefscted in Figure 2.4. The bidirectional
switch is implemented on the AC side as in the HERIpology. This topology was named
“HB Zero-Voltage State Rectifier” because the ratites are formed using a rectifier. The
way in which this topology is modulated can be eipd as follow: first, in the positive grid
semi-period, the active state applied to the Igadet by means of S1 and S4. The positive
terminal of the DC bus is connected to the loadeunidese operating conditions; see Figure
2.5 (a).
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Figure 2.4. Proposed HB-ZVR transformerless topology.

After the application of an active state, switclgisand S4 should be turn-OFF and S5
should be turn-ON in order to apply a null statéhi® output. Before applying the null state,
the dead-time should be introduced between thesestates to avoid short-circuiting the DC
bus. This switching state is shown in Figure 2)6 Quring the dead-time between the active
state and the null state, there is a short tim®@eén which all the switches are open and the
current flows through the free-wheeling diodes #émel DC bus capacitor. This switching
state results in higher losses than in the casth@fHERIC topology, where the free-
wheeling current always flow through the bidirenbswitch formed by S5 and S6.

Once the dead-time is elapsed, the null statepiepby means of S5, which should be
turn-ON. The gate signal to drive S5 should becttaplementary of the signal used to drive
S1 and S4, adding the corresponding dead-time. WHeenull state is applied to the output,
the free-wheeling path for the load current is tigho the single-phase rectifier and S5, as is
shown in Figure 2.6.
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Figure 2.5. a) Positive active state condition and b) Dead-titade after turn-OFF S1-S4 in the HB-
ZVR topology.
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Figure 2.6. Null state during the positive half cycle in the ®'R topology.

During the negative semi-period, the active statapplied by turning ON S2 and S3. In
this case, the signal for S5 should be the compitemng signal to the ones for S2 and S3,
including and additional dead-time between thesedignals as previously explained.
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In this new topology, the bidirectional switch lamped to the midpoint of the DC bus in
order to fix the potential of the PV array alsoidgrthe zero voltage periods, when S1-S4

and S2-S3 are opened. An extra diode is used tegirthe lower DC-link capacitor from a
short-circuiting condition.

Simulation results for this new topology are shawrFigure 2.7, where the sinusoidal
load current, DC voltage (positive terminal) to gnd and the leakage ground current are
depicted. As can be appreciated in Figure 2.7tfig)voltage is almost constant, which leads
to very low leakage ground currents as it is showrRigure 2.7 (c).
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Figure 2.7. Simulation results of: (a) Load current, (b) DC+ninal voltage respect to @und an
(c) Leakage ground current.

The CMV for each switching state of the HB-ZVR ttggy can be calculated according
to equation (2.1).

Vv :VlN +Von _

=2 @)



Single-phase transformerless PV power converters 49

Therefore, the values for the CMV in the HB-ZVR a¢dqmy are:

<

PositiveVector:V,, =V,;V,, =0=V, de (2.2)

"2

c?

ZeroVector:V,, = Ve .

<

o (2.3)

and

Negativevector:V,, =0;V,, =V,. =V, = V§° : (2.4)

As shown in previous equations, the CMV in the HBRZtopology remains constant for
all the switching states. The CMV only presents soshort transient glitches during the
dead-time separating active and null states. Tvisvariability in the CMV justifies the low
level of leakage ground current in the HB-ZVR taggpl, as was shown in Figure 2.7 (c).

2.4. Experimental results

To compare the performance of the HB-ZVR topologihwhe one from the conventional
H-bridge inverter (HB with unipolar modulation d&gy) and the HERIC topology some
experiments were conducted in the lab. Some optbis resulting from these experiments
are shown in Figure 2.9 and Figure 2.10.

The parameters used in the experiments matchedrthe used in simulation. These
parameters were set as follows. ¥ 350 V, G. = 250uF, fs,= 8 kHz (in case of the unipolar
PWM fs~= 4 kHz), dead-time = 2.;us and G = 100nF. In order to perform a fair
comparison, all the experiments were done usingd#mee switches, i.e., the PM75DSA120
Intelligent Power Modules from Mitsubishi, whichedlGBT modules with maximum ratings
of 1200 V and 75 A and the DSEP 30-06BR from IXYiich is a module of fast diodes
with maximum ratings of 600 V and 30 A. This diodesdule was used in the diode bridge
of the HB-ZVR topology.

The setup constructed in the lab is shown in Figu8 The experimental results showed
that the main difference between these three tgpedois that in the case of the HB
topology, the CMV is jumping along the time assitshown in Figure 2.9 (a). Channel “M”
in this figure, which is the FFT of the CMV meadliteetween the DC+ terminal of the PV
panel and ground, evidences that there is a higipooent at the switching frequency. In the
case of the HERIC and the HB-ZVR topologies, the\Cid constant along the time. This
means that the leakage ground current will be \@nyas it is shown in Figure 2.9 (b) and
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Figure 2.10, where the Chl represents the voltay@een the positive terminal of the DC
bus and ground, Ch2 is the leakage ground curmahtCGhannel “M” represents the FFT of
Ch1, where just the DC component appears.
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Figure 2.9. Experimental results for: (a) Fulddge inverter (with unipolar modulation strate
Ch1 shows the voltage to ground of the DC+ termi@&R is the leakage ground cur
and M is the FFT of Ch1 and (b) HERIC topology (sachannel distribution than “(a)”).
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Figure 2.1C. Experimental results for the proposed HBR topology, Chl shows the voltage
ground of the DC+ terminal, Ch2 is the leakage gtbaurrent and M is the FFT of Ch1.

As mentioned in section 2.3, the HB-ZVR generdteszero-voltage state in a similar way
as the HERIC topology, but using another solutmmtiie bidirectional switch configuration.
Therefore, the common-mode performance of the megdopology is similar as was the
case of the HERIC topology. In Figure 2.10 the eixpental results for the HB-ZVR
topology are depicted. As can be seen, there afgigiofrequency components in the plot
represented by Chl and the leakage ground cusembse to zero (Ch2) with ams value
of around 27 mA. The FFT represented by plot “M’hfions that only a DC component
appears in the CMV represented by Ch1l.

2.5. Comparative analysis

During the experimental test, some other data digarthe operation of these three
topologies were collected. The efficiency is onghaf most important parameters and it was
evaluated under different power levels. The efficie was measured considering that the
minimum DC input voltage in the European zone loalset at least 350 V, otherwise a boost
stage is required.

The HERIC topology has very high efficiency alohg tvhole operation range and has the
best efficiency among all the three compared tagiek) as detailed in Table 2.1 and in
Figure 2.11.

The HB-ZVR topology has a slightly lower efficienttyan HERIC, due to the fact that the
bidirectional switch is controlled at the switchirffigequency and also because of the
additional four diodes in the diode bridge, whitethe case of the HERIC topology the
bidirectional switch is controlled at the grid fremcy. The maximum efficiency obtained
with the HB-ZVR topology is 94.9%, which is a vensttractive figure of merit for
transformerless PV applications.
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Finally, in the case of the HB converter with thpdiar PWM strategy has the lowest
efficiency because of its two-level output voltage. using unipolar PWM modulation, the
voltage at the output of the converter will havesthlevels, but in this case, the generated
CMV will have high frequency components that getekeery high leakage ground currents.

100%
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Figure 2.11. Efficiency comparison between the three topologieder test.

Topology | 500W | 1000W| 1500W 2000w 2500W 2800W
HB-Bip 84,3%| 90,2%| 92,599 93,6% 943% 94,5%
()
()

HERIC 93,4%| 94,7%| 95,3% 95,6% 95,8 95,9%
HB-ZVR | 90,4%| 92,8%| 93,89 94,4% 94,84 94,9%

Table 2.1.  Efficiency obtained at the different power leveighe three topologies.

One advantage of the HB-ZVR topology compared whih HERIC topology is that the
HB-ZVR topology can inject reactive power into thed along the whole grid period. This
is due to the fact that the HERIC topology is thodgr PV systems feeding the grid with
unitary power factor. This is because the bidimwi switch composed by S5 and S6 in
Figure 2.3 can not be turned-ON at the same tirh& means that the current can only flow
in a predefine direction defined by the switch ently turned-ON. On the other hand, in
HB-ZVR topology it does not matter what the sige tturrent has, the current will always
find a path to flow into the bidirectional switcbraposed by the diode bridge and a switch.
This can provides the possibility to inject reaetjpower to support the electrical grid with
additional services any time during the operatibthe inverter.

2.6. Conclusions

Transformerless PV power converters offers a bedféciency that those that use a
transformer to provide galvanic isolation betwes power converter and the electrical grid.
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The main drawback is that the CMV in transformexlesnverters greatly influences the
ground leakage current flowing through the parasiipacitances of the PV panels.

Modern full-bridge based PV converters, like H5, FHE and the proposed HB-ZVR
topologies, match the two most interesting requ@ets in transformerless PV converters,
namely, high efficiency and constant CMV. The HBRYbpology presented in this chapter
provides a new solution to implement the bidireadiloswitch on the AC converter side used
to generate the zero voltage state. Based on the gerformance of the HB-ZVR topology,
demonstrated by analysis, simulation and experiateasults, it can be concluded that this
topology may an attractive alternative solution éngle-phase transformerless PV
applications.
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Three-Phase transformerless PV power
converters

ingle-phase PV facilities are small-scale PV systevith a rated power around 5-6

kWp. Single-phase PV systems use low DC voltagdd@BHV) and generate

pulsating instantaneous power at the output, wsttillating component at twice the

fundamental grid frequency. Therefore, large DCacitprs are required to smooth

the DC voltage oscillations, which decrease lifetiend reliability of the overall
system [3.1]. Three-phase systems generate conistantaneous power, which means that
large capacitors are not necessary in this caadinig to lowest cost and a higher reliability
of the whole system. Another important characterigtat should be pointed out is that
power level in three-phase PV systems is highan thahe single-phase case, starting from
10-15 kWp, in the case of the rooftop applicaticausg arriving up to the MWp level in
centralized inverters for large PV power plants.ilsingle-phase systems, if there is not a
transformer insolating the power converter from dghiel, leakage currents can flow through
the PV panels stray capacitances. The value oétleakage ground currents depends on the
different conditions in the PV facilities [3.3],., for instance, the PV panel size, whether
conditions, humidity, PWM strategy [3.5], etc.

The leakage ground current can be a personal spfetylem. This is the reason why
research efforts have been focused on finding isolsitto the leakage current problem.
These solutions can be oriented to design of newIR€¢hniques and converter structures,
which can improve the performance of the transfol@ss applications. In this research
work, a new three-phase PV topology is proposedlyaad and validated by simulation and
experiments. This new topology has the capabilityremlucing significantly the leakage
ground currents, keeping an overall good perforreatt order to understand the leakage
ground current problem, a detailed analysis baseth® common mode model of the power
converter is performed in the next sections. Thappsed topology will be presented and
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discussed in detail in this chapter, as well asrtoelulation technique used to drive the
resulting power converter.

In this section, the common mode model for thesitas two-level three-phase inverter is
presented as an introductory study case. In thisnoon mode model, the contribution from
all the voltage components in the system will balyred. After that, a new three-phase
topology is presented and its common mode moddkigs/ed from the previous one. The
modulation strategy for this new topology will beegented in detalil.

3.1. Leakage ground current model

One of the most significant problems in the transkrless PV systems is the leakage
ground currents caused by the absence of galvaolation between the PV source and the
electrical grid as it was explained in chapterrRotder to understand the causes and effects
of these undesirable currents the three-phase Rtéraydepicted in Figure 3.1 will be
analyzed. The low-frequency transformer has beeiuded in the analysis in order to
explain how the parasitic elements are involvethépath of the leakage current.

P

+ a L, Lza Lgrid_a Vgrid_a
DC v
Vi

py | Ciml b LF Lgia p Voudp
T —YYY Transformer N

Array o L Y-A Lgria_c Vaid c

- AC

M wG

Figure 3.1. General three-phase PV system.
The general system consists in several stageshwaéclisted below:

- Power DC source (PV panel)
- DCllink

- DC-AC converter

- Low pass filter

- Low-frequency transformer

- Electrical grid

The scheme in Figure 3.1 does not include the piaratements that can become very
important when the operation frequency is high J[3®r instance, in the case of the PV
panels, a stray capacitance is formed between thparel and the earth. In the output of
each phase can also appear some small stray capastwhich are formed by the output
wires and the earth plane [3.7]. The low-frequet@nsformer has also some parasitic
elements in its structure, e.g., the stray capao@tdetween the primary and the secondary
windings of the transformer [3.8]. On the grid sittee parasitic inductance of the wires has
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been also considered. Figure 3.2 shows a modéleothree-phase system of Figure 3.1 in
which all the stray and parasitic elements have lieguded [3.9], [3.10].

P a La Loa I—grid_a Vgrid_a
s ~N/
I * DC LCy
Ciink b i L Lo Lgigp vgidb
PV o N L\
Panel [ T-ECbG L
v L L. Lyrig ¢ vgridec
- AC P C ' c ZC gri {
H - M T“'i CcG
FOE e B ZG: __________ |
wTer G

Figure 3.2. Three-phas®V system model with transformer considering thexgitic elements in tt
system.

The following stray and parasite elements have lpesrsidered in the circuit of Figure
3.2

» Cppis the parasitic capacitance that exists betweef¥ panel and ground.

» Cae Che, andCgg are the stray elements that can appear at the dutputs of the
converter (its value depends on the way in whiehsivitches are connected with
the grounded heatsink).

> Cpsa Cpsp and Cps ¢ are the stray capacitance between the primary and
secondary windings of the low-frequency transformer

» L, Ly andL,. are the series impedance (mainly inductive) ohgaltase at the
grid side.

» Zneis the series impedance between the ground caangmints of the inverter
and the neutral grid connection.

As it is shown in Figure 3.2, the common mode aurean only flow through the stray
capacitance of the low-frequency transforméps(, Cps , and Cps ). These stray
capacitances can be model with a value in the ranige00 pF [3.11]. As a result, the
common mode currents level at frequencies lowen BakHz are very low due to the low
value of such capacitances. For frequencies hitjtzar 50 kHz, the common mode currents
can be filtered by an EMI filter. Thus, the lowdreency leakage ground current behaviour is
not influenced by the converter topology or its miation technique when a low-frequency
transformer is used to connect the PV converténearid [3.12].

On the contrary, in the case of the transformefgsystems, the leakage ground current
behaviour is strongly influenced by the convertgralogy and the PWM strategy because, in
this case, the PV system is directly connectech¢ogrid and the CMV in the system can
generate large leakage ground currents flowingugindhe parasitic capacitan€gp [3.13].
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Considering the circuit of Figure 3.2, the voltageen at the outputs of the inverter are set
by the position of the switches in each step ofrtloglulation sequence. Therefore, the output
voltages can be studied as controlled voltage ssuconnected to the negative terminal of
the DC bus. In this way, the circuit of Figure &8y be redrawn as Figure 3.3 shows [3.14].

The voltage provided bY., Vew andVey is a function of the switching pattern of the
switches composing the modulation strategy. Asx@aned in [3.15], the analysis of the
common-mode and differential-mode voltages in tieud of Figure 3.3 can be done by
using just two phases. Actually, the analysis oéd¢hphase systems with not neutral point
connection can be done by using different combamabietween phases. For example, phase
“a” and phase “b”, phase “b” and phase “c” or phédsé and phase “c” can be used.
Therefore, just one of these three cases will besidered in further analysis, since results
from the other two cases are equivalent.

Vam a I—a Lza Lgrid a Vgrid_a
m & LAl vy 2
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M m C 1 T YYY YYY b N
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Vou v Le Lz Lgrid c Vgrid_c
- m { E YYY YYY 2 b
E CCGT' """ ‘E
%C : Zinvs
Hd S S @-ccccccccccccccc-- {_I:“:_: ---------- ®
G

Figure 3.3. Three-phase transformerless inverter with the odlatt voltage sources.
As the CMV may be defined as the average of the sfinpltages between the output

voltages and a common reference [3.16], [3.17119B.the equation (3.1) can be written
from Figure 3.3.

vV, +V,
Vemv-ap = MTbM- (3.1)

On the other hand, the differential voltage betwdmth outputs is defined as the
difference between its two voltages as follow:

Vomv-ab = Vam ~Vom =Vap: (3.2)

Considering equations 3.1 and 3.2, the total ouipliage of the two outputs “a” and “b”
referenced to the common point “M”, may be exprdssefollow:
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Y/

aM = —piv=ab +VCMV—ab;
3.3
v (3:3)

— _ VDMmv-ab
Vom = +VCMV—ab'

The equations in (3.3) can be draw as is show gur€i 3.4, where now just the two
phases “a” and “b” are considered.

Vemvan  /;Vomvab a L Lza L
Y\
- LZ L
" : e
EVCMV'ab -1:Vomv.ap - ' "
2Cep Cosd §Cee. oo i I'_'cg'l- ------
TG

Figure 3.4. Common mode and differential mode voltages in asfiarmerless three-phase inverter.

A more simplified model can be obtained considetimaf the CMV appears in both legs
as it is shown in Figure 3.4, the model now maydbaw as is depicted in Figure 3.5.
Furthermore the influence of the output inductand #he heatsink to ground capacitances
can be separated as is also shown in Figure 3.5.

1
/2Vomv-ab a L, Lea Ly

Figure 3.5. Simplified model of the three-phase inverter uding legs.

By introducing the equivalent circuits of the modeiplemented in Figure 3.5, the
equivalent circuit in Figure 3.6 a) is derived. TémguationsVay; and Vg, in (3.4) are two
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voltage sources due to the asymmetries in therdiffeal mode impedances that correspond
to the line inductances and the leakage capacianewveen the converter switches and the
heatsink. Even if the converter does not genemayeGMYV, it is possible to have common
mode currents when there are asymmetries in thdioned impedances. In most of the
cases, the two converter outputs are physicallynsgtric, therefore it can be assume that the

Cac andC, are very similar, as a resWl,,, will be close to zero. The final simplification is
depicted in Figure 3.6 b).
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a . ag

V.., =V —B _a -V =V % 9
abl DMV -ab 2|]|—b + La) v Vab2 DMV -ab chag + Cbg)

(3.4)

L -L

V=V, b_—a

iy puv=eb 2|1Lb+|-a) Lcab I—gab
YN\ YN\ YYY\

Lab= Lb” La N

Vemv-ab

Vs = Vo B8 0
ab2 DMV-ab chag +Cbg) ==Cabg

.
.
L]
]
)
]
]
L]
g
L]
L]

— L, -L
Vemv-ab Van = Vow-a 20L, +L,) L

cab I—gab
m vy vy
Lab = Lb I La

VCMV—tOt

eellecccacee

Figure 3.6. Simplified model for the two legs of the invertew) Considering the unbalar
impedances and b) Final simplified common mode mode

Based on the above analysis and considering tee fhinases in the power converter, the
total CMV can be defined as follow (including th&feet of the unbalances in the load
inductors).
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Vabl + Vbcl + Vca:L

Vemv-r =Vewmv-a= + 3 ; (3.5)
where:
Vewv-ab T Vemvobe T Vemv-ca — Vau T Vo Ve
Vigypy g, = ~ClV=ab CM3V b cMv—ca — Vam EM M (3.6)

Equation (3.5) represents the total CMV in a thphase system which is produce by the
modulation strategy and the unbalances of the Io&d. voltage calculated from equation
(3.6) charges and discharges the stray capacitgsicd his means that the variations in this
voltage will produce dv/dt over the stray capaagresulting in current flows through the
Cpp. The magnitude of this leakage ground current deép®n the amplitude and frequency
of the voltage across the stray capacita@gsand its value [3.19].

The complete model considering the three phasélseinhree-phase system is shown in
Figure 3.7.

Ly -L,

Vau = Vomv -
Vomyeap ¥ 2 = VDMv-ab Gz EﬂL pb+Lla ) Lyab Lgab
l'u YYY L g g g, o'y o W
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YYY L g g g N, o o o VNN Y
M Lbc N
Vca1 cha I—gca
YYY L g g g, o o o VN Y
: ca
:
s Crp Leg
- It

Figure 3.7. Final simplified model for the three-phase systaniuding the CMV voltage sources.

3.2. The FB10 topology

The new three-phase transformerless topology pezposthis PhD work is named FB10
(Three-phase Full-Bridge with 10 switches) and a6 tbeen design with the objective of
reduce as much as possible the CMV variations andexjuently to reduce the magnitude of
the leakage ground current in the stray capacitamdethe PV system. The FB10 PV
converter topology is shown in Figure 3.8. Thisdiogy consists basically of two stages;
one of them is the DC decoupling stage and therathe is a three-phase full-bridge two
level inverter. The DC decoupling stage is formgdftur switches controlling two DC
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buses. These two DC buses can be formed by twoatedastrings of PV panels. In addition,
in the case of the two-level full-bridge inverténe vectors that should be applied to the
output are arranged according a specific patteat dflows an optimized use of the DC
resource.

As explained in Section 1.5.5 of Chapter 1, theveaotional three-phase two-level
inverter has four different CMV levels, i.e., 1/2l&/ 2/3 Vdc, Vdc and -Vdc [3.20], [3.21].
The CMV level equal to 1/3 Vdc is produce when dd @ector is generated at the inverter
output, i.e., V1, V3 and V5. On the other hand, @V level is equal to 2/3 Vdc when an
even vector is generated at the inverter outpait, V.2, V4 and V6. The CMV levels equal to
Vdc and -Vdc correspond to the zero vectors V7 ®0Ad In conventional three-phase
inverters, the modulation process originates veltagnps over these CMV levels, which
results in very high currents though the stray cépace formed by the PV panel and the
ground.
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Figure 3.8. Proposed FB10 transformerless three-phase PV tgyolo

The operating principle of the FB10 topology steéfnesn the approach used in the design
of the H5 topology, namely, the DC bus is discome@drom the AC grid during the null
states. In the FB10 topology, there are two DC §YB&C bus A and DC bus B) and their
disconnection is performed by the switches S7a, S8a and S8b. The two-level full-bridge
formed by the switches S1, S2, S3, S4, S5 and B6cisarge of setting the vectors that will
be generated at the converter output, either wmenod the DC buses is connected (active
vectors) or both of them are disconnected (zertovec The main idea supporting the FB10
topology is that those vectors generating 1/3 VdEMV (V1, V3 and V5) will be generated
by connecting the DC bus A, while the vectors gatieg 2/3 Vdc of CMV will do by
connecting the DC bus B. The zero vectors are egpiolating both DC sources from the
AC side. In this way, the CMV charging the strapaeitances of the PV panels connected to
both DC buses will remain constant and not lealageent will flow through them.
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An analysis of the common mode behaviour in theF®&pology is presented in the next
section. After that, the modulation technique ustedirive the three-phase PV inverter is
explained.

3.3. Common mode model of the proposed
topology

The common mode model analysis of the FB10 topolmgy start by analyzing the DC
buses in a separated way. The system can be eadiwéhout considering any neutral point
connection. Therefore, the circuit of the FB10 sfammerless inverter, including stray
capacitances, can be depicted as Figure 3.9 showss case the AC voltage sources which
are forming the electrical grid are included, bstiawill see in the next, they do not
influence the common mode behaviour of the totatesy considered in the analysis.

Pa I—a Lza I-grid_a Vgrid_a

PV
Panel A

PV
Panel B

ccccccccccnay

1 (]
Crpra SH Cppp

Figure 3.9. Proposed FB10 transformerless topology scheme dersg its stray elements.

Cppa andCppy, in Figure 3.9 are the stray capacitances formetheyPV modules and the
earth plane in each DC source (PV Panel A and MélpB). On the converter side, three
parasitic capacitances are considered, €g;, Coc andCs. These capacitances are formed
between the converter outputs and the heatsinkcdhenon mode and differential voltages
of the FB10 topology can be obtained by considetiing three phases of the system.
However, as this is a three-phase system withautralepoint connection, the analysis of the
system can be simplified by just analysing the agdt between two phases, since the
performance of the third one will be set by therents Kirchhoff law, i.e.i;+ipt+ic = 0.

Therefore, the system depicted by Figure 3.9 caaldé® modelled as Figure 3.10 shows.
In this case, the phase voltages are modelled @amizolled voltage sources. The voltage
generated by these sources depends on the vokatm applied to the output.
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Figure 3.10. Initial common mode model proposed for the FB1@gfarmerless topology.

In Figure 3.10, NA represents the negative termofathe PV panel A and NB is the
negative terminal of the PV panel B. In both casies,negative terminals are connected to
the parasitic capacitanc€p, and Cppy, respectively. Therefore, the controlled sourcaes a
connected between the converter outputs and thetimedgerminals of the DC sources, being
necessary to point out that the DC sources aratesbleach other, i.e. the terminals of the
DC buses are independent.

As abovementioned, the analysis of the FB10 topot@gn be conducted by just using two
phases. Thus, the model can be simplified asstiésv in Figure 3.11.
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Figure 3.11. Commonmode model proposed for the FB10 transformerlepslogy (using just tw
phases).

From Figure 3.11, the CMV can be calculated asatterage of the sum of the voltages
between the outputs of the converter and a commafemence point. In this case, two CMV
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are calculated by considering a reference poirgsnibgative terminal of each of the DC

buses. So, following equations can be written,foneach DC bus:

V — VaNA +VbNA
CMVA-ab — '
2
\V/ — VaNB +VbNB
CMVB-ab — 2 '

Likewise, the equations for the differential vokagcan be written as follow:

VDMVArab = VaNA _VbNA = VabA'

VDMVB—ab :VaNB _VbNB :VabB'

(3.7)

(3.8)

(3.9)

(3.10)

Using (3.9) and (3.10), the voltages between theveder outputs and the negative
terminals of both DC buses can be calculated. Toeyein the case of DC bus A the

equations are:

VaNA :VDMVA_ab +VbNA

and

VbNA = _VDMVA_ab +VaNA'

In the case of the DC bus B, the equations are:

Y/

aNB = VDMVB_ ab +VbNB
and

VbNB = _VDMVB_ab +VaNB'

(3.11)

(3.12)

(3.13)

(3.14)
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Using equations (3.11) to (3.14) and combining theith equations (3.7) and (3.8), the
voltages for each DC source can be defined as @ifmnof the differential and common
model voltages. In the case of the DC bus A, thpuwiwoltages can be written as:

V
— VDMVA_ab
VaNA - 2 +VCMVA_ab

and

V,

— _ VDMVA_ab
Vona = 2 +VCMVA_ab'

In the case of the DC bus B, the equations canrlieewas follow:

V.

_ VDMVB_ab

VaNB - +VCMVB ab
2 _
and

\V/

__ VDMVB_ab

VbNB - 2 +VCMVB_ab'

(3.15)

(3.16)

(3.17)

(3.18)

With these equations, a new circuit model for tBAE topology can be derived, as shown

in Figure 3.12.
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Figure 3.12. Common mode model for the FB10 transformerlessltgyousing the equations (3.:

to (3.18).
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Since the CMV is the same for both legs of the rotdie model can be modified as
shown in Figure 3.13. Furthermore the influencehef output inductors and the heatsink to
ground capacitances can be separated as is also stgure 3.13.

12Vomva_an La La  Lgiga
A Y A

b Ly Lzp I—grid_b
N Y YA

dbecccae

"
O
=3
@

Feeememcccaa-

Figure 3.13. Simplified commonmode model for the FB10 transformerless topolodiodang the
equations (3.15) to (3.18).

By introducing the equivalent circuits of the modebicted in Figure 3.13, the simplified
model shown in Figure 3.14 a) is derived. The @qualapia Vapoa Vapis andVapos Shown
in Figure 3.14 a), are the voltage sources dudaoasymmetries in the differential mode
impedances that correspond to the line inductaandghe leakage capacitances between the
converter switches and the heatsink as in the afsee conventional three-phase full-bridge
inverter. Even if the converter does not generaie @MV, it is possible to have common
mode currents when there are asymmetries in theioned impedances. In most of the
cases the two converter outputs are physically sytmion therefore it can be assume that the
Cac and Cyg are very similar, therVaa and Vs Will be close to zero. The final
simplification is depicted in Figure 3.14 b).

Considering Figure 3.14 b), the equation for thmlt€MV for each DC bus using the
conventional definition and considering the thrdeages may be written as in equations
(3.19) for DC bus A and (3.20) for DC bus B:

VCMV3A= - VCMVA_ab +VCMéA_bc +VCMVA_Ca — VaNA+Vk;l)\lA+VcNA . (3.19)
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Figure 3.14. Simplified commommode model; a) Considering the unbalanced impedaanoe b) Fin:
simplified common mode model.

In the case of unbalances in the output inductbeseffect of the differential voltage can
also generate CMV in the system. In such a casetotial CMV for the DC bus A and DC
bus B can be written as:
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\4 blA +Vbc1A +Vca1A

— al
VCMV _TOTA — VCMV 3A= 3 !

(3.21)

V _V + VablB +VbclB +VcalB
CMV_TOTB — YCMV3B= 3 )

Therefore, the complete model for the three-phaB&0Ftopology, considering all the
effects affecting to the CMV, can be drawn as Fegaul5 shows.
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Figure 3.15. Final simplified common mode model for the FB1hsfarmerless topology.

In the next section, a modulation strategy for #®10 topology is presented. The
operation of this modulation strategy is illustchtiey using simulation and experimental
results.

3.4. Modulation strategy

The main objective in the modulation strategy psgubfor the FB10 topology is to keep
constant the CMV and to solve the problem of leakagurrents in three-phase
transformerless PV converters [3.22], [3.23]. Willis objective in mind, the proposed
modulation strategy allows using the two DC bugeand B, to feed the grid while keeping
constant the voltage across their stray capacitariae do that, one of the DC buses, let say
the DC bus A, is used to feed the grid whemdd active vector (V1, V3 and V5) is applied.
Likewise, the other DC bus, namely, the DC bussBuded to feed the grid when ewen
active vector (V2, V4 and V6) is applied. Moreovieoth DC buses are disconnected from
the grid when a zero vector is applied at the cdrveutput. It is worth to point out that the
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active vectors in the full-bridge inverter are geg-during the time in which the zero vectors
are applied to the output. For example, if the e®tl should be applied to the output (S1-
On, S2-0Off, S3-Off, S4-On, S5-Off and S6-0On), itlwie pre-set in the full-bridge switches
during the time in which a zero vector is appli8d-Off and S8-0Off). Once the V1 vector is
pre-set in the full-bridge, the switches S7a and &® turned-ON (the V1 vector is an odd
vector to be generated with the DC bus A) and #eor is generated at the output of the
converter to feed the grid (see Figure 3.16). Tioeee the FB will present multiple
switching states during the zero vectors since ith icharge of pre-setting the active vector to
be generated at the output in the next switchiatgsiThis switching pattern allows keeping
constant the CMV in the PV panels connected tobtiees A and B, although the value of
the CMV for each group of PV panels is different.

With the configuration of the switches shown in Ufig 3.16, the current flows from the
DC bus A toward the load, as in a conventional texeel full-bridge inverter. In the
switching step, when a zero vector should be géegraccording to the modulation pattern,
the switches S7a and S8a should be turned-OFFefiner the DC bus A is isolated from
the grid and the three-phase current flows thrabghswitches and the free-wheeling diodes
of the full-bridge to generate the zero vectort &fer the DC bus A is isolated from the
grid, the switches of the full-bridge remain witietsame switching state as when V1 was
generated at the output of the converter, as shiowigure 3.17.

Cp1
-pla S7a
e N
T
PVA| deca .

; L—
- bl &" —
Cp2a ZA Sga :
Cp1b S7b ;

= N
ol l —| E
PVB| Vdcb b
L Cp2b zB S8b

Figure 3.16. FB10 topology configured with an odd active vedit).

Lets call V10 to the switching state shown in Fg@rl7, i.e., a switching state in which a
zero vector with V1 configuration in the full-bridgs present at the output of the power
converter. During such switching state the curflawts though S1, D2, D3, S4, D5 and S6.
This means that the output current is share iniptelpaths, as shown in Figure 3.17. This
zero vector configuration allows reducing the cotri@ the switches during the zero vectors
respect to the case of the conventional full-bridgéh a single DC bus permanently
connected, which results in a better distributiérih@ conduction power losses during the
zero vectors. Due to the fact that the DC voltagisalated from the full-bridge, the change
between switching states during the zero vectoreggion can be performed without
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introducing any dead-time in the switching pattdfigure 3.18, shows the switching state

for the V20 vector, i.e., the case in which thetged/2 is pre-set in the full-bridge during
the zero vector state.

To generate the vector V2 at the output of the edev, the switches S7b and S8b are
turned-ON to connect the DC bus B to the full-bedgs shown in Figure 3.19.

The modulation pattern presented in this sectidowal reducing the impact of power
losses because the switching between the activerges made during the zero vector states,
i.e., with zero voltage switching.
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Figure 3.18. FB10 topology configured with a null vector (V2dsnfigured in the full-bridge circuit).
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PVA| Vdca

Figure 3.19. FB10 topology configured with an even active vegi?).

Figure 3.20 shows the modulation strategy for a @wiéching period. In this figure, S1,
S3 and S5 are the full-bridge upper switches sgnalhile S2, S4 and S6 are the
complementary signals for the lower ones whichrertedepicted in Figure 3.20. The signals
S7a and S7b control the connection of the DC busnd B. The name of the different
switches states are also shown in the Figure 3.20.

1
s1,
s3 '
0
1
S5
1
s7o| I -
1
30 ]
SV10: SV11: SV10:SV20: SV21SV21:SV20:iSV10: SV11:SV10

Figure 3.20. Initial modulation strategy proposed to control E&10 PV inverter topology.
The names for different switching states in FigRu20 represent:

SV10— Zero vector state with a V1 pre-set.
SV11— Active vector V1 state.
SV20— Zero vector state with a V2 pre-set.
SV21— Active vector V2 state

YV VY
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As previously mentioned, no dead-time should beedd change among the different
switches states of the full-bridge. In the same,vmydead-time is included between the zero
vector and the active vector states. Additiondh, signals for connecting both DC buses to
full-bridge should be mutually excluding, i.e., Siftad S8a cannot be turned-ON at the same
time as switches S7b and S8b do.

The proposed modulation strategy for the FB10 togwlis based on the general SVM
algorithm; therefore it is a well-known algorithrasy to be implemented, for example, in C
code language. The SVM algorithm calculates theadtl OFF times for each switch along
the switching period. In this work, these times evealculated by using thep coordinates
system, obtained from the a-b-c coordinates systemsing theClarke transformation (3.7).

*

v, _\F 1 -y2 -y2] "™
v, | §[EO J2/3 —\/5/3} \\;’3” ' S

Therefore, the different vectors that can be gaadrby the three-phase full-bridge can be
represented in a two-dimensienp plane, as shown in Figure 3.21. A generic refezenc
vector can be synthesized by calculating its ptmacf the full-bridge generating vectors as
indicated in Figure 3.21.

B

Vs

Figure 3.21. SVM represented in the-p plane.

The magnitude of the reference vector can be Gledlas:
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HENES (3.8)

and the phase-angle will be:

*

. v
6 = tan‘lElVTﬁ. (3.9)

a

As explained in Chapter 1, the SVM consist in gittve vectors and two null vectors. The
six active vectors are distributed along the gediq, giving rise to six different regions or
sectors. The reference vector is synthesized ih eagion by using the two nearest active
vectors and the two zero vectors. In the conveati®V/M, the two active vectors are set
consecutives, i.e, a reference vector in the settir synthesized by using the following
switching pattern: V0-V1-V2-V7-V2-V1-VO [3.24]. Igeneral, the switching time for each
vector is determined by using the first sectorgpehdently the region in which the reference
vector is located. To do that the following equati® used:

r

g :e,in—(r—l)ag; r 0{12....8. (3.10)

Where 6;, is the phase-angle of the reference vectis,the region where this vector is
located and4, is the relative phase-angle of the reference véutthe first sector. The times
for each vector are calculated according to (3.11).

V=
S S

V. (3.11)

=

Considering (3.11), the time period for the actiwel zero vectors are:

V21,
t, V20| T, lzqsir(’—T—e, j (3.12)
Vy 3

C
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t,= \/EV;M T, 3in(g,). (3.13)

C

t,=Ts—t, —t,. (3.14)

Therefore, as shown in Figure 3.20, the modulatiequence of the FB10 topology is
V10-V11V10-V20-V21-V21V20-V10-V11-V10. The vector V11 is applied during the
time t; according to (3.12), the vector V21 is appliedidgithe timet, according to (3.13),

and the vectors V10 and V20 share theime calculated by using (3.14).

Figure 3.22 shows some signals resulting from satimgy the modulation algorithm of the
FB10 power converter.
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Figure 3.22. Simulation results with the initial modulation &gy to control the FB1®V inverte
topology.
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As can be seen in the Figure 3.22, V1 is appliedht load when the switch S7a
waveform is set to “1” during tand vector V2 is applied to the load when thaaligf S7b
is set to “1” during £ The zero vectors are symmetrically distributedirdu the rest of
switching period, i.e., during.tAs it can be appreciated in the Figure 3.22,sWwéching
state in the full-bridge is changing during zeratoee states. These changes in the switching
state are made with no dead-time, i.e., S3 anddsvls change at the same time from state
SV10 to SV20 and from state SV20 to SV10.

Thanks to the simultaneous switching at zero veltdgring the configuration of the
active vectors, the power losses in the full-brigdgreuit will be only due to the current
flowing through the semiconductors (conduction é3s Actually, according with Figure
3.22, the major power losses will be concentratethé switches controlling the connection
of both DC buses, because they are the ones peénfpranhard switching during the turn-
OFF. A complete analysis of the power losses oFB&0 power converter is presented later
in Chapter 4.

In Figure 3.23, some waveforms resulting from tineusation of the FB10 three-phase PV
inverter are shown. In this simulation, a balanéeldad with L= 2.8uH and R= 132 was
connected at the output of the FB10 power convertee voltage for both DC buses was set
to 600 Vdc. The switching frequency was set to Hx.kThe stray capacitances in the
simulation circuit were also considered, being emed to the DC sources terminals, i.e.,
one stray capacitance in each DC bus terminal aittalue of 150nF. These capacitances
were connected in a common point, which was comdetit the neutral point of the load
through a small impedance. This connection allome@suring the current flowing through
the stray path. Figure 3.23 a) shows the symmésinasoidal waveforms at the output for
the FB10 power converter with a peak value arouné.1

The Figure 3.23 a) shows the output currents ofFBi£0 power converter. As can be seen
here the magnitude of the ripple in the load cusréna bit lower in the positive peak than in
the negative peak along the grid period. A detadleglanation of this effect will be given in
next chapter.

The Figure 3.23 b) shows the measured voltage tineestray capacitances. As it can be
appreciated in this figure, the voltage acrossedhegpacitances is constant. This means that
there is not any dv/dt over the parasitic capacéarand therefore the leakage ground current
magnitude in the path to the neutral point of thedl will be almost equal to zero.

Finally, the leakage ground current is shown inuFég3.23 c¢). As can be observed, this
current is very small, far away from the requiretnset by of the standard VDE 0126-1-1,
where is stated that the maximum level for the dg@kground current should be 300 mA as
maximum. The spectrum of the leakage ground cursestiow in Figure 3.24. In this figure,
the bigger component is located at 10 kHz, whichhis switching frequency set in the
simulations of the FB10 converter.
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Figure 3.23. Simulation results for the FB10 topology, a) Loadrents, b) Voltages across the s
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In Figure 3.25 a) “case 1" the phase output vokagéerred to a common point “zA” are
shown. From this phase voltages, the CMV is shawRigure 3.25 b) “case 1", where it is
possible to appreciate how it has a constant vatugl to 200V, which is calculated using
equation (3.19) and corresponds with the CMV gerdray the odd vectors. The CMV in
the case of the DC bus B can be calculated usingten (3.20) resulting in 2/3Vdc
generated by the odd vectors, “case 2” in Figu2.3.
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Figure 3.25. CMV in the FB10 topology; Case 1: a) Output voltaggeesto a common point “z/
(zA is the negative terminal of they)(), b) CMV measured using equation (3.19). (
2: a) Output voltage respect to a common point “Z8 is the negative terminal of
Vq4ee), b) CMV measured using equation (3.20).

In Chapter 4 some other modulation strategies bél explained and a comparative
analysis regarding losses, total harmonic distoréinod efficiency will be performed.

The performance of the FB10 topology was also testeperimentally in the lab. An
experimental setup was built using IPMs (IntelligBower Modules) from Mitsubishi. The
selected module was the PM75DSA120 (Ic = 75 Amp Voel = 1200V), as in the single-
phase experiments conducted in Chapter 2. Figute@ @epicts the general scheme of the
experimental setup used to test the performanteedfB10 topology.

In Figure 3.26 an autotransformer was used to satiable voltage from the grid voltage.
This autotransformer presents the capability ofdtiog the AC voltage further than 400
Vac. The output of the booster is connected tgtireary of two 1:1 transformers to achieve
isolation from the AC grid. The output of thesensformers is connected to a pair of three-
phase rectifiers with a LC filter in order to creahe two independent DC bus voltage
sources, i.e., de DC bus A {¥) and the DC bus B (¥g). The switches S7a, S8a, S7b and
S8b of the FB10 topology of Figure 3.26 were immabted by using an ultrafast diode in
series with an IGBT (switch with anti-parallel deyd This series connection is necessary
because the IPM IGBT has an anti-parallel diodé ¢ha give rise to some current paths to
discharge the parasitic capacitances in some stagé® modulation strategy. In order to
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ensure a proper operation of the FB10 topologys itecommended to use unidirectional
switches to control the connection of the DC bugufe 3.27 shows a picture of the different
elements used in the experimental setup.
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Figure 3.27. Experimental setup of the FB10 topology.

The signals to control the power modules were Enogned by using C code in a 1006
dSpace system. These signals were connected t&BIE modules by using optic fibers to
ensure a proper isolation, see Figure 3.28 a). -Oweent, over-voltage and over-
temperature protections where also implementedhéneixperimental prototype. A detail of
the prototype constructed to evaluate the perfoomar the FB10 topology can be seen in
the Figure 3.28 b).
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Figure 3.28. Detall of the three-phase transformerless FB10riave

To test the performance of the FB10 topology im&eof common mode currents, a small
capacitance (150nF) was connected in each terrafiadth DC busesQy1a Cpzs Cpip and
Co2), as it is shown in Figure 3.26. The common paiohnection between the “stray”
capacitances was connected to the neutral poititeofoad by using a small impedance. In
this case, a resistor with a value of 20 ohms wseluln general, the experimental setup
presents the same parameters as the circuit coedidethe simulations.

Figure 3.29 shows some experimental results oldaleusing the modulation strategy
previously explained. As can be observed in tlyari, the waveform of the load currents is
quiet similar to that ones that were obtained & shmulation results, with the characteristic
unbalance ripple, see Figure 3.29 a). The voltagesss the stray capacitances are almost
constant, like in the simulation, but in this casmme small oscillations appear. These
oscillations are due to the resonances betweepabgve elements in the circuit, but it does
not affect in a significant way the behaviour oé fleakage ground current, see Figure 3.29
b). The waveform of the leakage ground currentufeg3.29 c), shows that the maximum
peak is around 50 mA, this signal includes theaaidd it by the current sensor. Moreover,
the maximum value in the frequency spectrum of ¢hisent is lower than 50 mA, as shown
in Figure 3.30. This means that the leakage cuwckatacteristic fulfils the requirements set
by the standard VDE 0126-1-1.

Some other modulation strategies for the FB10 tmgpolwill be presented in Chapter 4. A
detailed analysis regarding power losses distidmitharmonic distortion and efficiency will
be provided. Simulation and experimental result$ lvé performed in order to evaluate the
performance of the proposed modulation strategies.
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Figure 3.28. Experimental results of the FB10 topology.
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3.5. Conclusions

From the analysis conducted in this chapter, it banconcluded that the new FB10
topology can be a very suitable solution in theecakthe three-phase transformerless PV
inverters. As it explained in this chapter, the mé&ea supporting the FB10 topology
consists in isolating the vectors that generatdsvtc of CMV from the ones that generate
2/3 Vdc. This idea allows obtaining a system with common mode currents, since the
CMV is constant. This is the main advantage ofEBA0 topology. On the other hand, the
utilization of the DC buses is the same as in t#h®&ecof the conventional two-level three-
phase inverter with SVM.

Regarding power losses, it is logic to expect thay will be low, thanks to the way in
which the modulation strategy has been designedaritbe expected that the main power
losses will come from the switches that are colitigplthe connection of the DC buses
because they experience a hard switching duringulmeOFF. The full-bridge switching
state changes during the zero vector states, Witheaswitches changing simultaneously at
zero blocking voltage, which leads to low powersks
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pace vector modulation [4.1], [4.2], [4.3], [4.4%.5], [4.6] was the background
technique for designing the modulation strategmsthe FB10 three-phase PV
inverter. As the SVM technique allows several camkibns in setting the vectors
sequence during the switching period, some diffenemdulation strategies can be
proposed to control the FB10 topology. In this d¢kgpfour different modulation
patterns based on SVM are presented. The modulstiiategies are mainly derived from the
modulation strategy presented in Chapter 3. Inrotdecompare the performance of each
modulation pattern, an analysis considering thegrdasses in the semiconductors and the
waveform quality of the output current was perfodm&he power losses were analyzed by
simulation, using the Thermal Module toolbox of &8l and experimentally measured by

using a precision power meter. The results obtafrat these evaluations were quantified
in terms of Efficiency, and THD.

4.1. Unsymmetrical Zero Placement SVM (UZP-
SVM)

The Unsymmetrical Zero Placement SVM (UZP-SVM) vasready presented in Chapter
3, it is called in this way because the DC bus A immre switching transitions than DC bus
B during a switching period. Figure 4.1 presents lihe current and phase voltage for a
switching period. Note that in the phase voltagguyfe 4.1 at the bottom) a 400 V value
which represents the connection of the DC bus Acsoappears twice in the switching
cycle, while the 200V value, which represents tbhenection of the DC bus B appears just
once. For this reason, the current (Figure 4.1 ppp¥ents a long rising time and two short
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falling times during the switching period. This befour results in an unsymmetrical ripple
at the output waveform. This behaviour will be dissed later.

Other three modulation strategies based on the sanmeept introduced by the UZP-SVM
are proposed in the following. These schemes wespgsed to solve the unsymmetrical
ripple caused by the unsymmetrical zero placemehich sets a different nhumber of
switching transitions for each DC bus in each dhiitg period.

Output Current "phase a"

9
0.0231 0.0231 0.0232

Van [V]

time [s]

Figure 4.1. Ripple details for the UZP-SVM technique.

4.1.1. Description of the UZP-SVM strategy

As aforementioned, the UZP-SVM strategy was intoedliin Chapter 3. Additional
results will be presented here by using the samperérental setup. Figure 4.2 shows the
experimental results of the modulation signals.

In Figure 4.2, the modulation signals for the D@esand the leg A switches are shown.
The plots represents, from top to bottom the mdahiasignals of the DC bus A (S7a), DC
bus B (S7b), leg A upper switch (S1) and leg A lowwitch (S2), respectively. The lower
four plots are a zoom of the previous ones. Note tie switches S1 and S2 are switched at
the same time during the null vectors (Zero Volt&yeitching, nor S7a neither S7b are
switched ON). The switches S7a and S7b provideattiwe vectors when each of them is
ON. Also note, how the switch S7a has four switghiransitions during a switching period
while switch S7b has only two; therefore the switghosses will be greater in S7a.



Modulation strategies for FB10 topology 87

———————— "M 500kS/s  SnsAliv

CH3  5.000V/div Normal

10, 000V

CH3 JUL dx
EH F ll

|-25. 000ms - v_: : : ; : : : :_25.000ms
¥ T - 2505, . : 3 “W50HS/tiv |
. :

—>. <—Zero Vector Tlme

v T T T
}: f, : L :/ : \

e .'...:..... -

'
'
'
'
' :
2 el
4

| AU (CHEY 15297870 | Freq(CH1) 11.90476kiz_ ? 5 | _ot6oms

Stopped 660 Edge EX
(\, 2010,07,/04 03:03:41) Auto 0.00A 2010,07/04 03:04:56

Figure 4.2. Experimental results of the UZP-SVM strategy.

4.1.2. Losses analysis

The power losses are concentrated in those switblatgontrol the DC sources (namely,
S7a, S7b, S8a and S8b) because of their hard swgtdhansitions. In this section, the
voltage that is blocked by the abovementioned $wicduring each modulation state is
analyzed. Figure 4.3, shows the equivalent cifouithe DC side, during a zero vector (with
the DC sources, both isolated from the load).

The CMV referred to the negative terminal of the B A (Vdc) is 1/3 of the Vdc when
an active vector is applied to the load, as a apresece the voltage over thig,, will be -1/3
Vdc. Analyzing the circuit formed b§,,, Vqc andC,y, (Figure 4.3 a), using the Kirchhoff's
voltage law it is possible to know that:

Ve = 213V, (4.1)

According to the analysis described above, andglttie same for the DC bus B, the
blocked voltage by the switches S7a and S7b i8/tl§ and the voltage that is blocked by
the switches S8a and S8b is 2/3 Vdc (the samegeli@pears over the stray capacitances
during the zero vector because the DC bus is s)athis means that the losses will be
different for each pair of switches of each DC bdsreover, some additional differences in
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the power losses distribution will be introduce thye modulation strategy, due to the
different switching frequency of each DC bus.

Cpta dcA v Cpb chV
----Ei"-- CES7a___ ----:i---- CES7a__
HE e + N\ Z_'— :—:|+ +§Z!—
s2x Vept ] St =]
S~77 Vopta S7a o S7b
+ +
Vdc =— Vdc ==
L S8b
C.E)Za IS_Ba + CE).Qb .
rotbesd - K\ pedbo b = K NT
v H =13 vde (CMV)  Vee ssa tF =23 vde (CMV)  Vee_ssa
hr Vores o
a) b)

Figure 4.3. Equivalent circuits on the DC side when a null wed$ applied to the load.

The losses were calculated using the “Thermal Mgdflom PSIM®. This software
permits to calculate the switching and conductiossés for the IGBT's and diodes. The
software uses equation (4.2) to calculate the cctimtulosses across the diode [4.7]:

I?:ond_cal :Vd “F ’ (42)

whereVj is the diode voltage drop ahgis the diode forward current.

In the case of the switching losses, the diode-@ixhlosses are neglected. The diode turn-
OFF losses due to the reverse recovery effect neagdbculated in two different ways
(depends on the available dates),

Psw_off = Err [ f (43)
or
1
Psw_off :Z |:qgrr m/R L ) (44)

whereE, are the reverse recovery energy los€gsis the reverse recovery charl,is the
reverse blocking voltage, arids the frequency. The frequency can be defineithls in
two ways: being this, the grid frequency or thetsking frequency, in the first case the
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losses will be calculated along a grid period andthe second case the losses will be
calculated for a switching period. Paramé&grcan be defined as

er =3 |:ﬂrr |:Irr : (45)

The conduction losses of the IGBT can be calculatad equation (4.6) [4.8],

I:)cond_cal_Q :Vce(sat) [ I Cc? (46)

where Veesay IS the collector-emitter saturation voltage on thensistor, andc is the
collector current.

The switching losses computation is based on thsighited energy during the turn-ON
and turn-OFF transitions, the equations may beewrias follow:

Pturn_on = Eon [ f (47)
and
Pturn_off = Eoff [ f’ (48)

whereE,, are the transistor turn-ON energy losdgg,are the transistor turn-OFF energy
losses and is the frequency. The losses in the antiparalelldiof the IGBT are calculated
as explained above for the discrete diode [4.9].

In Figure 4.4 is shown a bar graph of the lossegsacall the switches and diodes of the
converter. The losses are ordered by device, &iamnte at the upper left corner, the losses
for the switch S1 appear. The first bar represtr@switching losses of S1 (which are close
to zero in this case), in the second bar are thedwdion losses of S1, moreover the
switching losses of the antiparalell diode appeasalso the conduction losses, finally there
are three bars that represent (in this order)tdtse losses of the switch S1, the total losses of
the antiparalell diode D1 and the total losseshef IGBT (S1 plus antiparalell diode D1).
The same order representation has been done ftireatlevices in the two first rows. The
first six groups (two first rows), are the lossastlie full-bridge circuit. And the next two
rows are the losses for the switches and auxitiggies in the DC buses.

In general the losses in the devices that are fagrttie full-bridge inverter (S1, S2, S3,
S4, S5 and S6) are very low; because of the zdtageswitching of the switches.
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Distribution Losess in the switches S1, S3 and S5
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Figure 4.4. Distribution losses in the FB10 topology using U3PM strategy.

On the contrary if the two second rows are obsertteel losses are higher than in the
previous case because of the hard switching irDiieswitches. It should be note that the
losses are no equal over the four switches, tHi@ause of two main reasons: one of them
is the blocking voltage in each switch, as it waglaned earlier in this chapter, the blocked
voltage by the switch S7a is 2/3 Vdc and the bldckeltage by the switch S8a is 1/3 Vdc.
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The second reason is that there are more switayiolgs for the switches S7a and S8a than
for the switches S7b and S8b. Finally, the lossstiloution for the auxiliary diodes has
been also included. In this last case the barsliatebuted in a different way than in the rest
of the devices. The switching losses of one didde,instance for Dla, are in the first
column, the conduction losses are in the seconthual the total losses for this device are in
the third column and in the last column (at thétigare shown the losses of D1a plus D2a.
The same order has been implemented for the dtihee iodes. As can be seen for these
diodes, the power losses are mainly conductiorekssid they are low, although they may
affect the total efficiency.

It should be remarked that the model of the switels adjusted experimentally. The IPM
was tested under the same conditions than forithelaion. In this experiment the losses
were measured using a precision power meter anditbeit used for the test was a half-
bridge converter.

4.1.3. Efficiency and power quality

The efficiency is perhaps the most important patamef the proposed PV topology. In
PV applications the power inverter should take tfest of the energy generated by the PV
panel, because if the power conversion efficierscgmall, the power generated by the PV
panel cannot be injected into the AC utility systeffectively. Thus, it is necessary to
increase the power conversion efficiency as highassible. In order to evaluate accurately
the efficiency of the proposed converter, the éffefcthe shadows over the total output
power must be taking into account; the reason tdhi is because the output power is
changed by the magnitude of the solar irradiatiorihis regard the time at which the power
rating is less than the nominal power is longeiis Theans that the inverter efficiency should
be high over an extensive output range. In the oéskee proposed topology, the efficiency
was evaluated using simulations and also experaiigniising the equation (4.9) [4.10],
[4.11].

n=5—25—. (4.9)

The power measurements in equation (4.9) were derei just taking into account the
semiconductor power losses (in the case of thelation). The efficiency measured for the
first modulation strategy by means of simulatiors\@8.55% with a power range around 6
kW. The same measuring was done (with a precisiavep meter) for the experimental test;
the result indicates 95.9 % for the same powergang

The quality of the output current was evaluatechgisi power analyzer and also for the
simulation test. The total harmonic distortion aféa by simulation was 0.07%. On the
other hand in the case of the experimental measnemas 1.9%. Both measurements
indicate that the output current waveform is almgistisoidal and full fill the grid standard
requirements.
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4.2. Symmetrical Zero Placement SVM (SZP-
SVM)

The Symmetrical Zero Placement Space Vector ModuaiSZP-SVM) introduces two
additional switching transitions in the DC bus Bnlging as a result a symmetrical ripple in
the output current as it will be show below. Knogithat the switching in the IGBT's
controlling the DC buses is hard, it should be ekpe that the switching losses will be
increased. On the other side the quality of thepauturrent could be improved because of
the symmetrical ripple. In the next subsectionsyiit be explained in detail the advantages
and disadvantages of this modulation strategy.

4.2.1. Description of SZP-SVM strategy

The modulation signals of the SZP-SVM strategydagicted in the Figure 4.5. As can be
seen, the sequence used is: V10-V11-V10-V20-V21-V20-V21-V20-V10-V11-V10,
basically the idea is to introduce a zero vectothim middle of the switching period, in this
way both DC buses have the same number of switdhamgitions and the current ripple can
be symmetric. This modulation strategy keeps timeessoft switching characteristic for full-
bridge legs.

1
81,
s3 !
0
1
S5
1
575, .
1
57, . -
SV10{SV11:SV10{SV20| SV21{SV20|SV20iSV21 iSV20{SV10{SV11iSV10

Ts
Figure 4.5. Modulation signals for SZP-SVM strategy.

In Figure 4.5 note how the signals for the switcB&a and S7b have the same number of
ON-OFF and OFF-ON transitions, also it can be ntitetl another zero vector appears at the
middle of the switching period (SV20). In orderstwow the current ripple of this modulation
strategy the load currents obtained by simulatiend&picted in Figure 4.6.

In this modulation, the phase voltage (Figure 4.6atom) has during two short periods
the 400 V value, which represents the connectioth®DC bus A and appears twice in the
switching cycle, and also the 200V value which espnts the connection of the DC bus B
appears twice. For this reason, the line curreigufe 4.6 top) presents two periods where is
increasing and two short periods where is decrgasithis behaviour results in a
symmetrical ripple and solves the unsymmetricaglgaused by UZP-SVM strategy.
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Figure 4.6. Current ripple for the SZP-SVM strategy.
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Figure 4.7. Simulation results for the FB10 topology, a) Loadrents, b) Voltages across the s
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Simulations results for the SZP-SVM are shown iguFé 4.7. The load current is
presented in Figure 4.7 a), each phase has a &laugerformance and its peak value is
around 15 A. The voltage across the stray capagtamwhich is constant, is shown in Figure
4.7 b). As these voltages are constant, the leagegend current is close to zero as it is
shown in Figure 4.7 c).

This modulation strategy was also implemented énekperimental setup.The modulation
signals for DC side and switches of the leg A drews in Figure 4.8. Similarly to the
previous modulation strategy, from top to bottora fiots are representing the modulation
signals of DC bus A (S7a), DC bus B (S7b), leg Aamswitch (S1) and leg A lower switch
(S2), respectively. Note in this figure, how thedulation signals of both DC buses, S7a and
S7b, have two pulses in each switching period hadwitches S1 and S2 are switched at the
same time during the null vectors.
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Figure 4.8. Experimental results of the SZP-SVM strategy: Matioh signals.

The experimental results for the load currentstagds across the stray capacitances and
leakage ground current are shown in Figure 4.®)aand c) respectively, all of them are in
good agreement with the simulated ones.

The frequency spectrum of the leakage ground cuisepresented in Figure 4.10. Note
the low magnitude of the different harmonic compuse As a result the leakage current
characteristic fulfils with the standard requiretsen
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4.2.2. Losses analysis

As in the previous case, the losses were evalusied theThermal Modulgoolbox from
PSIM®. In this case the simulation results are depigtdegure 4.11

Distribution Losess in the switches S1, S3 and S5
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Figure 4.11. Distribution losses in the case of the SZP-SVMtsgn
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Figure 4.11 shows the power losses distributionefach IGBT and diode in the FB10
topology modulated using the SZP-SVM strategy.tAsin be seen, the losses along the first
six switches that correspond to the full-bridgecuitr have a similar losses distribution
profile. The power losses across these devicelsdsveery similar to that ones in the UZP-
SVM strategy, again the turn-ON and turn-OFF triamss of these devices is done with zero
voltage, therefore just the conduction losses ppexiable. The losses are concentrated in
the switches that are controlling the DC buses (SBa, S7b and S8b) mainly due to the
switching losses. The total losses in the casemitls S7a are higher than the losses in the
switch S8a, this is due to the difference in theckéd voltage in each switch (S7a blocks 2/3
Vdc and S8a blocks 1/3 Vdc). On the other hand,ofygosite situation happens with the
other DC bus, while S7b blocks 1/3 Vdc, switch $8xks 2/3 Vdc. This means that switch
S7b will have higher losses than switch S8b, &s show in the previous figure. One detail
that should be commented is that there are not plmsses in the anti-parallel diodes of the
switches S7a, S8a, S7b and S8b, this is due tdatitethat the current flows just in one
direction, from the power supply to the load. Aratlthing that should be observed is that
the power losses in the switches S7a and S8b m@stkqual; this is due to the addition of
the null vector in the middle of the switching meti Finally, the power losses in the
auxiliary diodes are depicted in the groups labeled1a/D2a and D1b/D2b. These diodes
are not very significant because in the optimizapioocess they will be eliminated.

4.2.3. Efficiency and power quality

The efficiency was evaluated in the same way tharthe previous case. The same
equations and power level (6kW) was used to quarttié power losses. In this case the
results indicate that the efficiency was 98.65% doethe additional hard switching
introduced by the additional zero vector. In thesecaf the efficiency measure in the
experimental setup the results indicates a vall@4&7%.

The quality of the output current was evaluatedtfa simulation test and also for the
experiments using the power analyzer equipment. THE obtained by simulation was
0.06%. On the other hand in the case of the exjeatiah measurement, the THD was 1.8%.
These two measures obtained provide a good ideat dhe quality of the output current
waveforms. The main cause of distortion in the entrrwaveforms is the ripple whose
magnitude depends of different factors such asfchwig frequency, load, modulation
strategy, filtering, etc. The ripple effect mayreeluced introducing an LCL filter in the grid
connection.

4.3. Combine Zero Placement SVM (CZP-SVM)

The CZP-SVM is called in this way because the oddven starting vector is swapped at
each switching period, as a consequence the zetorveosition and the double switching
transitions of the DC bus switches are swapped gaehstep. Thus not additional switching
losses will be introduced in the total quantifioatiof the power losses. In addition the power
losses in the DC bus switches can be shared lib#tarin the first modulation strategy. In
contrast the signal quality will be affected be@ao$the swapping. In the next sections the
modulation strategy will be described in detail.
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4.3.1. Description of the CZP-SVM strategy

In the CZP-SVM strategy the vectors sequence igppe each switching period, this
means that the sequence of the vectors will be:W10-V10-V20-V21-V21-V20-V10-V11-
V10 during a switching period and V20-V21-V20-V1Q1£V11-V10-V20-V21-V20 in the
next one. Thus the vectors sequence will be swafrped the first sequence to the second
sequence and vice-versa each switching period. mbdulation signals are depicted in
Figure 4.12.

- - I
- .

SV10;SV11 SV10SV20§SV21 SV21§SV20 SV10:SV11:SV10 SV20§ SV21§SV20 SV10;SV11§SV11iSV10 SV20§SV21§SV20

< P|€ 1q
I ) 1

Ts Ts

Figure 4.12. Modulation signals of the CZP-SVM strategy.

The vector sequence shown in Figure 4.12 permitdtain a quasi-symmetrical average
ripple for the load currents, i.e., the ripple manging from a big one to two small ones in
each switching period for each DC bus. The resuyltipple of the swapping between the two
modulation sequences will be a mix with a highegniaude in a switching period than in
the other one.

Figure 4.13 depicts the simulation results for@P-SVM. The load current presented in
Figure 4.13 a) has a sinusoidal behaviour and sanpditude as in the previous modulation
strategy. The voltage across the stray capacitambish is also constant is shown in Figure
4.13 b). As it was concluded before, the leakagemal current is close to zero as it is shown
in Figure 4.13 c).

As in the previous cases, the modulation strate@s valso implemented in the
experimental setup and the results are shown iar€ig.14.

In Figure 4.14 the modulation signals for the shéte S7a, S7b, S1 and S2, are shown
respectively. Note that in the switches S7a and (Bltis at the top) the vector sequence is
changed each period, in this case the S1 and S2hesiare also following the swapping in
the vector sequence.

The sinusoidal load currents, constant voltagebenstray capacitances and close to zero
leakage ground current are shown in Figure 4.1B6)and c) respectively.
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Figure 4.13. Simulation results for the FB10 topology, a) Loadrents, b) Voltages across the s
capacitances (&, Cy2: Cour and Ga), €) Leakage ground current.
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Figure 4.14. Experimental results of the CZP-SVM strategy: Matiioin signals.



100

Modulation Strategies for FB10 topology

Load Current [Amps]

Vsc [V]

lleak [Amps]

-0.02

LOAD CURRENTS

I I I I I I I I
OF - - -~ F----F----F----r----r----r----r----1b)
I I I I I

| |
' '
1 1 1 1 1 1 1 1
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

LEAKAGE GROUND CURRENT

0.02f — — — — e
| | | | | | | |
0.01F — — — — Lo L L L L __L____L____1
| | | | | | |

0 c)
| | | | |
001~~~ — e
| | | | | | | |
L L L | L L | |

0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06

t [seconds]

Figure 4.15. Experimental results of the CZP-SVM strategy: apd @urrents, b) ¥ltage in the stre
capacitances and c) leakage ground current.

For the CZP-SVM, the spectrum characteristics efldakage ground current are shown

in Figure 4.16.

«10° Frequency content of the Leakage current
1 T T T T T T T T T

| | | | | |
D 09l - — T B
=2 | | | | | |
N S B S SO R S S SN R
<o | i | | | |
X | I | | | |
s et i i Bt Ettl el iy Bty Bty Bl
[0}
= | | | | | |
= 0.6 — —1= — -1 -~ B s e il i Kt Sty
€ | | | | | |
]
S o5k - - — -~ T [
S | | | | | |
=S I T O S Ny N N RO B R
n - | | | | | |
c
[CR. | | | | | | |
S 02 [ _ _
2 hl T I r | n T
I | | | | | | |
D
Lot IS
0 1 1 L a Lo aloal A
0 4 6 7 8 9 10

Frequency (Hz) x 10°

Figure 4.16. Experimental frequency spectrum of the leakagergtarrent for CZP-SVM strategy.
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4.3.2.

In order to know how the distribution power losses, the power losses evaluation was
also performed using titeermal moduldrom PSIM®. The simulation results of the power
losses distribution are shown in Figure 4.17. Theismulations were done using the same
parameters than those used for the first two casesder to perform a fair comparative

analysis.
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Figure 4.17. Distribution losses in the case of CZP-SVM strategy
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Figure 4.17 permits to observe how the losses d#tilited. As in the previous
modulation strategies, the power losses in the chgee semiconductors that are forming the
full-bridge circuit are very low and there are ratitching losses across the IGBT, only
some switching losses appear in the case of thigardllel diodes. Moreover as expected,
the major power losses were again for the swit@wes S8a, S7b and S8b. In this case, the
distribution of the power losses were accordinghvtite blocking voltage for each switch,
switches that are blocking 2/3 Vdc will have highegses that those which are blocking 1/3
Vdc. In addition, due to the way in which the maidn strategy is designed, the losses are
lower than in the previous case. This means theefficiency can be increased, but on the
other side the load current quality will be affette

4.3.3. Efficiency and power quality

The efficiency was evaluated using the resultsinbthfrom the IGBT model introduced
in PSIMB. The same equations used previously were also hsee to calculate the
efficiency of the converter just considering thewpo losses in the semiconductors. The
output power of the inverter was 6kW as in the jes cases. The efficiency obtained was
98.56%, as it can be seen this efficiency valuéigher than that in the previous case
because not additional switching losses are intedun the circuit. On the other hand, the
experimental test indicates that the efficiency wasund 95.7% under the same power
conditions as for the simulations.

The total harmonic distortion was evaluated forwation and also in the experimental
setup. The results obtained by simulation indieaieHD equal to 0.07% and 1.35% for the
experimental case. The experimental and simulatiesigits are below the limits required by
the electrical normative.

4.4. Combined Double Zero Placement SVM
(CDZP-SVM)

The CDZ-SVM combines the two techniques proposedrbei.e., it uses the vectors
sequence swapping and the addition of the nulloventthe middle of the switching period.
This means that the ripple that can be obtainethim case will be symmetric and the
harmonic content will be lower. Moreover, it sholld expected that the power losses will
be increased because of the additional hard swijdhithe DC buses.

4.4.1. Description of CDZ-SVM strategy

As aforementioned, the CDZ-SVM strategy consistthie swapping of the vectors
sequence and the insertion of the zero vectoramtitldle of the switching period in order to
keep a uniform current ripple with a constant fragy. Then, the sequence of the vectors
will be: V10-V11-V10-V20-V21-V20-V20-V21-V20-V10-V1-V10 during a switching
period, and V20-V21-V20-V10-V11-V10-V10-V11-V10-V2821-V20 for the next one.
Thus the vectors sequence will be swapped fronfitbesequence to the second one and
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vice-versa for each switching period. The vectaguence of this modulation strategy is
shown in Figure 4.18.
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Figure 4.18. Vectors sequence of the CDZP-SVM strategy.
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The modulation strategy shown above permits togget results regarding to the current
waveform, but in contrast the additional switchtrensitions will reduce the total efficiency

of the converter.
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Figure 4.19. Simulation results for the FB10 topology, a) Loadrents, b) Voltages across the s
capacitances (2, Cy2: Co1r and Gyy), €) Leakage ground current.
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As for the previous modulation techniques, the Fgd.19 a), b) and c) show the
simulations results for the CDZP-SVM for the loadrrent, voltage across the stray
capacitances and the leakage ground, respectiVéky.behaviour is quite similar to that
obtained in the above modulation techniques.

This modulation strategy was also implemented eédakperimental setup; the results are
shown in Figure 4.20

The experimental results depicted in the Figur® 42w the modulation signals for the
switches S7a, S7b, S1 and S2, respectively. Natethle switches S7a and S7b have the
swapping in each switching period and also the #etbe middle of this switching period.
The modulation for the switches S1 and S2 follokes ¥ector sequence that is imposed by
the switches in the DC bus.
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Figure 4.2C. Experimental results of the CDZP-SVM strategy: Miation signals.

Finally additional experimental results for the OBBVM are presented in Figure 4.21,
the load currents, voltages in the stray capacdisiand leakage ground current are depicted
in &), b) and c), respectively. The results argaad agreement with the simulated ones.

Figure 4.22 depicts the frequency spectrum chanatiteof the leakage current, which
behaves similar to that obtained with the previmasgiulation techniques.
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Figure 4.21. Experimental results of the CDZP-SVM strategy: eadl currents, b) dtage in the stre
capacitances and c) Leakage ground current.
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Figure 4.22. Experimental frequency spectrum of the leakagemptawurrent for CDZP-SVM strategy.
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4.4.2. Losses analysis

In order to know how the distribution losses istlis case, some simulations results were
obtained using the thermal module of P&llih the same way as it was done in the previous
three modulation strategies, the results of thisalations are shown in Figure 4.23.
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Figure 4.23. Distribution power losses in the case of CDZP-SVM.

As in the previous cases, the power losses achesswitches forming the full-bridge
circuit are low because of the zero voltage switghln each case, all the switches contribute
only with conduction losses. On the other handhindase of the switches S7a, S8a, S7b and
S8b the losses clearly increased due to the addifiaghe null vectors in the middle of the
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switching period. The same situation occurs forth# cases regarding to the blocking
voltage, the losses depends significantly on trasameter. For instance, the switches
blocking voltages like 1/3 Vdc, will have less lesghat those that are blocking voltages of
2/3 Vdc. This means that switch S7a will have mosses than S8a because the first one is
blocking 2/3 Vdc. The same situation is for theecasthe DC bus B; switch S7b will have
less power losses than S8b, because of its bloekiltgge.

Finally in the case on the auxiliary diodes, thesks are low and they have only
conduction losses as it can be observed in Figu#®d. As it was explained earlier, these
diodes can be removed if an IGBT without anti-getaliode is used, in this case, the total
losses of the power converter will be significanthduced because this diodes are used in
both DC sources. Avoiding the power losses in thdgmles the efficiency can be
significantly increased.

4.4.3. Efficiency

The efficiency was evaluated using the model of lBBT that was used also in the
experimental setup. The efficiency obtained for dhaulation test was around 98.53%. For
the experimental results regarding to this paramége efficiency was around 95.01%. This
result confirms that the power losses are certdiigjer in this case than in the previous
one, due to the fact of the addition of hard swviitghtransitions. As for all four cases, the
power level in the test was set around 6kW.

In the case of the current quality, the same measents were done as for the other three
cases. The results in this case show that thetgudlthe output current is quite good. In the
case of the simulations, the THD obtained was atoi®6%, in the case of the results
obtained experimentally, the THD measured was atdut1%. This means that the load
current quality is quite good and can easily futfie standard requirements.

4.5. Summary of the analysis of the modulation
strategies

In order to extract the most important charactesstf the modulation strategies, the main
data are synthesized in Table 4.1. In this talile, tbtal efficiency for each modulation
strategy (calculated by simulation and experiméyjtéd given.

Modulation strategy Total Efficiency | Total Efficiency
%(Simulation) %(Experimental)
UZP-SVM 98.55 95.90
SZP-SVM 98.65 94.74
CZP-SVM 98.56 95.70
CDZP-SVM 98.53 95.01

Table 4.1. Comparative analysis regarding efficiency in allfonodulation strategies.
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As can it be seen in Table 4.1, the best resuérdkgg the power losses belongs to CZP-
SVM strategy. It can be observed also that the weffciency is for the CDZP-SVM
strategy; this is due to the additional hard swvittghintroduced by the zero vectors added. A
comparative summary of the THD obtained not onlysbyulations but also experimentally
is shown in Table 4.2. As can it be seen, the weesteform is for the UZP-SVM strategy,
of course, the best case is for that one that hlas @f switching transitions which is the
CDZP-SVM strategy.

Modulation strategy THD THD
%(Simulation) %(Experimental)
UZP-SVM 0.07 1.9
SZP-SVM 0.06 1.8
CZP-SVM 0.07 1.35
CDZP-SVM 0.06 1.11

Table 4.2. Comparative table regarding waveform quality foe froposed modulation
strategies.

4.6. Losses optimization

The losses optimization process consists maintg isetermine if it is possible to improve
the performance of the proposed converter. It igoirfant to say that the power converter
was built with not optimized semiconductors (Maximucollector-emitter voltage and
collector current), this means that the devicesl us¢his experimental test were not the best.
In this regard, some changes were done for thelaimon test in order to be sure that the
performance of this converter can be improved.

One change that it has done, is the eliminatiotheflosses in the case of the auxiliary
diodes, they were changed by ideal diodes. As & @glained before, they are not going to
be useful in the case in which the converter islémgnted just with IGBT’s without anti-
parallel diodes. Another change that it was peréatris the addition of new models of the
IGBT devices in th&hermal modulg¢oolbox of PSIM®. The main idea was to improve the
most important characteristics that affect the grenfince of the converter, such as: the drop
voltage of the anti-parallel diode (in the casehef full-bridge circuit); the duration times for
the ON/OFF transitions (rise and fall time) andalse collector-emitter voltage. With these
changes, the total efficiency can be improved @®iD%. There are some other changes that
can be done, for instance, the selection of theTiI@Bnsidering the ratings of the blocking
voltage and load current.

4.7. Conclusions

After evaluating four different modulation strategidesigned for the FB10 three-phase
transformerless topology it can be conclude thatefach case the CMV is kept constant,
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therefore the leakage ground current in every saskse to zero. Another conclusion is that
the FB10 power converter can be modulated usinfgrdifit modulation strategies that can
provide different performance not only in efficigniout also in the power quality, leakage
current and power distribution losses.

In solar PV applications the efficiency is the miogportant parameter, because of the low
efficiency of the PV panels. The proposed FB10 kogyp has a very good efficiency; this
characteristic is very attractive in transformeslapplications. On the other hand, no leakage
current is generated and the international stancimde widely fulfilled.
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FB10 topology DC bus management

he FB10 topology may be useful for several appbecat processing power from
the DC bus. Therefore, the study of the stratefgieproperly manage the energy
sources connected to the DC bus is an issue tbhatdsbe studied in detail. As it
was explained in Chapter 3, the FB10 power conwvdmes two isolated DC
sources, e.g, two PV panels, therefore two DC ssuman be processed at the
same time. The |-V characteristic curve of a PVgbas nonlinear [5.1], [5.2], [5.3] and its
output current mainly depends on the irradiatibe, temperature and the voltage. In order to
operate at the maximum power point of each of Weeganels, the converter should be able
to operate under unbalance DC conditions. This telngpresents a detailed study of two
techniques devoted to control voltage and poweeadh of the DC buses of the FB10

topology.

The first control technique presented in this chepis dedicated to compensate
asymmetries in the output current when the voltagels of the two DC buses are not equal.
If this kind of asymmetry is not compensated, D@ent component could be injected to the
grid, which might cause, among other problems,raéittn on grid transformers. The second
control technique presented in this chapter is til/ito regulate the power delivered by each
DC bus. This controller is indispensable in thoppligations in which the power set-point
for each DC source should be independently coetioll

5.1. Operation of the FB10 topology under DC
bus voltage unbalance

PV panels are not constant DC sources; their D@agelset-point varies according to the
solar irradiation, temperature and the deliveredvgro[5.4], [5.5]. As the FB10 power
converter topology consists of two DC buses, widah operate under different set-points,
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the modulation strategy should be able to work unslech unbalanced DC voltage
conditions to guarantee the injection of symmelriaad sinusoidal currents into the
electrical grid. With this goal in mind, a modift@a on the SVM techniques presented in
Chapter 4 is performed in order to compensate ffeeteof the DC voltage unbalance by
varying the application time of the active and zegotors.

The main idea supporting the proposed compenstimique consists on extending the
application time of the active vector to compenghtedifferences between the two DC bus
voltages. As an example, if the voltage of the S B V4. is higher than the voltage of
the DC bus B V), the time for the active vectors applied from Bf€ bus B, i.e., the even
vectors, should be increased. The opposite casgroethenVy, is lower thanVye The
expression to determine how long the applicatiom @fiven vector should be increased is
very simple and it is based on the unbalance taiwveen the two DC buses of the FB10
power converter. This variation for the active westapplication is graphically depicted in
Figure 5.1.

V> VdcB V>VdcB

VdcA > VdcB VdcA < VdcB

Figure 5.1. Active voltage modification under unbalance DC baaditions in the FB10 thrgghas:
PV converter.

Consideringt; as the application time of the active vector frttme DC bus A (odd
vectors),t, as the application time of the active vector fug DC bus Bf, the application
time for the zero vectors, then the equation toifgad in order compensate the effect of the
DC voltage unbalance in the modulation algorithnemMgy., > Vg Can be written as:

t2 [Vch

t, =
Vch

(5.1)
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Likewise, in case thaty.a < Vycs the equation to modifyy can be written as:

tl [Vch )

ti = 5.2
Vch ( )

In both cases, the prolongation in application tiorethe active vectors is taken from the
reduction of the time for applying the zero vectofrserefore, there is a DC unbalance
compensation limit, which is reached when the ze¥ctors time is not enough to fit the
required extra time application of the active vestwithin a switching period. In such case,
the compensation can be performed in two ways;Xtgneling the switching period or by
reducing both active vectors to a certain limittte first case the switching frequency will
be reduced and in the second case the maximumtoubpeer will be reduced. In this case
the second alternative was chosen. In order tallzatethe limit of time to reduce both active
vectors, a new variable is defined and it is callmkimum active timé,.,, and is defined

by,

tem =1t N0 (5.3)

acm S

wherets represents the switching periogg. is the dead-time required to avoid a short
circuit in a leg by the connection/disconnectionttod DC bus, i.e., during the zero vector
application andn is the number of zero vectors applied in the dviitg pattern.

When the total active time for the active vectdss, t;+t,’ or t;'+t, calculated from (5.1)
and (5.2), exceeds the maximum active titgg, then the times fot; andt, can be
readjusted by using,

'_tl[tacm 5.4

L (5.4)
and

_tz[tacm 55

T (5.5)

The value ot,., depends on the modulation index that is used tdufate the converter.
When the modulation index is low, the applicatidrttee zero vectors increases, and hence
the time to compensate DC unbalance situationongdr than in the case of a high
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modulation index, i.e., with lower modulation indiéXs possible to compensate higher DC
voltage unbalancing.

In order to verify the correct operation of the pwsed compensation technique some
simulations and experiments have been conductesidanmg different voltage levels for the
DC sources. Figure 5.2 shows the simulation resuien Vo= 600V and \.;z= 650V.

LOAD CURRENTS

Load Current [Amps]

t [seconds]
a)
LOAD CURRENTS

Load Current [Amps]

t [seconds]

b)

Figure 5.2. Simulation results when §/, = 600V and Vs = 650V; a) Wthout balancing techniq
and b) With balancing technique.
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The load currents in Figure 5.2 a) correspond ¢octise in which the balancing technique
is not applied. Even though the DC voltage unbadamot very high (600 V / 650 V), it can
be observed that the peak value of the load cuisesiightly lower in the positive half cycle
compared to the negative one, i.e., the curreeciag into the grid is not symmetric as a
consequence of the DC bus unbalance, existingeatéming DC offset that can rises serious
problems in the AC grid. In order to attenuate ¢ffect of the unbalanced DC voltages, the
compensation technique exposed above is used ustdtlp active vectors application time.
The resulting current waveforms are shown in Figugb), where can be observed a higher
symmetry level than in the previous case, althainghe are still some differences between
the positive and negative half-cycle due to theeieht asymmetry of the modulation
technigue used in this simulation (UZP-SVM).

Likewise, the simulation results for the case inolhthe V., = 650V and g = 600V
are shown in Figure 5.3.

As in the previous case, Figure 5.3 a) shows theuburrents when no compensation is
used and Figure 5.3 b) shows the output currenenvihe technique for compensating the
effect of the DC unbalanced voltage is applied.

Considering that the modulation index used in theukations presented above was around
90% and that the output voltage of the two PV pamelnnected to the DC buses will not
differ too much from each other when they work witlctical irradiation conditions [5.6], it
can be stated that the compensation technique miesséere is suitable for most of the
practical PV applications.
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LOAD CURRENTS
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b)

Figure 5.3.  Simulation results when §/, = 650V and V= 600V; a) Withoutbalancing techniqt
and b) With balancing technique.

The simulations shown in Figure 5.2 and FigureVBeBe also tested in the experimental
setup. The setup was basically the same useddaxperiments of Chapter 3 and Chapter 4
and the only difference is that the DC buses wetentionally unbalanced. Two DC voltage
sources were used to control the DC unbalance,léwv&kad of the isolation transformers
and the rectifiers used in previous experimentgutié 5.4 shows the resulting experimental
currents when the DC voltage sources were hardbplanced (600 V / 540 V).
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Figure 5.4. Experimental results wheng\, = 540V and Vg = 600V; a) Witlout balancing techniq;
and b) With balancing technique.

The black lines in the waveforms shown in Figuee&. indicate the reference currents for
the converter. In case of a DC voltage unbalandk M. > V4 the positive peak in the
output currents does not reach the reference valleder such unbalanced situation DC
current components are injected into the grid dredTHD of the output currents increases.
Figure 5.4 b) shows the output current waveformsmthe technique for compensating the
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effect of the DC voltage unbalance is applied. tAsan be observed, the current waveforms
perfectly track the sinusoidal references aftengishe compensation technique.

Figure 5.5 shows the experimental current wavefdionghe experiment case of <
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Figure 5.,5. Experimental results whengA= 600V and Vg = 540V; a) Wittout balancing techniq
and b) With balancing technique.
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As Figure 5.5 a) shows, the output current prestirgshighest tracking error during the
negative peaks when no compensation is used irs#ftisnd case. However, Figure 5.5 b)
shows how the output current waveforms perfecthchkrthe reference signals when the
voltage compensation strategy is applied. The éxmatal current waveforms shown in
Figure 5.4 and Figure 5.5 do not present any rippleause a low pass filter was enabled in
the scope to show clearly the distortion in thelloarrents when no compensation technique
was applied under unbalanced DC bus conditionsur&i§.6 shows the current waveforms
when Vo= 600V and V= 540V and the low pass filter was disable in ttepe.
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Figure 5.6. Experimental results to show the ripple in the |lgadrents and the effect of the
voltage compensation technique whepa\® Vyeg.
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5.2. Power sharing between the two DC buses of
the FB10 power converter

The maximum power that can be generated by a P¥lgpends mainly on the solar
irradiation and temperature [5.8], [5.9]. Therefdahe two sets of PV panels connected to the
two DC buses of the FB10 power conversion topologg present different optimal set-
points as the irradiation and temperature conditicen be different for each of them. These
variations can be increased due to the effectmidd, dust, etc., [5.7]. Therefore, the FB10
topology should be able to manage different poeeels for each of its DC buses. In order
to comply with this requirement, a control techrégior regulating power sharing in the
FB10 power converter is proposed in this section.

In the FB10 topology one of the buses is in chasfygenerating the odd vectors, for
instance the DC bus A, while the other, the DC Buss in charge of generating the even
ones. Therefore, when the synthesized vector iy edyse to the position of an odd
generating vector (i Vs or V) the output current will be mainly supplied by tb€ bus A.
Likewise, the output current will be mainly suppliby DC bus B when the synthesized
vector is close to an even vector,(W, or Vg). When the relative phase-angle of the
synthesized voltage vector is equal to 30° withi60&8 sector the output current will be
equally supplied by both DC buses. Therefore, ipassible to design a power balancing
technique to regulate the output power sharing éetwthe two DC buses by swapping the
role of both DC power sources (PV panels) in a prapme within each 60° sector. The
swapping of the two buses will cause a change ewaltage across the stray capacitances of
each DC bus, which results in a small increaséénléakage ground current [5.10], [5.11].
Figure 5.7 graphically depicts this idea.

B
A

Vs V> [Bus B]

30°< 6 <60°

Lol PBusA = Ph’usB
6 =30°

Ppusa > Ppusp
0°< B <30°

Vi a

V,[Bus A]

Vs Ve

Figure 5.7. Power sharing under normal operation of FB10 cdever
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Figure 5.7 represents three locations of the rat@eoltage vector within the Sector I. In
case of V., with 8 < 30°, the application time for\fs higher than the one for,Mn case of
V ez, With 8 = 30°, the application time of\is equal to the one for,VIn case of s, with
0> 30°, the application time for ;Vis lower than the one for vV In the FB10 power
conversion topology the odd vectors can be supfiliethe DC bus A and the even vectors
by the DC bus B. Therefore, considering. A= Vqc, it sSeems logical to assume that the
power delivered by the DC bus A will be higher thha one delivered by the DC bus B for
0 < 30°, equal foB = 30° and lower fo6 > 30°.

To conduct a more detailed analysis of the currbotging through both DC buses of the
FB10 power converter, Figure 5.8 shows these ctgrahen the voltage reference vector
moves along the Sector I.

PHASE "a" LOAD CURRENT AND VDCA CURRENT

Current [Amps]

-9
0.061 0.0611 0.0612 0.0613 0.0614 0.0615 0.0616 0.0617 0.0618 0.0619 0.062

PHASE "c" LOAD CURRENT AND VDCB CURRENT

Current [Amps]

-9
0.061 0.0611 0.0612 0.0613 0.0614 0.0615 0.0616 0.0617 0.0618 0.0619 0.062

Figure 5.8. DC currents along the Sector | in a symmetrical gosharing situation.

As it can be observed in Figure 5.8, the currentgshe DC bus A and B follow a
symmetrical evolution along the Sector I. As the D@ A is in charge of generating the
voltage vector Y, the current supplied by the DC bus A matchesthieent of the phase ‘a’
during the application of the odd active vectorghia Sector I. Likewise, the DC bus B, in
charge of generating the voltage vectg; ¥inks the current of the phase ‘c’ during the
application of the even active vectors in the Settd'herefore, assuming unitary power
factor operation without loss of generality, therent flowing through the DC bus A will be
higher than the one of the DC bus B @ox 30°. The opposite case occurs wBen30°. This
analysis of the evolution of the DC currents allovemfirming that the power delivered by
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the DC bus A will be higher than the one from th@ Bus B for 0 <0 < 30° and lower when
30°< 0 < 60°. The equilibrium point occurs fr= 30°. Moreover, the symmetric evolution
of the currents flowing through both DC buses altimg Sector | implies that the two DC
power sources deliver the same average power beeBéctor | period. This analysis is also
valid for other sectors along the grid period. tder to facilitate the analysis, it is possible to
define a new reference angle 6-30°. With this phase rotation, the equilibriumngaccurs
at0’=0, and the power delivered by DC bus A will bgler than the one from DC bus B for
-30<0’<0 and lower for 0€'<30.

As mentioned above, when the DC bus A generatesdtevectors and the DC bus B the
even ones, both DC power sources will deliver #aes average power over a sector period.
However, this power sharing can be modified if tike of both DC power sources is
swapped at a given position of the reference veltagctor within each sector. To explain
this power sharing technique,is defined as a power regulation angle. Accordinthat, the
role of the two DC buses of the FB10 topology witlthe Sector | can be assigned as
follows:

-30%< 8 '<a DC bus A even vectors and DC bus B odd vec
30°-g <@ '< 30° DC bus A even vectors and DC bus B odd »ex (5 6)
other case DC bus A odd vectors ar@itius B even vectol

According to (5.6), it is easy to note that theikigium point fulfills the condition6’=0
and the role modification is symmetric to this goifihe regulation angla is bounded to -
30<a <30°. The power delivered by DC bus A will be hégkhan the one from DC bus B for
-30<9’<0 because during the role modification DC bus # provide the power to the even
vectors in the zone in which they require more gnemd, in the sequel it will provides the
energy to the odd vectors and it will be lower @%°'<30 because it will works in the
opposite way.

In order to demonstrate the power compensation wa&hasome simulation and
experimental results were carried out. Figures fiigure 5.9 to Figure 5.12 show the
simulation results foo = 20°. Figures from Figure 5.13 to Figure 5.16vahthe simulation
results fora = -20°. The experimental results for= 20° are depicted in Figures from Figure
5.17 to Figure 5.19, while the experimental resfgisx = -20° are presented in Figures from
Figure 5.20 to Figure 5.22. In the following eaelse is analyzed in detail.

The Figure 5.9 shows the simulation results dor 20°, condition in which the power
delivered by DC bus B will be higher than the omevided by DC bus A. From top to
bottom, it shows the load currents in Figure 5,2t voltages across the stray capacitances
in Figure 5.9 b) and the leakage ground curreritigure 5.9 c¢). It should be noted that the
voltages across the stray capacitances are chaagoigsextant and as a consequence some
current spikes in the leakage ground current apgetire same time. This change is actually
the transition for the power sharing from DC buAC bus B and vice-versa.
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In Figure 5.10 a) the phase to negative terminahefDC bus A (z) voltages are shown.
The CMV referred to this “z” point is depicted iigbre 5.10 b). As it can be seen, the CMV
is jumping from 1/3 Vdc to 2/3 Vdc and going baeick sextant, as expected.
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Figure 5.9. Simulation results for the power sharing technigite a regulation angla = 20°.
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Figure 5.10. CMV in the case of power compensation techniquegiairegulation angle = 20°.
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The active times for both DC buses, nantgi onandtpcs on respectively, are shown in
Figure 5.11 a). The blue waveform corresponds ¢catttive time for the DC bus Bics on
Observe that from t = 0.1s to t = 0.101s approxétyaivhich means 08<20, the DC bus
have changed their roles (this analysis is alsodvédr the next sextantshcs on has
increased the active time and as a result the ppresided by the DC bus B is higher than
the other one as it is show in Figure 5.11 b). Iginan Figure 5.11 c), the six sectors along
the grid period are also shown.

Times for Active Vectors
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S w B
o o o

=
o
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INPUT POWER FOR BOTH DC SOURCES
4000

Input Power [W]

Sector Number

t[seconds]

Figure 5.11. a) Active times, b) Power measured and c) Seciorthe case of the power shar
technique using a regulation angle= 20°.

The spectrum of leakage ground current generateg tisis technique can be appreciated
in Figure 5.12.

The case in which the power delivered by DC bus Aigher than the one provided by
DC bus B was also simulated using a regulationeangt -20°. In Figure 5.13 a), the load
currents waveforms are depicted. In Figure 5.13h@) voltages across the stray capacitances
are shown; these voltages are changing each seliarb the change in the role of the DC
sources. These changes (dv/dt in the stray capaeitaroduce the leakage ground current
shown in Figure 5.13 c).
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Figure 5.13. Simulation results for the power sharing technifprea regulation angle = -20°.
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The phase to negative terminal of the DC bus Aagds are shown in Figure 5.14 a) and
the resulting CMV is jumping between 1/3 Vdc an8 ®tc as can be observed in Figure
5.14 b).
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Figure 5.14. CMV in the case of power sharing technique appkbeén the regulation angte= -20°.
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In Figure 5.15 a) the active times in both DC searare depicted. Note how from t =
0.1025s to t = 0.1045s approximately which meafs6220, the DC bus have change their
roles (this analysis is also valid for the nexttaats)Toca onhas increase the active time and
the power provided by the DC bus A is higher thHam other one as it is shown in Figure
5.15 b). Finally the sectors along the grid pedoel shown in Figure 5.15 c).

The spectrum of the leakage ground current prodbgetie dv/dt of the CMV is depicted
in Figure 5.16.
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Figure 5.16. Frequency spectrum of the leakage ground curreenvthe power sharing techniqu
applied using a regulation angle= -20°.

In Figure 5.17 the experimental waveforms of thedl@urrents, voltage across the stray
capacitances and leakage ground current usingudatemmn anglea = 20° are shown. Figure
5.17 a) presents de load current. The voltagesadhe stray capacitances depicts in Figure
5.17 b) describe the effect of the role changethénDC buses, it changes from 1/3 Vdc to
2/3 Vdc and vice-versa each sextant. The changese voltages will generate spikes in the
leakage ground current as it is shown in Figur& §)1

The phase to negative terminal of the DC bus Aagdt were also obtained; these
voltages are depicted in Figure 5.18 a). The coath@MV is shown in Figure 5.18 b).
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Figure 5.17. Experimental results for the power sharing stratggplied when a regulation angle=

200 is applied.
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Figure 5.18. Experimental CMVin the case of power sharing technique applied itregulatio

anglea = 20°.
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Finally, in Figure 5.19 the experimental frequespgctrum of the leakage ground current
is shown. As can be seen, the magnitude of thecucomponents at each frequency is very
low and as a consequence the converter fulfills steendard to be used in three-phase
transformerless PV applications.
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Figure 5.19. Experimental frequency spectrum of the leakage mgocurrent in the case of Po\
sharing technique applied with a regulation arngte20°.

The mode in which it is possible to provide morevpofrom the DC bus A than the one
from the DC bus B was also tested in the experiaiesgtup. The regulation angle was set at
a = -20°. Figure 5.20 shows the load currents, geltacross the stray capacitances and
leakage ground current. Note the jumps for theag@tacross the stray capacitances in the
Figure 5.20 b) because of the role changing ofDDi: buses. The jumps in the voltage
magnitude across the stray capacitances matchthdtbpikes in the leakage ground current
as it appears in Figure 5.20 c).

In Figure 5.21 a) the phase voltage to negativaiteal of the DC bus A voltages are
shown. Based in these voltages, the CMV was cordpand presented in Figure 5.21 b).
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Figure 5.20. Experimental results for the power sharing stratgglied when a regulation angle= -
200 is applied.
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Figure 5.21. Experimental CMV in the case of power sharing tégha applied with a regulation angte= -20°.
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Finally the experimental frequency spectrum ofdhgut current is shown in Figure 5.22.
The higher component hasrims value around 30 mA. This current value is not fetya
problem for the operation of transformerless P\tays.
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Figure 5.22. Experimental frequency spectrum of the leakage mgocurrent in the case of Po\
sharing technique applied with a regulation angte-20°.

5.3. Conclusions

PV applications require power converters able tokwath a nonlinear power supply. In a
conventional two stages PV system [5.12], the §tage consists in a DC-DC converter that
can control and boost the input voltage. On thesrotiand in a single stage system this
function is performed by the inverter [5.13]. Theltage provide by the PV panel can has
variations as a function of the irradiation (thabhde affected by clouds). When two or more
PV panels are connected at the input of a poweverter like FB10, the voltage and the
power delivered from each one can be differentetloee the power converter should be able
to work under these conditions.

In this chapter an algorithm to compensate theatiaris of the output voltage in the PV
panels was presented, the provided simulated apdriexental results have certified the
suitable operation of this algorithm. Additionalbn algorithm to manage the power provide
by each PV panel was also implemented. Experimeardl| simulation results were also
obtained concluding that the algorithm works prépemd it can be adapted to extract
different “power levels from the PV panels. Theabeesults indicate that FB10 is suitable
for transformerless PV applications.
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Conclusions and future works

he work presented in this thesis deals with the Cpfdblem in transformerless

grid connected PV power converters. The CMV geeeréiy transformerless PV

power converters can produce high leakage groundermis that can affect

negatively the overall operation of the system. Tegnitude and frequency of

the CMV depends on the pulse width modulation sgatand the power converter
structure. In the particular case of transformerlBY systems, the CMV can reduce the
lifetime of the PV panels because of the leakageeats and also pose human safety
problems.

The PV systems require high efficiency in the epergnversion process because of the
low efficiency of the PV panels. The power lossethe PV power converters depend on the
switching frequency, modulation strategy and stmet In order to achieve a good
performance of PV system, the power converters imeistesigned with the minor number of
stages, minor number of semiconductors, soft switclif is possible), minor number of
passive elements (no transformers and inductorsétih an efficient control algorithm.

6.1. Summary

Currently, transformerless PV inverters widely pdav some of the requirements
mentioned above, like no transformer, few semicotmts and just a single stage. In the first
chapter of this PhD dissertation, the study anduexi@n of some interesting PV structures
was presented, considering many different topolagguctures with transformer and
transformerless, that are used by the PV industiyawe been proposed as transformerless
PV inverters, concluding that transformerless togims are smaller in size and have higher
efficiencies than inverters with high-frequency low-frequency transformers. The main
conclusion in the first chapter is that transforiess PV power converters are very attractive
to be used in PV power generation facilities.
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Chapter 2 conducted a deep evaluation of successfgle-phase PV power converters
like H5 and HERIC topology structures (based on filebridge single-phase inverter),
concluding with the proposal of a new single-phramsformerless PV power converter
topology called “HB-ZVR” (Half Bridge Zero-Voltag8tage Rectifier Topology) which is
mainly based in the HERIC topology. The proposegublogy uses a bidirectional switch
located at the grid side which is a variant of the¢d in HERIC topology; in this case the
bidirectional switch is formed by an IGBT and ad#orectifier. The bidirectional switch is
mainly used to isolate the power converter from dghid during null states. The HB-ZVR
topology is a very good alternative for transforless PV power generation facilities due to
its high efficiency and very low leakage groundreat (constant CMV).

Chapter 3 dealt with the three-phase PV power asitve systems. In this chapter, the
common mode model of the three-phase converter amasyzed and a new three-phase
transformerless topology was proposed. The proptgeEmlogy is based on the conventional
three-phase full-bridge inverter and in the simgh@&se H5 and Roberto Gonzalez topologies
exposed in chapter 1. Unlike the HERIC topologyecas this case the switch to isolate the
power converter from the grid side is located an EIC side. Two independent DC sources
were used to feed the power to the load. The commode analysis of the proposed
topology was also provided. The new topology watedaFB10 (Full-Bridge 10), where
number 10 comes from number of semiconductors imsiégsl implementation. In this chapter
the PWM strategy to control the semiconductors as® implemented. The modulation
strategy was mainly based on the SVM, which hasfléwbility to modify the vectors
sequence. According with the simulation and expenital results presented in this chapter,
it can be concluded that the proposed topologysis a good alternative in transformerless
applications (even for big power PV plants), thatksts high efficiency and no leakage
current.

In Chapter 4, four different modulation strategtescontrol the FB10 topology were
proposed, named: Unsymmetrical Zero Placement Sgactor Modulation (UZP-SVM),
Symmetrical Zero Placement Space Vector Modulat{®ZP-SVM), Combine Zero
Placement Space Vector Modulation (CZP-SVM) and Bios Double Zero Placement
Space Vector Modulation (CDZ-SVM). The four modidat strategies use one DC bus to
feed the odd vectors and the other one to fee@\tha vectors, the main difference among
all of them is the sequence in which the active mntivectors were applied. A deep analysis
(by means of simulations and experiments) of polsses, power quality, current ripple
magnitude and CMV was performed for each modulastategy. All the simulations and
experiments were done in open-loop. The major emmmh from such analysis is that all
modulation strategies provides leakage ground ntickse to zero, thus complying with
current PV regulations, which is very important floe objectives of this PhD dissertation.

Finally, in Chapter 5, two very important technigu® manage the DC bus in the
proposed topology were also presented. The firstdealt with the unbalances in the DC
bus, which is formed with two DC sources as was tinead before. These two power
sources can be implemented by means of two PV arfdye PV panels operation depend on
weather conditions, this means that the voltagecamcent delivered by each PV array may
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vary over a day. Therefore the PV power convertestrbe able to manage these changes at
the input DC voltage; otherwise DC current injeatioan appears at the AC side. The
proposal to solve this problem was implementedgusirsimple strategy to compensate the
unbalances on the DC side. The strategy was toceedu enlarge the active time of the
vectors according to the voltage differences airtpat. The second strategy was designed to
solve the unbalance situations in the power dedideby each DC bus. The solution
implemented in this case, was to swap the DC seuasea function of the reference vector
position, since the reference vector is formedaaheime by the contribution of those two
DC sources. Simulations and experiments showedthewnbalance conditions on the DC
side can be manage by the FB10 inverter.

6.2. Main contributions

A short list of contributions can be summarisethia following points:
» Review of PV topologies

A comprehensive review of several single- and timesse topologies with and without
transformer was conducted. A general discussiotheftopologies that are implemented
using transformer was provided. Moreover, in theecaf the transformerless topologies, a
deeper analysis was conducted. In this last caeeR WM strategy was analyzed step by step
to understand their switching sequence and thein madvantages and drawbacks regarding
CMV performance.

» Single-Phase HB-ZVR Topology

A new topology for single-phase PV transformerlegyplications is proposed. The
topology uses a bidirectional switch at the AC siderder to short-circuiting the output of
the inverter during the null states periods. Thelutation strategy to control the switching
states of the PV inverter is designed and is basethe HERIC PWM pattern. The PWM
pattern and the power structure proposed permitedoce the leakage ground current close
to zero in PV system where there is not galvami@atson.

» Three-Phase FB10 topology

A new three-phase PV transformerless topology da#®10 is also proposed. The
topology consists in a full-bridge structure ane tixC sources (which can be PV panels or
PV arrays) coupled by means of two IGBTs each dim main idea in this case is to
disconnect the DC side from the AC side during stéites in order to get constant CMV
voltage. The PWM strategy (based on H5 operationdantrol the power inverter is also
proposed. The FB10 inverter reduces the leakagengrourrent to very low levels (close to
zero), complying with the current PV regulationssome countries. Moreover the topology
proposed gets a very good efficiency which is & w@portant characteristic in PV systems.
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* Modulation strategies for FB10 topology

Four modulation strategies to manage the FB10 waks@ proposed. Due that FB10 is a
new topology; different ways to switching the cortge were investigated. The modulation
strategies were obtained modifying in different walle sequence of the active and null
vectors applied to the power converter. The sinmutatind experimental results provide
information about the efficiency and power qualityeach case. Each modulation strategy
was explored in depth.

» DC bus management for three-phase FB10 topology

As the PV panels are no constant DC sources, theAD(ower converter must be
capable to manage variations of voltage and cueits input. In order to overcome this
unbalances at the input of FB10, two strategiecdmpensate the voltage and power
variations were proposed. In the first case théagel compensation strategy uses the active
time of the vector components of the referenceoredhe idea is to reduce or enlarge the
magnitude of the components according with the timm$ of the DC buses. On the other
hand, the strategy to compensate the differencegeba the two DC buses consists in to
swap the DC sources according with the positiothefvector reference. In this way, it is
possible to obtain different power levels from D€ sources. Even when this exchange
between DC buses can produce some leakage grourghflit is not enough to overcome
the limits established by the regulations.

6.3. Future work

There are several tasks to be developed followhngy itleas presented in this PhD.
dissertation, being some of them listed in theofwihg:

v DC current injection under unbalanced and balanmeditions in the FB10
topology could be deeper investigated. DC currenfection can be a very
important problem when a transformerless inved@oinnected to the grid. A DC
component at the AC side can produce saturatiaimeénnetwork transformers,
tripping of the protection systems, losses increese For these reasons it is very
important to ensure no DC current injection.

v New modulation strategies to control FB10 invertauld be interesting to
improve efficiency. Even when the modulation styés proposed in this PhD
thesis have very good performance regarding effigiesome other alternatives
can be explored. Switching techniques like zerotagel and zero current
switching can be explored.

v' The FB10 topology can be optimized by choosingdnetemiconductors, as SiC,
for diodes and IGBT's to improve the efficiency.
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v" FB10 topology should be test using PV panels updeial shading conditions in
a real PV power plant. This will provide informati@about the behaviour of the
strategies to compensate unbalances at the DC input

v" Multi-DC bus concept can be also explored for FBdfology (by using some
DC buses providing ODD active vectors and othemwviding EVEN active
vectors).

v' Other power strategies to control the power ingdig each DC bus could be
investigated. For instance, a power compensatiatesfy can be designed using
three active vectors.

v' Grid connection could be explored using differamtrent control algorithms and
modulations strategies for the FB10 topology. Ddfeg techniques to
synchronize the power converter with the grid carstudied.





