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Abstract

The economical and environmental impact of fossil fuels have forced
governments and society to investigate sustainable solutions. The in-
terest has focused principally on the green and clean bene�ts provided
by renewable energy sources. The growth rate of new renewable energy
supplies being installed has reached the incredible yearlymark of ap-
proximately 30% over the last few years. Consequently, investments in
research and development in the �eld of power electronics have increased
proportionally, especially in high voltage and high power grid connected
systems.

This thesis investigates and proposes new control techniques to prop-
erly regulate the power �ow between renewable source and theutility
network. Special attention is given to systems which demanda third
order LCL �lter as interface between converter and grid. This �lter
con�guration is widely employed in high power systems, in which the
switching frequency is typically limited by the switching d evices. The
LCL �lter has the ability to reduce the level of harmonic distort ion with
less inductance, when compared to the �rst orderL �lter. On the other
hand, it introduces undesirable characteristics, such as resonance, that
must be compensated by the controller.

The Virtual-Flux Direct Power Control (VF-DPC), tradition ally im-
plemented in the classical two-level inverter with a �rst or der L �lter
con�guration, is initially adapted to take advantages of th e third order
�lter. New power based active damping and individual harmonic con-
trol loops act directly on the power reference signals to damp the �lter
resonance and to compensate for the in�uence of existing harmonics on
the grid.

This thesis presents a new grid voltage sensorless control strategy de-
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nominated Virtual-Flux Decoupling Hysteresis Control (VF -DHC). The
control scheme is based on the conventional hysteresis control, however
a decoupling network is applied to avoid the interference that is in-
herent between phases in three-phase systems with an isolated neutral.
The decoupling loop allows a near constant switching frequency to be
achieved when the hysteresis boundaries are correctly modulated over
one fundamental cycle.

Additional improvements in the area of high voltage systemsare
achieved with newly proposed control concepts, which extend the VF-
DPC and VF-DHC schemes to operate with the industry standardthree-
level NPC and the recently proposed �ve-level ANPC topologies. The
bene�ts of both structures are only valid if the dc-link capacitors in the
three-level and dc-link and �oating capacitors in the �ve-l evel inverter
are properly balanced. In addition the controllers shall beable to per-
mit the inverter to switch among all voltage levels available in multilevel
structures.

The performance of both control techniques are tested experimentally
under di�erent grid conditions for the two and �ve-level app roaches and
via simulation for the three-level NPC method.
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Zusammenfassung

Der ökologische und ökonomische Druck aufgrund der herrschenden
Krise um fossile Brennsto�e hat Regierungen und die Gesellschaft dazu
bewegt, in die Erforschung umweltverträglicher Alternativen zu investie-
ren. Der Fokus der Forschung lag hierbei hauptsächlich auf sauberen
erneuerbaren Energiequellen. Die Wachstumsrate der Neuinstallatio-
nen von Konvertern im Bereich erneuerbarer Energien hat in den let-
zten Jahren die unglaubliche jährliche Marke von 30% erreicht. De-
mentsprechend haben sich die Investitionen in Forschung und Entwick-
lung im Bereich der Leistungselektronik proportional erhöht, insbeson-
dere bei Hochspannungs- und Hochleistungssystemen am Netz.

Diese Dissertation untersucht und erstellt neue Regeltechniken, um
den Leistungs�uss zwischen den erneuerbaren Energiequellen und dem
Netz genau zu regulieren. Besondere Aufmerksamkeit gilt hierbei Sys-
temen, die ein LCL-Filter dritter Ordnung als Schnittstell e zwischen
Konverter und Netz benötigen. Diese Filterkon�guration is t im Bereich
der Hochleistungssysteme weit verbreitet, wobei die Schaltfrequenz typ-
ischerweise durch die Ventilbauelemente limitiert ist. Das LCL-Filter ist
im Vergleich zu einem L Filter erster Ordnung einerseits in der Lage,
die Höhe der harmonischen Störungen mit weniger Induktivität zu re-
duzieren. Andererseits werden durch das Filter unerwünschte Charak-
teristiken eingeführt, wie zum Beispiel Resonanzen, die dann durch den
Regler kompensiert werden müssen.

Einleitend wird die Virtual-Flux Direct Power Regelung (VF -DPC),
welche konventionell für klassische Zwei-Level Inverter mit Filtern erster
Ordnung implementiert wurde, angepasst, um von den Vorteilen der Fil-
ter dritter Ordnung zu pro�tieren. Die neue aktive leistung sabhängige
Dämpfung und die neuen Reglerschleifen für die einzelnen Harmonis-
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chen wirken direkt auf die Leistungssollsignale, um die Filterresonanzen
zu unterdrücken bzw. um den Ein�uss der vorhandenen Netzharmonis-
chen zu kompensieren.

Die vorliegende Dissertation stellt eine neuartige Reglerstrategie ohne
Netzspannungssensoren vor, welche als Virtual-Flux Decoupling Hys-
teresis Control (VF-DHC) bezeichnet wird. Das Reglerschema basiert
auf der klassischen Hystereseregelung, allerdings wird zusätzlich ein En-
tkoppelnetzwerk beigefügt, um die Störungen zwischen den Phasen, wie
sie bei drei-phasigen Systemen mit isoliertem Neutralleiter auftreten,
zu vermeiden. Mit dem Entkoppelnetzwerk kann eine annähernd kon-
stante Schaltfrequenz erreicht werden, wenn die Hysteresegrenzen über
eine Netzperiode entsprechend moduliert werden.

Ein weiterer Fortschritt im Bereich der Hochspannungssysteme wird
durch die vorgestellten neuen Regel konzepte erzielt, welche die VF-
DPC und VF-DHC erweitern, um so den Betrieb mit dem Industries-
tandard der Drei-Level NPC Topologie und der kürzlich vorgestellten
Fünf-Level ANPC Topologie zu ermöglichen. Die Vorteile beider Struk-
turen sind nur dann zu erreichen, wenn die Zwischenkreiskondensatoren
des Drei-Level Inverters und die Spannungen der erdfreien Konden-
satoren des Fünf-Level Inverters genau abgeglichen werden. Zusätzlich
soll der Regler in der Lage sein, dem Inverter das Umschaltenzwischen
allen Spannungsebenen der Multi-Level Struktur zu ermöglichen.

Die Leistungsfähigkeit beider Reglertechniken wird unterverschiede-
nen Netzbedingungen für den Zwei-Level und den Fünf-Level Ansatz
experimentell überprüft, die Drei-Level NPC Topologie wird mittels
Simulation evaluiert.
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Notation

Symbols

� conductor skin depth
� uC 1 voltage variation across the capacitorC1

� i g grid current error vector
� i g;i grid current error of phase i
� p instantaneous active power error
� q instantaneous reactive power error
� t switching time interval
� uC l dc-link lower capacitor voltage error
� uF C;i �oating capacitor voltage error of phase i
� n grid virtual-�ux sector
 g grid virtual-�ux vector
 g;�� stationary components of the grid virtual-�ux
 g;dq direct and quadrature components of the grid virtual-�ux
 c;�� stationary components of the capacitor virtual-�ux
 inv;�� stationary components of the inverter virtual-�ux
� p closed loop pole of a �rst order transfer function

Aw conduction area of the wire
Ci capacitor
d; q direct and quadrature rotational axis
dp;q active and reactive power hysteresis output
D i diode
ESRk capacitor equivalent series resistance in the harmonick
f sw switching frequency
h hysteresis tolerance band

xix



i 0 zero sequence current
i c;�� stationary components of capacitor current
i F C;i �oating capacitor current of phase i
i g grid current vector
i g;ref grid current vector reference
i g;�� stationary components of the grid current
i gh harmonic h component of the grid current
i P I
gh PI controller output of the harmonic rejection loop

i g;i grid current of phase i
i g;i;ref grid current reference of phasei
i g;dq direct and quadrature components of the grid current
i inv;�� stationary components of the inverter current
i inv;i inverter current of phase i
i M mid-point current
kd damping factor
lw conductor length
L inductor
L g;i grid side inductor of phasei
L inv;i inverter side inductor of phasei
m number of output voltage levels
M mid-point of the dc-link
p instantaneous active power
pd active power component of the active damping loop
ph active power component of the harmonic loop
pref instantaneous active power reference
Pcapacitor total losses of the �lter capacitor
Pcond;Diode Diode conduction loss
Pcond;IGBT IGBT conduction loss
PC;ESR loss of the equivalent series resistance of the capacitor
Pinductor total losses of the �lter inductor
Plosses total losses, semiconductor plus passive components
PL;Core core loss of the �lter inductor
PL;Cu conduction loss of the �lter inductor
Ppassive losses of the passive components of the output �lter
Psw semiconductors switching loss
Psemicon semiconductors total losses (conduction + switching)
q instantaneous reactive power
qc reactive power compensation feedback
qd reactive power component of the active damping loop

xx



qh reactive power component of the harmonic loop
qref instantaneous reactive power reference
R resistor
Rw wire resistance
Rw;ac wire ac resistance
si switching state of phasei
Si switch
ton switch on time
tof f switch o� time
Ts sample period
u3h common mode third harmonic component
uC capacitor voltage
uC l dc-link lower capacitor voltage
uC l;ref dc-link lower capacitor voltage reference
~uC resonance component of the capacitor voltage
ucarrier modulator (carrier) voltage
udc dc-link voltage
udc;ref dc-link voltage reference
uF C;i �oating capacitor voltage of phase i
ug grid voltage vector
ug;�� stationary components the of grid voltage
ug;i grid voltage of phasei
ug;dq direct and quadrature components of the grid voltage
uinv inverter output voltage vector
uinv;�� stationary components of the inverter output voltage
uinv;i inverter output voltage of phase i
uinv;dq direct and quadrature components of the inverter voltage
uL inductor voltage vector
uMN zero sequence voltage
Uk inverter output voltage space vector
UCE (sat ) IGBT breakdown voltage
UF Diode forward voltage
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Acronyms

ANPC Active Neutral-Point Clamped
CHC Current Hysteresis Control
DHC Decoupling Hysteresis Control
DPC Direct Power Control
DSP Digital Signal Processor
EMC Electromagnetic Compatibility
NPC Neutral-Point Clamped
PLL Phase-Locked Loop
PV Photovoltaic
PWM Pulse Width Modulation
THD Total Harmonic Distortion
VF Virtual-Flux
VF-DHC Virtual-Flux Decoupling Hysteresis Control
VF-DPC Virtual-Flux Direct Power Control
VOC Voltage Oriented Control
VSI Voltage Source Inverter
WWEA World Wind Energy Association
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Chapter 1

Introduction

For centuries, human civilization has extracted its energyneeds from
natural sources. Wood was used for cooking and heating, the sunlight
to heat water for domestic use, and wind to sail ships and to power mills
for grinding grains (Figure 1.1).

Figure 1.1: Windmill built in Sweden in 1870.
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CHAPTER 1. INTRODUCTION

As the energy demand drastically increased in the20th century, fossil
fuels quickly became the main source of energy due to convenience and
low prices. The immediate need for further development of renewable
energy techniques was thus avoided. Nevertheless, over theyears, the
price of the oil and problems caused by pollution have increased consid-
erably, putting pressure on the society to provide sustainable solutions.
Consequently, interest in clean and green energy provided by renewable
sources is getting force again, especially in the �eld of hydropower, solar,
wind, geothermal and biomass.

Although all these technologies have increased their market consid-
erably in the last few years, the wind power has shown to be oneof
the most prominent [1]. Over the last decade, the global installed ca-
pacity of wind power plants has increased exponentially from around
7,000MW in 1997 to above 70,000MW in 2006, an annual growth rate
of approximately 30% (Figure 1.2).

Figure 1.2: Wind power energy - Global total installed capacity (MW)
and prediction.

Although the majority of this development is happening in Europe,
which has achieved65%of the total global market, other continents are
following the same trend.

In North America, the United States have experienced in 2006the
strongest increase in installed capacity with new 2,500MW power plants,
which represents an amount27% higher compared to the year before.
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Canada also had a record year, raising the installed capacity by 113%,
achieving a total of 1,459MW.

This impressive growth rate was also achieved in Asia, with an ad-
dition of 3,679MW, increasing the total capacity by 53%. The main
responsible for such expansion are China with new 1,300MW and India
reaching a total of 6,300MW, assuming the post of the fourth largest
producer in the world.

Although in smaller absolute amount but following a similar tendency,
many countries have more then doubled their installed capacity, namely
Brazil, Iran, Mexico Taiwan and South Korea, while others, such as
Poland, Egypt and Morocco have nearly doubled.

These numbers not only show the current world situation, but indi-
cate a sustainable and stable growth of worldwide installedcapacity of
wind power plants expected for the next several years. The World Wind
Energy Association (WWEA) predicts that the cumulative cap acity of
wind energy will reach 160,000MW in 2010, increasing the overall ca-
pacity by a factor of two compared to the actual situation (Fi gure 1.2).

This optimistic forecast is supported by strategies and targets adopted
by governments. The European Council has established in thebegin-
ning of 2007 a new goal to the European Union countries. The aim is to
increase the proportion of electricity produced from renewable energy
sources to20% by the year 2020. The goal for wind power in Canada
is to have 5,000 MW installed by 2010 and nearly 10,000 MW by 2015.
The Chinese government has even more ambitious plans. Theirobjective
is to achieve 30,000 MW in 2020, which means an annual installation
level of 2,500 MW. In Brazil, a dedicated department called PROINFA
has been created to stimulate the development of renewable energy sup-
plies in order to increase its share to10% of annual electricity within
20 years.

To reach these targets, governments around the world have imple-
mented policies not only to stimulate and support further research and
development activities, but also to encourage investmentsof the private
sector. These political support mechanisms include �scal incentive, �xed
premiums, deregulation and tari� reduction.

This continuous growth of renewable energy's market share will de-
mand new technologies in the area of power electronics, especially in
grid connected systems where the bene�ts of green and clean energy
may be reached using three di�erent methods. The most conventional

3



CHAPTER 1. INTRODUCTION

for the users is to buy electricity directly from renewable energy sup-
pliers. Another strategy employed mainly in remote locations is the
stand-alone system, consisting of renewable energy sources combined
with either batteries or generators for backup. A new trend is the hy-
brid system, where conventional energy is combined with small-scale
renewable energy sources. When the energy provided by the generators
is greater than the user demand, the excess is fed back into the utility
network. In the event that renewable energy source is not able to de-
liver the necessary amount of energy, the conventional gridsupplies the
di�erence.

The classic con�guration of a grid connected renewable energy system
consists basically of two parts. The �rst stage is the energysupply,
represented in Figure 1.3(a) by a photovoltaic array and in Figure 1.3(b)
by a wind turbine. Additionally, a power conditioner is necessary to
boost the voltage generated by the photovoltaic panel and torectify
the ac signal produced by the wind generator. In the output stage, an
inverter is used to convert and adapt the energy accumulatedin an

+

Grid

PV Array

Inverter

PV – Inverter - Grid

dc-link

dc-dc

dc-dc

(a) Solar Power

+

G

GridGenerator
Rectifier Inverter

Gear

Turbine

Generator - Rectifier Inverter - Grid
dc-link

(b) Wind Power

Figure 1.3: Typical con�guration of (a) solar and (b)wind energy sys-
tems connected to the grid.
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intermediate storage element (dc-link capacitor), to be consistent with
the voltage and power quality requirements of the utility gr id. Although
the con�guration of the �rst stage depends on the type of renewable
energy interface source, the output stage is essentially the same.

Regardless of the interface con�guration, the correct �ow of energy
from the generator to the grid or vice-versa must be guaranteed. In
addition, standards limit the level of individual and total harmonic dis-
tortion allowed to be injected into the grid. These requirements can
only be met by continuous progress in the �eld of converters topologies,
semiconductor devices and control techniques.

For low power photovoltaic systems, the classical two-level inverter is
typically employed as the interface between dc-link and grid. However,
modern wind turbines, which range from hundreds of kilowatts up to
a few megawatts, demand special converter structures. One alternative
is to connect switching devices in series to cope with the high volt-
age stress. However, this technique requires a precise method to ensure
the voltage share between the devices in dynamic and static situations.
Another method that has been well accepted by the industry, and is
emerging as the standard solution for high power medium voltage ap-
plications, is the Multilevel Converter. These structures have the ability
to synthesize the output waveform from several levels of voltages, im-
proving the spectrum quality when compared with the classical two-level
topology. Furthermore, it permits the use of power devices with lower
voltage rates and reduces electromagnetic compatibility concerns, due
to a smaller dv=dt. The basis of this new branch of topologies is the
Neutral-Point Clamped (NPC) three-level inverter proposed in 1980's.
It generates distinct voltage levels by splitting the dc-link into a string of
series-connected dc-sources, generally realized by capacitors. The volt-
age across the switching devices is limited to half of the dc-link voltage,
due to the connection of the clamping diodes. Using the same principle,
but with di�erent clamping elements, the Flying Capacitor t opology
makes use of capacitors to limit the voltage across the non-conducting
switches. Both structures have been extended to higher levels, and have
been accepted as industry standard converters for several years. How-
ever, limitations emerge when increasing the number of levels, since
the number of requested clamping elements raises considerably. Mul-
tiple voltage levels may also be achieved without the use of clamping
elements by connecting in series single phase H-Bridge inverters with
isolated dc supply. However, the utilization of such technique, known
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as Cascaded H-Bridge inverter, is limited to certain applications due to
the high number of isolated dc sources required.

Recently, many variations and combinations of these topologies have
been presented, giving rise to a new type of multilevel topologies called
Hybrid Multilevel Converters. This new group is characterized by ex-
tracting advantages of distinct topologies and semiconductors to com-
bine into a new and more e�cient structures.

Although multilevel inverters present numerous advantages, some draw-
backs are evident. They require a higher number of semiconductors and
either multiple isolated dc sources or a bank of series connected capaci-
tors. Consequently, the control complexity increases considerably, since
more switching devices normally result in a higher number ofpossible
combinations and the balance of the capacitors has to be guaranteed.

However, even though the control of these variables are essential to
the system performance, in grid connected applications thecorrect reg-
ulation of energy �ow still plays the most important role.

Several control techniques have been proposed for grid connected ap-
plications in the last few decades. The controllers attemptto achieve
stability, low harmonic content, fast dynamic response andsimplicity.
However, tradeo�s are usually required. The classical hysteresis cur-
rent controller, for example, has an inherent stability and fast and ro-
bust dynamic response, but is a�ected by variable switchingfrequency
and interference between phases in isolated neutral three-phase sys-
tems. These weaknesses are overcome with the voltage-oriented control
method, which achieves constant switching frequency and consequently
a well-de�ned harmonic spectrum by controlling the load currents which
are split into dq-components, according to the synchronous reference
frame theory. On the other hand, its stability and dynamic performance
are highly dependent on load parameters. The fast development of pow-
erful microprocessors has been opening space for a new classof control
techniques, due to advantages of �exibility and the ability to process
complex on-line calculations. The predictive control technique makes
use of these bene�ts to calculate the optimum control action among
all the possibilities to ful�ll certain prede�ned criteria . Nevertheless,
the performance is susceptible to variations in load parameters. An-
other emerging control method, known as Direct Power Control, utilizes
on-line estimations of control variables and a switching table to select
the proper switching state. This technique has been shown tobe very
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suitable for grid connected applications, since it regulates directly the
instantaneous active and reactive powers.

However, these control techniques are normally developed for lower
power applications where the conventional six-switches two-level in-
verter is applied and a �rst order L �lter interfaces the converter and
grid network. However, due to low switching frequency in high power
systems, the use of such a �lter con�guration is restricted. An alterna-
tive �lter implementation is a third order LCL �lter, which can achieve
reduced levels of harmonic distortion at lower switching frequency with
less total inductance. On the other hand, the inherent resonance present
in the LCL �lter can cause static and transient distortion of the outpu t
currents. This negative e�ect may be reduced by connecting resistors to
the �lter in order to damp the resonance. A main disadvantageof such
technique is that the damping resistance value required to provide sat-
isfactory performance generally results in very high powerlosses. These
extra losses can be avoided by emulating the damping resistor within
the controller algorithm.

Another important point to be considered during the design of grid
connected systems, is the susceptibility of the controllerto harmonics
present on the grid voltages. In order to respect the limits established
by standards, the controller should be able to generate output voltages
and currents with low levels of harmonic distortion, independent of the
grid voltage condition, even though the grid voltages are also covered
by certain distortion limits.

The complexity of the controller increases signi�cantly due to the ex-
tra control variables that exist in multilevel converters. Although the
level of complication may vary according to the number of voltage levels
and topology con�guration, the balance of the dc-link voltages is almost
always an issue. If the balance of the capacitors' voltages is not guar-
anteed, a group of switching devices experiences a higher voltage across
their terminals and extra distortion may occurs in the load voltages
and currents. Independent of the balancing method chosen, the strat-
egy always relies on some method of manipulating redundant switching
states, which produce the same output voltage level, however with dis-
tinct in�uence on the capacitor's voltages. Additionally, the controller
shall allow the inverter to switch between di�erent voltage levels in or-
der to take advantage of the higher number of voltage vectorsavailable
in multilevel structures.
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1.1 Organization of the Thesis

This research expands conventional controllers traditionally applied to
the classical two-level inverter and �rst order L �lter con�guration in
high power grid connected applications. Initially, extra features are in-
corporated into the existing controllers to compensate forundesirable
characteristics inherent to LCL �lters. As a second step, the same con-
trol techniques are adapted to operate with a three-level NPC and �ve-
level ANPC inverters. In order to present the thesis in a logical manner,
it is structured as follows:

An overview of existing multilevel topologies with their respective
strengths and weaknesses is presented inChapter 2 . The systems are
classi�ed into four groups according to their topological characteris-
tics. The pioneer and probably the most studied is the Neutral-Point-
Clamped inverter. The second inverter, based on the same basic princi-
ple, but using capacitors as clamping elements is the FlyingCapacitor
topology. The next group uses a di�erent concept of series connection of
single phase inverters, based on the Cascaded H-bridge topology. Lastly,
the combination of di�erent topologies and semiconductorscreates the
most recent class called Hybrid Multilevel converters.

In Chapter 3 , an analysis of the most important current controller
techniques is presented. The discussion starts with the classical ramp-
comparison and hysteresis controllers, with their respective advantages
and limitations. The basic principle of the voltage oriented control which
has been proposed to overcome some of the disadvantages of the classical
methods is presented, followed by the last two emerging methods, known
as direct power control and predictive control.

A conventional Virtual-Flux Direct Power Control (VF-DPC) is ap-
plied to a third order LCL �lter in Chapter 4 , in an attempt to adapt
the control scheme to high voltage and high power systems. The chapter
begins with a detailed description of the method, includingthe virtual-
�ux concept utilized to estimate the grid voltage and consequently in-
stantaneous active and reactive powers. The in�uence of theoutput
voltage vectors available in two-level inverters is analyzed in order to
build the correct switching table. External loops proposedto damp the
�lter resonance and to regulate the harmonics individually are included
into the conventional VF-DPC in order to compensate inherent charac-
teristic of LCL �lters. Both are based on power quantities and directly
alter the reference values. In addition, the controller compensates for
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the reactive power of the �lter capacitors, since the activeand reactive
powers are regulated at the inverter side. A phase-locked loop is also
added to guarantee correct synchronization with the grid voltage. A
6kW prototype is used to verify experimentally the conventional and
the extendedLCL approaches.

A grid voltage sensorless control scheme is proposed inChapter 5 .
The Virtual-Flux Decoupling Hysteresis Control (VF-DHC) c ombines
the simplicity of the classical hysteresis control method with the �exi-
bility of the virtual-�ux and power references. In addition , a decoupling
network is implemented to avoid interference between phases that is in-
herent in isolated neutral three-phases systems. The decoupling method
allows a near constant switching frequency to be achieved bymodulat-
ing the hysteresis boundaries. In order to extend the VF-DHCfor high
power applications with LCL �lter, the external control loops developed
in Chapter 4, namely active damping, harmonic control, reactive power
compensation and PLL are incorporated into the controller.Simulations
and experimental results are presented to con�rm the e�ectiveness of
the proposed method.

The �rst step to adapt both techniques to multilevel inverte rs is given
in Chapter 6 with the three-level NPC topology. For the VF-DPC,
in order to allow the controller to select a higher number of available
voltage vectors, the active and reactive powers hysteresisstrategies are
modi�ed. Additionally, a method to balance the dc-link volt ages by ap-
plying available redundant vectors is implemented, based on the actual
condition of the voltage across the lower dc-link capacitorand output
phase currents direction. A similar procedure is followed to adapt the
VF-DHC. An additional boundary is added to the classical single-level
hysteresis control, permitting the inverter to switch between three volt-
age levels. The balance of the dc-link voltage is achieved byadjusting
the relative on-time of redundant switching states, through the addition
of a current o�set into the three phase currents.

The VF-DPC and VF-DHC control techniques proposed in Chapter
7 for the �ve-level ANPC inverter are natural extensions of th ree-level
approaches. However, the hysteresis strategies used in both concepts
must be modi�ed in order to further extend the ability of the c ontroller
to select di�erent voltage levels. In addition, for balancing the dc-link
voltages, the �ve-level ANPC topology requires additional control of
the �oating capacitors' voltages. On the other hand, the ANPC inverter
creates an extra degree of freedom due to existing redundantswitching
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states, which produce the same output phase voltage level but with
opposite e�ect on the �oating capacitors. Both methods are extensively
tested with di�erent grid voltage conditions using a 6kW prototype.

The last chapter summarizes the achievements of the research and
presents a comparative analysis of both control methods (VF-DPC
and VF-DHC) for the three topologies studied (conventional two-level,
three-level NPC and �ve-level ANPC converter). The key factors that
are compared are total harmonic distortion, and switching and conduc-
tion losses.

1.2 Contributions of this Work

The main contributions of this work are listed in the followi ng:

ˆ Comprehensive overview of existing multilevel topologies and cur-
rent control techniques;

ˆ Adaptation of the conventional two-level VF-DPC method to sys-
tems with LCL output �lters;

ˆ A new power based active damping which emulates a resistor in
parallel to the �lter capacitor;

ˆ Modi�ed power based individual harmonics control;

ˆ A voltage sensorless power control method with near constant
switching frequency (VF-DHC);

ˆ Extension of both controllers (VF-DPC and VF-DHC) to opera te
with a three-level NPC.

ˆ Method to select the proper redundant voltage vector to balance
the dc-link voltages of the three-level VF-DPC;

ˆ Adaptation of VF-DPC and VF-DHC to control the �ve-level
ANPC, including dedicated strategies to balance the dc-link volt-
ages and �oating capacitors;
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Chapter 2

Multilevel Inverters

Interest in multilevel power converters has been increasedin the last
decades when such kind of topologies were selected as the power con-
verter of choice in many high voltage and high power applications, due
to advantages of high quality waveforms, low switching losses, high
voltage capability and low electromagnetic compatibility (EMC) con-
cerns [2], [3].

The general idea of multilevel converters is to synthesize asinusoidal
voltage from several voltage of levels, typically obtainedfrom capaci-
tor voltage sources. As the number of levels increases, the synthesized
output waveform adds more steps, producing a staircase wavewhich
approaches the sinusoidal wave with minimum harmonic distortion [4].

Basically, the synthesized output is achieved by dividing the dc-link
potential into multiple sections, so that each phase leg canswitch be-
tween multiple voltage levels, as shown in Figure 2.1. A two-level in-
verter (Figure 2.1(a)), for example, generates two output voltage levels
with respect to the mid-point terminal M. The three-level (Figure 2.1(c))
can produce three (Figure 2.1(d)) while the generalizedn-level inverter
(Figure 2.1(e)) is able to switch amongn voltage levels (Figure 2.1(f)).

Earliest interest in multilevel power conversion technology was pre-
sented by Nabae et al. [5] in 1980s by introducing the so-called Neutral-
Point-Clamped (NPC) inverter topology. It guarantees that the voltage
across the non-conducting switches is clamped by diodes anda string of
series connected capacitors. This topology prevailed in the 1980s mainly
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due to the capacity to e�ectively double the device voltage level without
requiring precise voltage matching, and to perform a betterwaveform
quality compared to the conventional two-level VSI. Subsequently, di-
rect extensions of the original NPC with higher number of levels were
presented in [6], [7].

Despite all the advantages mentioned, the NPC inverter has acharac-
teristic which usually limits the use of such structure with more then �ve
levels. Although each active switching device is only required to block
a voltage level of udc

(m � 1) , wherem is the number of levels, the necessary
reverse voltage blocking capability of the clamping diodesis propor-
tional to the level for which they are used to employ clampingaction.
As result, series connection of diodes is required, which complicates the
design and raises reliability and cost concerns.

An alternative topology, called Flying Capacitor Inverter , which ba-
sically replaces the clamping diodes by �ying capacitors was proposed
by Meynard and Foch in 1992 [8]. It naturally creates a degreeof free-
dom to balance the �ying capacitor by using redundant states where
the same output voltage level can be achieved by two or more switching
combinations. However, the �ying capacitors are submitted to di�er-
ent voltage levels, similar to the blocking requirements ofthe clamping
diodes. Hence, extra units must be connected in series to divide equally
the voltage stress across each capacitor.

In order to eliminate extra clamping elements (diodes and capacitors)
and avoid inherent problems caused by voltage unbalance, the Cascaded
H-Bridge Inverter has been introduced. The basic idea of connecting in
series single phase H-Bridge inverters with multiple isolated dc sup-
plies to realize multilevel waveforms was �rst introduced in 1990 for
plasma stabilization [9]. This modular approach has been subsequently
extended for three-phase applications [10], such as reactive power com-
pensation and drive applications. Despite the advantages mentioned,
this con�guration requires multiple isolated dc supplies and thus its
application is somewhat limited.

Further research [11] on cascaded H-bridge inverters consists of utiliz-
ing at least one dc voltage source di�erent from the others dcsupplies.
This sort of multilevel topology is referred to as asymmetric multilevel
inverters. This strategy has been used to synthesize an output voltage
waveform with a larger number of levels without increasing the number
of power devices.
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Recently a method which allows the asymmetric cascaded H-bridge
inverter to be performed using a single dc power source with the remain-
ing n � 1 dc sources being capacitors, was introduced in [12], [13]. The
main issue on this technique is to maintain the voltage balance across
each capacitor while simultaneously producing a nearly sinusoidal out-
put voltage.

Moreover, due to the fact that for the asymmetric cascaded H-bridge
approach di�erent dc voltage sources with diverse values are used, the
power devices of di�erent cells are subjected to distinct voltage levels.
This property creates a degree of freedom to utilize switch devices with
distinct characteristics concerning switching speed and voltage block-
ing, as introduced in [14], [15]. The proposed concept, called Hybrid
Multilevel Inverter, combines the fast switching ability o f IGBTs to the
large voltage blocking capability of GTOs. However, a special modula-
tion strategy is needed to switch the GTO inverter only at fundamental
frequency of the inverter output while the IGBT inverter is u sed to
switch at high frequency.

An additional method of hybrid inverters consists to combine distinct
structures and consequently take advantage of their individual qualities
and strengths. For example, Suh et al. [16] and later, Mariethoz and
Rufer [17] have presented a hybrid multilevel inverter which takes the
bene�t of a single dc source for three phases of the conventional two-
level six-switches inverter and combines to the modular characteristic
of the cascaded H-bridge inverter. A similar approach [18],[19] inves-
tigates a nine-level hybrid multilevel inverter for medium-voltage drive
application. It consists of a three-phase three-level NPC IGCT inverter
with a single-phase two-level IGBT inverter in series with each phase.

Research on hybrid multilevel has growing on the last few years,
when promising new concepts have been proposed. Recently Barbosa
et al. [20], [21] introduced the so called Active Neutral-Point-Clamped
Multilevel Converter - ANPC. It combines the �exibility of t he �ying
capacitor inverter with the robustness of industrial NPC to generate
multilevel voltages.

Although there exist various di�erent multilevel topologi es, as men-
tioned before, usually multilevel inverters are classi�edinto four groups,
each having a unique topological layout. The four classes are commonly
referred to as diode-clamped, �ying capacitor, cascaded H-bridge and
hybrid multilevel inverters. Further details concerning d i�erent topolo-
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gies, advantages, disadvantages and operation of each of these groups
are presented in the next sections.

2.1 Neutral-Point Clamped - NPC Inverter

In a three-phase m-level NPC converter proposed in [5], each leg is
composed of2 � (m � 1) series connected switches andm � 1 dc link
capacitors charged with a voltage equal to udc

m � 1 . Under balanced con-
dition, the maximum blocking voltage applied to the switches is the
voltage across one capacitor, thanks to the clamping diodes.

One leg of a three-level diode clamped multilevel structureis shown
in Figure 2.2(a). The remaining two legs have the same switch-diode
con�guration and share the same dc-link source. The input voltage udc

is equally divided by the dc link capacitors C1 and C2. The common
terminal of both capacitors (M point) represents the mid-point termi-
nal with respect to the input voltage. This topology uses thecapacitor
voltagesuC 1 and uC 2 to produce three di�erent levels on its output ter-
minal referred to the mid-point M : udc

2 , 0 and � udc
2 . A positive udc

2 is
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Figure 2.2: Neutral-Point Clamped (a) Three-level and (b) Five-level
topology.
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performed by turning on the switchesS1 and S2. For an output voltage
equal to 0 the switchesS2 and S3 are turned on, while the switchesS3

and S4 are commanded to generate an output voltage equal to� udc
2 .

From Table 2.1, which summarizes the NPC switching states, it can be
seen that switch S1 conducts only during uRM = udc

2 , while switch S2

is used to change betweenudc
2 and 0. The same logic is employed on

the negative and null output voltages (� udc
2 and 0) with the switches

S3 and S4.

Table 2.1: Three-level NPC inverter output voltage levels and respect ive
switching states

Output Switching States
Level S1 S2 S3 S4

udc
2 1 1 0 0
0 0 1 1 0

� udc
2 0 0 1 1

When both S1 and S2 turn on, for example, the clamping diode D2

balances the voltage sharing betweenS3 and S4, with S3 blocking the
voltage acrossC1 and S4 the voltage acrossC2. Therefore, the blocking
voltage is half of the dc voltage sourceudc. However, unbalance in the
dc-link capacitors voltage may produce excessively large voltage in the
respective switching devices, and in consequence a failuremay occur.
Therefore, a well performed control of these two voltages isextremely
important.

For the �ve-level topology (Figure 2.2(b)), the dc bus is div ided into
four capacitors, that allows the inverter to perform an output voltage
with �ve levels and limits the blocking voltage of each switch to udc

4 .
The �ve di�erent output voltage levels can be synthesized acrossR and
M by using the switch combinations presented in Table 2.2.

Although the NPC topology owns diverse advantages, it reveals tech-
nical di�culties that complicate its practical applicatio n.The clamping
diodes must have di�erent blocking voltage ratings. For example, when
all the lower switches (S5-S7) are turned on, D2 needs to block three
capacitors voltage or 3udc

4 . Similarly, D3 and D4 need to block 2udc
4

and D5 needs to block3udc
4 . Assuming that each diode has the same
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Table 2.2: Five-level NPC inverter output voltage levels and respecti ve
switching states

Output Switching States
Level S1 S2 S3 S4 S5 S6 S7 S8

udc
2 1 1 1 1 0 0 0 0

udc
4 0 1 1 1 1 0 0 0

0 0 0 1 1 1 1 0 0

� udc
4 0 0 0 1 1 1 1 0

� udc
2 0 0 0 0 1 1 1 1

voltage rating, several diodes have to be placed in series asillustrated in
Figure 2.2(b). The total number of diodes required for each phase leg is
equal to (m� 1)�(m� 2). This large number of diodes causes a limitation
in the number of converter levels. More than �ve diodes might become
impractical to implement because of the diode reverse recovery.

Another major disadvantage of this topology is the unequal load dis-
tribution among the semiconductors. Brücker [22] [23] showed that the
most critical operating points with respect to the NPC therm al design
are located at the four operating point boundaries, as shownin Ta-

Table 2.3: Semiconductors loss distribution according to the three-l evel NPC
inverter operation point.

Power Modulation Most stressed
Factor Depth semiconductors

Case 1 1 (inverter) 1.15 Outer switches - (S1 and S4)

Case 2 1 (inverter) 0 NPC diodes - (D1 and D2)

Inverse diodes of outerCase 3 -1 (recti�er) 1.15
switches - (DS1 and DS4)

Case 4 -1 (recti�er) 0 Inner switches - (S2 and S3)
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ble 2.3. For high modulation depth and inverter operation mode, for
example, the outer switches (S1 and S4) conduct during the majority of
the fundamental cycle, while the inner devices are carryingcurrent only
for a short time. In these cases some devices become hot, while others
stay cooler at the same time. Therefore, the losses in the most stressed
device limit the switching frequency and output power of the converter.

2.1.1 Three-Level Active Neutral-Point Clamped

To achieve an appropriate loss distribution and better semiconductor
utilization, an additional pair of active switches is added to each leg
of the conventional NPC, deriving the Active Neutral-Point Clamped
(ANPC) structure [22]. The proposed topology connects active switches
in antiparallel to the NPC diodes, as shown in the one-leg representation
of Figure 2.3. These additional switches allow the converter to create
new switch states, commutations and consequently proper semiconduc-
tors losses balancing [23].

In contrast to the conventional diode-clamped NPC topology, the
active-clamped approach creates extra switching states which connect
the output phase to the neutral point (level zero), as shown in Table 2.4
[24].

To realize the zero level, a positive output current, for example, can
either �ow through Da1 and S2 like for the conventional NPC inverter,

S1

S2

S3

S4

M
R

Sa1

Sa2

C1

C2

dcu Ri

Da2

Da1

Figure 2.3: Three-level Active Neutral-Point Clamped Topology.
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Table 2.4: Three-level ANPC inverter output voltage levels and respec tive
switching states

Output Switching States
Level S1 S2 S3 S4 Sa1 Sa2

udc
2 1 1 0 0 0 1

0 0 1 0 0 1 0

0 0 1 0 1 1 0

0 1 0 1 0 0 1

0 0 0 1 0 0 1

� udc
2 0 0 1 1 1 0

or through the new active switch Sa2 and the antiparallel diode of S3.
A similar behavior is observed for negative current, it can be conducted
through the upper path or lower path with respect to the neutral point.
Due to this degree of freedom, the semiconductors losses canbe ad-
justed by the alternated selection of di�erent neutral path s, utilizing an
appropriate modulation technique.

2.2 Flying-Capacitor

One phase leg of anm-level Flying-Capacitor topology [8], [25] can be
represented by a series connection ofm � 1 cells (Figure 2.4). Each
cell is composed of a pair of switches separated by one �ying capacitor.
Therefore, in total there exist 2 � (m � 1) switches, 1 dc-link voltage
supply and m � 2 �ying capacitors charged with m di�erent voltage
levels: 1

m � 1 udc; 2
m � 1 udc; : : : ; udc.

An appropriate series connection of these �ying capacitorswith dis-
tinct voltage levels, allows the inverter to produce a synthesized output
voltage. This connection is realized by turning on one switch of each
cell. Nevertheless, both switches of one cell (e.g.Sh

m � 1 and Sl
m � 1) must

never be on simultaneously, otherwise two consecutive capacitors with
di�erent voltage values would be connected in parallel, resulting in a
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Figure 2.4: Flying-capacitor topology - multicell representation.

short-circuit.

The combination of conducting switches and capacitors ensures that
the voltage across any blocked switch is always well de�ned,

uSh
m � 1

= udc �
m � 2
m � 1

udc =
1

m � 1
udc: (2.1)

Another characteristic inherent to this topology is the degree of free-
dom created to balance the �ying capacitors due to redundantswitching
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R
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- dcu 1
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dcu

2fnC - 2fC 1fC
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Figure 2.5: One phase-leg of anm-level Flying-capacitor VSI.

22



2.2. FLYING-CAPACITOR

states. These redundant states produce the same output voltage, how-
ever result in opposite e�ect (charge and discharge) of the voltage across
the �ying capacitors. Considering only the last two cells of the struc-
ture presented in Figure 2.4, the output voltage equal to 1

m � 1 udc with
respect to the negative potential of Cf 2, can be generated either by
turning on the switches Sh

2 and Sl
1:

uR =
2

m � 1
udc �

1
m � 1

udc =
1

m � 1
udc (2.2)

or through the switches Sl
2 and Sh

1 :

uR = 0 +
1

m � 1
udc =

1
m � 1

udc (2.3)

However, the current through the capacitor �ows in the contr ary di-
rection. Hence, by choosing a suitable state according to the direction of
the output current, the voltage of the �ying capacitors can b e controlled.

Although the multicell representation permits a simple analysis of the
topology, usually the Flying-Capacitor VSI is presented asshown by the
generic one-phase circuit of Figure 2.5.

For the particular case of a three-level approach (m = 3 ), shown in
Figure 2.6(a), the inverter produces a three-level output voltage referred
to the dc-link mid-point M. The switchesSh

1 and Sh
2 need to be turned

on for a voltage level udc
2 . For the negative output voltage level � udc

2 ,

Table 2.5: Three-level Flying-Capacitor inverter output voltage lev els, re-
spective switching states and resulting �ying capacitor cu rrents.

Output Switching States
Level Sh

1 Sh
2 Sl

2 Sl
1

i Cf 1

udc
2 1 1 0 0 0

0 1 0 1 0 � i R

0 0 1 0 1 i R

� udc
2 0 0 1 1 0
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Figure 2.6: Flying Capacitor (a) Three and (b) Five-level topologies.

switches Sl
1 and Sl

2 are turned on. And to perform the output level 0,
either pair Sh

1 and Sl
2 or Sh

2 and Sl
1 must be turned on. This redundancy

is used to balance the �oating capacitorCf 1, since considering a current
�owing out of the terminal R, the �rst pair creates a negative current on
the �oating capacitor (discharge), while the second produces a positive
current (charge), as shown in Table 2.5.

For the �ve-level topology (Figure 2.6(b)), the �exibility is increased
since there is a higher number of redundant switching states. An output
voltage with respect to the dc-link mid-point ( M ), can be synthesized
by the following switching states:

1. For voltage leveluRM = udc
2 , turn on all upper switches - Sh

4 , Sh
1 ;

2. For voltage level uRM = udc
4 , there are four combinations:

ˆ Sh
4 , Sh

3 , Sh
2 and Sl

1 - uRM = udc
2 � udc

4

ˆ Sh
3 , Sh

2 , Sh
1 and Sl

4 - uRM = � udc
2 + 3udc

4

ˆ Sh
4 , Sh

2 , Sh
1 and Sl

3 - uRM = udc
2 � 3udc

4 + 2udc
4

ˆ Sh
4 , Sh

3 , Sh
1 and Sl

2 - uRM = udc
2 � 2udc

4 + udc
4
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3. For voltage level uRM = 0 , there are six combinations:

ˆ Sh
4 , Sh

3 , Sl
1 and Sl

2 - uRM = udc
2 � udc

2

ˆ Sh
2 , Sh

1 , Sl
3 and Sl

4 - uRM = � udc
2 + udc

2

ˆ Sh
4 , Sh

2 , Sl
1 and Sl

3 - uRM = udc
2 � 3udc

4 + 2udc
4 � udc

4

ˆ Sh
4 , Sh

1 , Sl
2 and Sl

3 - uRM = udc
2 � 3udc

4 + udc
4

ˆ Sh
3 , Sh

1 , Sl
2 and Sl

4 - uRM = � udc
2 + 3udc

4 � 2udc
4 + udc

4

ˆ Sh
3 , Sh

2 , Sl
1 and Sl

4 - uRM = � udc
2 + 3udc

4 � udc
4

4. For voltage level uRM = � udc
4 , there are four combinations:

ˆ Sh
4 , Sl

1, Sl
2 and Sl

3 - uRM = udc
2 � 3udc

4

ˆ Sh
1 , Sl

2, Sl
3 and Sl

4 - uRM = � udc
2 + udc

4

ˆ Sh
2 , Sl

1, Sl
3 and Sl

4 - uRM = � udc
2 + 2udc

4 � udc
4

ˆ Sh
3 , Sl

1, Sl
2 and Sl

4 - uRM = � udc
2 + 3udc

4 � 2udc
4

5. For voltage leveluRM = � udc
2 , turn on all lower switches - Sl

1, Sl
4;

Table 2.6 shows the possible switch combinations to generate the �ve-
level output waveform and the respective �oating capacitor currents. A
positive current charges and negative current discharges the respective
capacitor.

Due to di�erent voltage levels on the �oating capacitors, and assum-
ing that the voltage rating of each capacitor is the same as for the main
power switches, anm-level inverter will require a total of (m � 1) �(m � 2)

2
clamping capacitors per phase leg, in addition to(m � 1) main dc-link
capacitors. Therefore, like the diode-clamped topology, the implemen-
tation of the Flying-Capacitor inverter is limited for a hig h number of
levels, since a large number of capacitors to be connected inseries will
be required, as shown in the �ve-level approach of Figure 2.6(b).

2.3 Cascaded H-bridge

This topology [9] [10] is based on the series connection ofn individual
cells, consisting of a single-phase H-bridge inverter witha dedicated dc
source. The number of levelsm is proportional to the number of isolated
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Table 2.6: Five-level Flying-Capacitor inverter output voltage leve ls, respec-
tive switching states and resulting �ying capacitor curren ts.

Output Switching States
Level Sh

4 Sh
3 Sh

2 Sh
1 Sl

1 Sl
2 Sl

3 Sl
4

i Cf 1 i Cf 2 i Cf 3

udc
2 1 1 1 1 0 0 0 0 0 0 0

1 1 1 0 1 0 0 0 i R 0 0
0 1 1 1 0 0 0 1 0 0 � i Rudc

4 1 0 1 1 0 0 1 0 0 � i R i R

1 1 0 1 0 1 0 0 � i R i R 0

1 1 0 0 1 1 0 0 0 i R 0
0 0 1 1 0 0 1 1 0 � i R 0
1 0 1 0 1 0 1 0 i R � i R i R

0
1 0 0 1 0 1 1 0 � i R 0 i R

0 1 0 1 0 1 0 1 � i R i R � i R

0 1 1 0 1 0 0 1 i R 0 � i R

1 0 0 0 1 1 1 0 0 0 i R

0 0 0 1 0 1 1 1 � i R 0 0
� udc

4 0 0 1 0 1 0 1 1 i R � i R 0
0 1 0 0 1 1 0 1 0 i R � i R

� udc
2 0 0 0 0 1 1 1 1 0 0 0

cells according to the expressionm = 2 n + 1 . For example, a �ve-level
cascaded inverter consists of two individual cells, each containing its
own H-bridge inverter and isolated dc power supply.

Each single-phase H-bridge generates three-voltage levels at the out-
put, according to the switch combinations. To produce a positive udc,
switchesS1 and S4 are turned on. For an output voltage equal to � udc

switches S2 and S3 are turned on, while an output voltage of 0 is per-
formed by switching either S1 and S2 or S3 and S4.

The resulting output voltage is then synthesized by the sum of n
single-phase H-bridge output voltages,uRN = udc1 + udc2 + : : : + udcn .
Figure 2.7(a) shows two single-phase H-bridge inverters connected in
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Figure 2.7: Symmetric Cascaded Five-level (a) topology and (b) output
voltage waveform.

series to structure one leg of a �ve-level cascaded H-bridgeinverter. The
remaining two phases have the same switch con�guration and respective
dedicated dc voltage source. The synthesized �ve-level output phase
voltage (� 2udc, � udc and 0) is generated by the addition of the two
H-bridge inverters output voltages uRN = � (udc1 + udc2), as shown in
Figure 2.7(b).

The major advantage of this topology is the reduced number ofcom-
ponents required when compared to others topologies, such as NPC
and Flying-Capacitor, to achieve the same number of levels.Also, extra
clamping elements are not necessary. Moreover, it providesthe �exibil-
ity for expansion for a higher number of levels. The structure for each
level can be considered as one independent cell consisting of a single-
phase H-bridge inverter. Thus, an extra level or cell can be easily added
to the existing modular system.

However, besides all the advantages mentioned, the necessity of mul-
tiple isolated dc sources tends to limit the utilization of such topology.
One alternative is to employ a transformer with multiple isolated sec-
ondaries or even several transformers. Nevertheless, thissolution tends
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to make the circuit rather complex.

Another solution which has been considered for electric vehicle appli-
cations, is the utilization of renewable energy sources such as fuel cell,
photovoltaic and biomass to perform the dc buses.

2.3.1 Asymmetric Cascaded H-bridge

An alternative to reduce the number of dc sources while generating the
same number of levels is achieved by using unequal dc voltagesources
[11]. This new class of inverters, called asymmetric cascaded multilevel
inverters, have exactly the same circuit topology as symmetric cascaded
inverters, however di�er on the employed dc voltage supply levels.

As previously stated, the conventional H-bridge symmetrictopology
having n identical dc voltage sources per phase can produce(2n + 1)
distinct voltage levels at the phase output. By using unequal dc voltage
sources the performance in terms of the generated number of levels is
increased to(2n +1 � 1), with dc voltage levels varying in multiple of 2
(u, 2u, 4u,: : : 2n � 1u).

The same topology with two single-phase H-bridge inverterscon-
nected in series, previously presented (Figure 2.7) to generate �ve out-
put voltage levels, is able to produce seven output voltage levels only
by replacing equal dc voltage sources by unequal values, as seen in Fig-
ure 2.8.

Basically, a seven-level output waveform can be achieved using two
distinct switching patterns according to the combination of the H-bridge
inverters output voltages (Figure 2.8 (b) and (c)). By opening and clos-
ing the switches of the �rst H-bridge inverter appropriatel y, the output
voltage udc1 can be made equal to+ udc, 0 and � udc, while the output
voltage udc2 can achieve+2 udc, 0 and � 2udc. Therefore, the sum of the
two cascaded inverters output voltages (uRN = udc1 + udc2) can produce
seven distinct output voltage levels:� 3udc, � 2udc, � udc and 0.

The two possible combinations represented in Figure 2.8(b)and (c)
used to generate seven output voltage levels, are summarized in Ta-
ble 2.7. Due to the symmetry of the switching patterns, only the �rst
quarter of the fundamental cycle is considered. Both sequences are sim-
ilar, except by the existing redundancy on the level udc. It can be
generated using two di�erent combinations: uRN = � udc + 2 udc (Fig-
ure 2.8(b)) or uRN = udc + 0 (Figure 2.8(c)).
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Figure 2.8: Asymmetric cascaded H-bridge (a)topology, (b) switching
states 1 and (c) switching states 2.

2.3.2 Asymmetric Single DC-Supply Cascaded H-
bridge

The presence of redundant switching states on asymmetric cascaded
inverters creates a degree of freedom that allows reducing the number
of required isolated dc power supplies. In [12] a scheme which uses a
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Table 2.7: Asymmetric cascaded H-bridge output voltage levels and respec-
tive switching states.

Output Pattern 1 - Figure 2.8(b) Pattern 2 - Figure 2.8(c)
Level udc1 udc2 udc1 udc2

0 0 0 0 0
udc � udc 2udc udc 0
2udc 0 2udc 0 2udc

3udc udc 2udc udc 2udc

single power supply as the �rst dc source with the remainingn � 1 dc
sources being replaced by dc-link capacitors is proposed. However, it
demands a special control strategy to guarantee the balanceof the dc
voltage level of each capacitor.

A seven-level cascaded inverter with a single dc power supply is pre-
sented in Figure 2.9. The bottom H-bridge inverter is supplied with 2udc

by a dc power source, while the top H-bridge is composed by a dc-link
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1dcu
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Figure 2.9: One phase-leg of an asymmetric single dc-supply cascaded
H-bridge.
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capacitor with a controlled average voltage equal toudc.

For the asymmetric seven-level cascaded topology, it has been shown
that an output voltage level equal to udc can be generated by applying
either + udc or � udc by the top H-bridge inverter. This characteristic
permits to charge or discharge the dc-link capacitorC1 according to the
direction of the output current i R .

Thus, an appropriate switching sequence which is able to regulate
the voltage acrossC1 can be selected according to the capacitor voltage
deviation (� uC 1 = udc � uC 1) and the output current direction (pos-
itive or negative), as summarized in the Table 2.8. A negative signal
means that the capacitor must be discharged and the current �ows into
the inverter, while a positive signal shows that the capacitor has to be
charged and the output current �ows out of the inverter.

Table 2.8: Redundant switching state selection according to the capacitor
voltage deviation and the output current direction.

� uC 1 i R udc1 uC 1 uRN = udc1 + uC 1

- - � udc +2 udc udc = � udc + 2 udc

- + udc 0 udc = udc + 0
+ - udc 0 udc = udc + 0
+ + � udc +2 udc udc = � udc + 2 udc

For example, if the capacitor voltage uC 1 is lower than the desired
value (� uC 1 = + ) and the current is �owing out of the inverter ( i R =
+ ), the modulator must combine the output voltage of the top H-bridge
equal to � udc to the bottom H-bridge udc = +2 udc, in order to build
an output voltage uRN = udc, and at the same time charge the dc-link
capacitor C1.

2.4 Hybrid Asymmetric

A new branch of multilevel topologies, known as hybrid asymmetric
multilevel inverters, came up inspired on the unequal dc source char-
acteristics of the asymmetric cascaded converters. Due to that, power
devices of di�erent cells are subjected to distinct voltagelevels, conse-
quently semiconductors with di�erent voltage blocking characteristics
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may be used. In [14] a new approach is proposed to combine the fast
switching frequency ability of Insulated Gate Bipolar Tran sistors (IG-
BTs) to the high voltage blocking capability of slow semiconductors
devices like Gate Turn-O� (GTOs) thyristors. These devices are mod-
ulated di�erently, so that higher voltage cells operate at low frequency
and the lowest voltage cell operates at high frequency.

This idea of combining advantages of di�erent semiconductors has
been extended to the �eld of topologies. Structures with di� erent char-
acteristics have been combined in order to realize a multilevel converter
which extracts qualities and strengths of each individual topology.

Steimer and Manjrekar [14] proposed to reduce the number of required
isolated dc sources on the cascaded approach by replacing three-phase
high voltage cells by a conventional Neutral-Point Clampedconverter.
With the same purpose, and additionally exploring even numbers of
output voltage levels, Suh et al. [16] proposed to use the traditional
two-level six switch inverters instead of high voltage single-phase cells.
Recently, another approach based on the combination of the neutral-
point-clamped (NPC) and the �oating capacitor converters was intro-
duced by Barbosa et al. [20].

2.4.1 Distinct Semiconductors

The asymmetric topology increases the number of generated output
voltage levels, when compared to the conventional cascadedH-bridge,
by using isolated dc sources with distinct voltage levels. One can note
that the stress on a power device in this con�guration is proportional
to the voltage level it is used. Hence, the devices at higher voltage cells
will be required to have a higher voltage blocking capability than those
of the lower voltage cells. This characteristic creates a degree of freedom
for using di�erent semiconductors, allowing to exploit their individual
advantages and strengths.

Moreover, recent researches in the �eld of semiconductor technology
indicate a trade-o� in the selection of power devices in terms of switching
frequency and blocking voltage capability. Usually, semiconductors with
high voltage blocking capability like Gate Turn-O� (GTO) th yristors
have the switching speed somehow limited; on the other hand,faster
devices such as Insulated Gate Bipolar Transistor (IGBT) are not able
to support high blocking voltage.
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Figure 2.10: One phase-leg of a hybrid asymmetric IGBT and GTO
cascaded H-bridge.

In order to utilize the bene�ts o�ered by asymmetric cascaded H-
bridge inverters and at the same time extract the advantagesof di�erent
semiconductor devices, a seven-level hybrid cascaded topology combin-
ing a GTO H-bridge inverter with 3kV dc bus and a IGBT inverter with
udc = 1 :5kV (Figure 2.10) was proposed in [14].

However, to guarantee the correct operation of the system, anew
modulation strategy is required, where the GTO inverter is modulated
to switch only at fundamental frequency and the IGBT inverte r is used
to switch at higher frequency.

2.4.2 Cascaded Three-Phase NPC and Single-Phase
H-bridge

Hybrid converters may consist not only of di�erent semiconductor de-
vices, but also make use of distinct topologies in order to overcome some
limitations of the existing structures.

One of the largest disadvantage of the cascaded H-bridge inverter
is the high number of required isolated dc power sources. A widely
employed solution, as already mentioned, is to use unequal dc sources.
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Figure 2.11: Hybrid asymmetric multilevel inverter consisting of serie s
connection of a three-phase NPC and single-phase H-bridge inverters.

However, the remaining number of isolated dc sources may still limit the
use of such topology in some applications. Therefore, in order to further
reduce the number of required dc sources, Steimer and Manjrekar [18]
have proposed a hybrid cascaded multilevel inverter which combines the
conventional neutral-point clamped three-level inverter (NPC) and the
single-phase H-bridge inverter, as illustrated in Figure 2.11.

The NPC inverter can generate the same number of output voltage
levels as the single-phase H-bridge topology, however it has the advan-
tage of using only one common intermediate circuit for all three-phases,
instead of separate ones for each H-bridge it replaces. Thisleads to a
reduction of the required number of dc sources, from six to four, for the
nine-level asymmetric cascaded inverter shown in Figure 2.11.

The dc-link voltages of the proposed asymmetric hybrid inverter are
con�gured in a 3:1 ratio (half NPC dc-link voltage versus H-bridge volt-
age) in order to achieve nine output voltage levels. It makesuse of high
voltage blocking capability IGCTs for the NPC cell to provid e active
power with low losses, and fast switching characteristic ofIGBTs for
the single-phase H-bridge inverters to reduce the output harmonic con-
tent.
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2.4.3 Cascaded Three-Phase Full-Bridge and Single-
Phase H-Bridge

The number of output voltage levels generated by either symmetric
or asymmetric cascaded inverters is limited to odd numbers.However,
certain applications require even numbers of generated output voltage
levels for optimum power devices utilization. In some casesa three-level
approach would be insu�cient and a �ve-level inverter would result in
an over speci�cation of the components. Therefore, a four-level inverter
circuit would the be the most suitable approach.

In order to achieve an even number of output voltage levels while
keeping the inherent advantages of cascaded inverter, a series connection
of the conventional three-phase six-switch voltage sourceinverter with
a single-phase H-bridge (one per phase), as shown in Figure 2.12, was
presented in [16], [17].

Additionally, the presented approach allows to reduce the number of
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dcu

dcu
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4S

2S

4S
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3S

Figure 2.12: Hybrid asymmetric multilevel inverter consisting of se-
ries connection of a three-phase full-bridge inverter and single-phase H-
bridges inverters.

35



CHAPTER 2. MULTILEVEL INVERTERS

needed isolated dc sources when compared to the conventional cascaded
structure.

2.4.4 Active Neutral-Point Clamped Inverter - ANPC

A slightly di�erent hybrid asymmetric multilevel inverter was recently
presented by Barbosa et al. [20]. It combines the �exibility of the mul-
tilevel �oating-capacitor converter with the robustness of the industrial
Neutral-Point Clamped converter to generate multilevel voltages. More-
over, it utilizes only one dc-link power source on the NPC module, while
the voltage across the �oating capacitors are controlled based on exist-
ing redundant switching states. It therefore represents anadvantage
over the cascaded approach with multiples isolated dc sources.

One phase leg of the so called Active Neutral-Point inverteris shown
in Figure 2.13. In order to maintain the voltage stress equalto udc

2 (udc

is half of the dc link) for all switches, a series connection,i.e. S5 and
S6, is required.
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M
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Figure 2.13: One-phase leg of a �ve-level ANPC inverter.

The number of levels can be increased by adding switches in series and
by increasing the number of cascaded two-level inverters, as illustrated
for a seven-level structure in Figure 2.14.
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Figure 2.14: One-phase leg of a seven-level ANPC.

2.5 Comparison of the Topologies

Although the choice of the multilevel topology is directly l inked to the
application and the list of speci�cations, in order to minim ize losses,
volume and costs, usually the number of components plays themost
important role. Therefore, in order to provide some guidelines for select-
ing the proper multilevel topology, Table 2.9 summarizes the number of
semiconductors and passive components required by the mostpromis-
ing topologies. In this analysis, the asymmetric cascaded multilevel and
the cascaded three-phase NPC and cascaded single-phase H-Bridge con-
verters are not included, since they are employed in applications with a
high number of levelsm � 7.

For a three-level approach, the analysis shows that the Neutral-Point
Clamped (NPC), Flying Capacitor (FC) and Symmetric Cascaded H-
Bridge converters require the same number of switches (12),however
they di�er on the clamping elements and number of dc sources needed.
For applications where only one dc source is available, the NPC and FC
topologies have advantageous against the Cascaded H-Bridge system,
which requires a complex transformer to provide the variousindepen-
dent dc sources. On the other hand, when multiple dc sources are avail-
able the Cascaded H-Bridge topology might be considered a reasonable
solution since it requires the least number of components.

The high number of clamping elements added to the complexityto
balance the dc-link and �ying capacitors, limits the use of the NPC and
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CHAPTER 2. MULTILEVEL INVERTERS

FC converters to more then three levels. For the �ve-level approach,
even though the number of switches used by the Active-Neutral-Point
Clamped converter is higher, it appears as good alternative, since it
does not require any clamping diodes and utilizes only three�oating
capacitors. Moreover, the dc-link is divided only into two capacitors
which reduce the balancing complexity.
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Table 2.9: Comparison of the multilevel topologies in terms of numbers of components and isolated dc sources.

Clamping Floating dc-link IsolatedTopology levels Switches1
Diodes 2 Capacitors Capacitors dc sources

3 12 6 0 2 1Neutral-Point
5 24 36 0 4 1Clamped
m 6(m � 1) 3(m � 1)(m � 2) 0 m � 1 1
3 12 0 3 2 1Flying
5 24 0 18 4 1Capacitor
m 6(m � 1) 0 3

2 (m � 1)(m � 2) m � 1 1
Symmetric 3 12 0 0 3 3
Cascaded 5 24 0 0 6 6
H-Bridge m 6(m � 1) 0 0 3

2 (m � 1) 3
2 (m � 1)

Active 3 - - - - -
Neutral-Point 5 36 0 3 2 1

Clamped m 9(m � 1) 0 3
2 (m � 3) 2 1
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2.6 Summary

Due to the ability of using more than two voltage levels to synthe-
size a sinusoidal output voltage, the use of multilevel inverters has
been expanded by industry since the introduction of the Neutral-Point
Clamped three-level inverter. Besides improving the spectrum quality
when compared to the conventional two-level topology, multilevel in-
verters permit to employ power devices with lower voltage rating and
lead to reduced switching losses and electromagnetic interference e�ects.
Among the multilevel topologies mentioned, Neutral-Point Camped and
Flying-Capacitors structures utilize the same basic concept of clamp-
ing the voltage across the power switches through clamping elements,
diodes and capacitors respectively. However, although these concepts
have been extensively used by industry, the practical number of levels is
limited by the required number of series connected clampingelements.
Approaches which eliminate the need of clamping elements were emerg-
ing in the last few years. The Cascaded H-bridge converter achieves
multilevel output voltage by series connection of single-phase H-bridge
inverters. However, it requires an isolated dc source for each single-phase
cell, which may limit the use of such topology in certain applications.
Some strategies have been presented to overcome this limitation. The
asymmetric cascaded H-bridge generates a higher number of levels with
the same circuit topology by using dc sources with di�erent values, usu-
ally on the power of two or three. This characteristic creates a degree
of freedom to employ in the cells supplied with distinct voltage rates,
semiconductors with di�erent voltage blocking capability . This principle
of combining semiconductors with diverse characteristicsestablished a
new family of multilevel topologies, denominated Hybrid Multilevel In-
verters. This approach has been expanded to the �eld of topologies in
which advantages and strengths of di�erent topologies are extracted by
combining them into one multilevel structure. Although the majority of
the multilevel topologies presented so far di�ers on the circuit structure,
they all demand an appropriate control either of the dc-link capacitor
voltages or in some cases of the �oating capacitors.

In order to assist in the choice of the proper inverter topology to be
used in this work, this chapter brings a comparison of the multilevel
topologies in terms of numbers of components and isolated dcsources.

1Switches with anti-parallel diodes
2Series connection for same blocking voltage stress
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One can note that for the three-level topology the NPC, Flying Capaci-
tor and Cascaded H-Bridge inverters have the same number of switches,
however the they di�er on the clamping elements and number ofdc
sources needed. The Cascaded solution has a disadvantage ofrequiring
two isolated dc sources, against a single supply demanded bythe NPC
and Flying Capacitor topologies. Among these two, the Flying Capac-
itor inverter has a drawback of requiring a speci�c control strategy for
balancing the �ying capacitors.

For the �ve-level topology, the NPC and Flying Capacitors ar e rarely
employed since they require a high number of clamping elements. There-
fore, for applications with unique dc source, the ANPC emerge as a good
solution since it utilizes only three �oating capacitors and the dc-link is
split into only two capacitors, reducing the balancing complexity.

Based on this analysis in this work the classical six-switchtwo level,
the three-level NPC and the �ve-level ANPC will be utilized.
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Chapter 3

Current Control
Techniques

Among multiple functions of grid connected systems, the current control
plays one of the most important roles. The performance of thecomplete
system largely depends on the quality of the applied currentcontrol
strategy. It has to ful�l basic requirements, such as low harmonic dis-
tortion of the output current, high dynamic response, regulation of the
dc-link voltage and, in a number of cases, provide bi-directional power-
�ow [26].

The desire to propose a current control strategy which combines most
of these requirements has encouraged many researches in thelast two
decades [27] [28]. A large number of current controller techniques have
been described for di�erent applications [29] [30] [31], namely ac drives,
active �lters, uninterruptible power supplies (UPS), ac-d c converters,
etc. These control strategies achieve the same basic steady-state goal of
controlling the fundamental input or output current wavefo rm; however
they di�er on the implementation complexity, dynamic respo nse and
output current harmonic contents.

Although the existing current control techniques vary from very sim-
ple hysteresis methods to complex analytical approaches, they are all
based on the same basic principle. The load current is controlled by cor-
rectly modulating the converter input/output voltage. Thi s basic con-
cept is better explained by analyzing the simpli�ed scheme of a three-
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Figure 3.1: Simpli�ed schematic of a three-phase grid connected sys-
tem.

phase inverter connected to the grid through a �rst order output �lter
shown in Figure 3.1.

The general phase voltage equation is expressed in (3.1), whereuinv;iM

represents the inverter output voltage referred to the mid-point M , R
and L the output �lter parameters, while ug;i and i g;i symbolize the
grid voltage and current quantities. The coe�cient i represents the three
phasesR,S and T.

uinv;iM � L
dig;i

dt
� R � i g;i � ug;i = 0 (3.1)

Neglecting the �lter series resistanceR the equation can be rewritten
as follows:

L
dig;i

dt
= uinv;iM � ug;i : (3.2)

Considering the grid phase voltageug;i constant over one switching
frequency, equation (3.2) shows that the phase output current i g;i can
be controlled by adjusting the inverter output phase voltage uinv;iM .

This analysis is only valid if the mid-point M is physically or virtually
connected to the neutral-point N such that the common mode voltage
does not a�ect the phase voltages. This topic will be coveredin more
detail in the next chapters.

The current control concept can also be explained using phasor repre-
sentation of the voltage and current fundamentals as illustrated in Fig-
ure 3.2. The inverter output current is indirectly regulate d by controlling
the amplitude and phase angle (' ) of the inverter output voltage pha-
sor. In the �rst case (Figure 3.2(a)) where the inverter voltage is leading
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Figure 3.2: Vector diagram for the three-phase grid connected system.

the grid voltage with an angle ' a , the system works as an inverter with
the resulting current in phase with the grid voltage. However, if the
magnitude of the inverter output voltage vector is maintained but the
angle converted to negative (' b = � ' a ), the resulting current would
lie in the opposite direction and consequently the system would operate
as a recti�er(Figure 3.2(b)).

The principle of modulating the inverter output voltage is o ften achieved
based on the comparison of the actual measured currenti g;i to the de-
sired referencei g;i;ref as illustrated in Figure 3.3. The error signal � i g;i

is used by the current controller to either provide the control signals
(uc;i ) to the modulator or directly generating the switching stat essi for
the converter power devices. In the last case, the current controller and
modulator are assumed to be a single block.

3+

-Current 
Controller

Modulator

+

,g ii

,g iu
,g iL

3

, ,g i refi
,g iiD

dcu

is

,c iu

Figure 3.3: Basic current control scheme.
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One of the earliest introduced current control approaches based on
this comparison technique is the ramp-comparison controller [32] [33]. It
compares the control signal generated according to the current error to a
triangular carrier waveform, to generate the switching states. The main
advantage of this concept is that the inverter operates at a �xed switch-
ing frequency de�ned by the frequency of the triangular carrier wave-
form. However, the system response is a�ected by stability requirements
of the feedback loop, which also depends to load parameters.Moreover,
it performs an inherent phase and amplitude error even in steady-state
operation. The dependency of load parameters is eliminatedfor the
hysteresis control approach which uses hysteresis comparators to select
the proper switching states based on the comparison of the current error
with switching boundaries de�ning a hysteresis band [27] [33]. Although
simple and extremely robust, this control technique exhibits several un-
satisfactory features such as varying modulation frequency over a fun-
damental period. A good performance concerning steady-state accuracy
is obtained using synchronous reference frame transformation [34] [35].
Using rotating dq-reference frame theory, ac values become dc quanti-
ties and can be easily regulated using PI controllers. However, stability
and dynamic performance are again in�uenced by load parameters.

A new tendency of implementing current control techniques into di-
rect digital controllers using microprocessors has been ofparticular
interest, thanks to advantages in terms of �exibility, insensitivity to
age e�ects and thermal drifts. Moreover, new generations ofmicrocon-
trollers and digital signal processors (DSPs) are releasedwith higher
processing capability and with additional number of peripherics. This
trend has boosted the utilization of control schemes that demand com-
plex on-line processing and stored elements. The Direct Power Control
(DPC) [36] [37] concept �ts into these characteristics, since it requires
an instantaneous calculation of the active and reactive powers that are
compared to the desired references. The error signals are used to select
from a stored switching table the optimum switching state. Another
approach which is increasing force with the development of faster DSP
devices is the predictive control [38] [39] [40] [41]. It calculates the opti-
mum inverter voltage required to drive the actual currents according to
the reference values. Although it gives optimum performance in terms of
both response time and accuracy, it takes more calculationsand requires
a good knowledge of the load parameters.

Each of the existing current control techniques has its own charac-
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teristics and strengths, which makes it suitable for speci�c applications.
Furthermore, properties associated to switching frequency, load current
distortion and dynamic behavior usually contradict each other. There-
fore, the choice of the most appropriate current control method means
searching for the best compromise between these characteristics and the
nature of the application.

3.1 Ramp-Comparison Control

The ramp-comparison current controller uses proportional-integral (PI)
error compensators and a �xed frequency triangular carrierto generate
the gate signals of the converter power switches [32] [33]. Based on the
phase current error (� i g;i ) the PI controller derives the modulating
signals (uc;i ) to be compared to the pulsewidth modulator (triangular
carrier) as shown in Figure 3.4.

3+

- +

,g ii

,g iu
,g iL

3

, ,g i refi
,g iiD

dcu

is

+

-

,c iu

carrieru

Figure 3.4: Ramp-comparison current control scheme.

Some constraints are imposed on the controller design to guarantee
the proper operation of the system. Even though the PI controller gain
shall be selected high in order to reduce the tracking error,it must
remain low enough to avoid the amplitude of the control signal (uc;i ) to
exceed the carrier signal. Furthermore, the gain is also limited to ensure
that the slope of the control signal is always less than the slope of the
triangular carrier signal, thus avoiding multiple crossing which would
result in increased switching frequency andnor switching losses.

Figure 3.5 illustrates the inverter output voltage resulti ng for the
comparison between the control signaluc;i and the triangular carrier
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Figure 3.5: Inverter output voltage achieved with the comparison be-
tween the control signal uc;i and the triangular carrier ucarrier .

ucarrier . If the control signal is higher than the triangular waveform, the
switches are activated to applyudc to the output. On the other hand, if
the control signal is lower than the triangular carrier, an output voltage
equal to � udc is produced.

Additionally, the points of intersection de�ne the switchi ng instants
of the power switches. This maintains the switching frequency constant,
since the triangular carrier is operated with a �xed frequency. However,
despite this main advantage, the control concept has an inherent am-
plitude and phase tracking error, as the PI controller has toprocess AC
signals. Furthermore, it can be a�ected by stability requir ement of the
current feedback loop which is highly dependent to load parameters.

3.2 Hysteresis Control

The basic concept of the hysteresis current control is to switch the out-
put voltage level (+ udc to � udc for a two-level system) appropriately
whenever the measured current goes above or below a given tolerance
boundary [33] [27]. The current errors resulting from the comparison
between measured currents and respective phase current references are
controlled using three independent hysteresis comparators as illustrated
in Figure 3.6 by the simpli�ed diagram of a typical three-phase hystere-
sis current controller.

Since the switching signalssi (i = R; S; T) are produced directly
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Figure 3.6: Hysteresis current control scheme.

based on the hysteresis comparison of the three phase current errors,
the hysteresis current control approach provides excellent dynamic per-
formance, limited only by the switching speed and load time constant.
Additionally, independence of load parameters concerningstability, ro-
bustness and very simple implementation make the hysteresis approach
the current control method of choice for diverse types of applications.

However, the classical hysteresis current controller with�xed hystere-
sis band has the disadvantage that the modulation frequencyvaries over
a fundamental inverter period [42]. That is mainly caused because the
switching frequency is not only dependent on constant parameters such
as the output �lter inductance, dc-link voltage, desired current ripple
(width of band), but is also in�uenced by the periodic variat ion of the
ac grid voltage as shown by the equation (3.3).

f sw;i =
uinv;i � ug;i

L � � i g;i
(3.3)

This variable switching frequency results in an undesirable spread of
the ripple current harmonics, which complicate the design of the output
�lter and may generate unwanted resonances on the utility grid.

Another important factor which in�uences the switching fre quency is
the interference between the commutations of the three phases, inherent
to three-phase system without a neutral connection [43]. Inthis case,
each phase current not only depends on the corresponding phase voltage
but it is also a�ected by the voltage of the other two phases.

Furthermore, due to this interaction between the phases theinstanta-
neous current error is not limited within the tolerance band, but it can
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Figure 3.7: Vector representation of hysteresis control for (a) a set of in-
dependent three-phases controllers and (b) with the intera ction between
phases.

reach double of this value. If the output voltage of one phaseshould be
reversed in order to maintain the current error within the gi ven toler-
ance band, this transition can be made impossible by the switching state
of the other two phase controllers. Therefore, the current error contin-
ues to increase until it reaches twice the band width where a switching
action is enforced in another phase according toi R + i S + i T = 0 .

A vector diagram can be used to better explain such characteristic.
Figure 3.7(a) illustrates the vector representation of the current ref-
erence, actual measured current and the resulting current error along
with R, S and T axes of a three-phase set of coordinates. The phase cur-
rent error � i g;R is obtained through the projection of the current error
vector � �i g on the correspondingR axis. Assuming three independent
phases, the hysteresis controller of phaseR switches appropriately the
inverter leg R when � i g;R exceeds the hysteresis bandh. The tolerance
band is represented in Figure 3.7(a) by two lines perpendicular to the
R axis.

This representation is extended to the other two phases in the Fig-
ure 3.7(b), considering now a three-phase system with insulated neutral.
In the moment the projected current error � i g;R crosses the �rst toler-
ance bandh, the converter automatically generates an output voltage
R to keep the current within the desired band. However, due to the
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interaction between phases the correct action is completedonly when
the current error reaches another phase switching boundary, resulting
in the worst case in a current control error of twice the hysteresis band.

Several authors have tried to reduce this interaction between phases
[44] [45] in order to achieve a constant switching frequencyby modu-
lating the hysteresis band over one fundamental cycle according to the
ac-voltage [46] [47].

However, although the inclusion of new concepts into the classical
hysteresis control increase the level of complexity, they do not a�ect
dynamic response and stability issues. Therefore, constant switching
frequency hysteresis control emerges as a well suited approach for high
performance high-speed applications.

3.3 Voltage-Oriented Control

Voltage-Oriented Control (VOC) scheme uses the rotatingdq frame the-
ory to ensure a zero steady-state output current error. By transforming
ac phase quantities to dc components, the in�nite dc gain of the PI con-
trollers are able to lead actualdq currents to the desired values without
introducing static errors [31] [48].

In the particular case of the VOC scheme the synchronous transfor-
mation is oriented such that the d-axis is aligned to the grid voltage
vector as shown in Figure 3.8. The load current vector�i g, is divided
into rectangular components, where the componenti g;d determines the
active power whereasi g;q controls the reactive power �ow.
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Figure 3.8: Synchronousdq transformation oriented on the grid voltage
vector.
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Figure 3.9 illustrates the VOC principle involving the use of rotating
synchronous rectangular coordinates. The three measured output phase
currents are converted to dq components using synchronous reference
frame transformation and compared to the respective reference values
(i g;dq;ref ). Two PI regulators compensate any existing error by gener-
ating appropriate control voltages uc;d and uc;q, which are transformed
back to phase quantities and used as inputs by the pulse-width mod-
ulation (PWM) block to generate the command signals to the power
devices.

Although, the described approach allows e�cient regulation of active
and reactive power �ow using two distinct loops (i g;d and i g;q ), the
control of these variables are not performed completely independent.
Equation (3.4) shows how in the dq-frame the dq voltage equations of
the three-phase grid connected VSI (Figure 3.1) are dependent due to
the cross-coupling terms!L � i q and !L � i q.

uinv;d = R � i g;d + L di g;d

dt + ug;d � ! � L � i g;q

uinv;q = R � i g;q + L di g;q

dt + ug;q + ! � L � i g;d

(3.4)

In order to apply independent controllers for the two coordinates the
in�uence of the q-axis on the d-axis component and vice-versa has to be
removed. This is performed by creating a decoupling networkusing the
block containing !L information, as shown in Figure 3.10.

Furthermore, the feed-forward grid voltage (ug;d and ug;q) compen-
sation can e�ectively reduce any grid harmonic disturbance.
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Figure 3.10: Rotating frame VOC employing a dq decoupling network.

By including the decoupling and feed-forward control loopsto the
existing approach, the linear transfer function of i g to uc is given by:

i g(s)
uc(s)

=
1

L � s + R
(3.5)

Therefore, the parameters of the two PI regulators can be easily calcu-
lated based on classical design methods. Poles and zeros of the compen-
sator should be located with the intention to achieve good static and
dynamic performance of the system, and at the same time providing
su�cient stability margins.

Although giving very good performance concerning steady-state ac-
curacy, the voltage oriented control approach is still sensitive to load
parameters, which may in�uence the dynamic response and thesystem
stability.

However, it has the particular advantage of independent control of the
active and reactive current components, which translates directly into
active and reactive powers �ow control. This might be advantageous for
grid connected applications.

3.4 Direct Power Control

The Direct Power Control (DPC) concept proposed by Noguchi et. al
[37] slightly di�ers from the other current control techniq ues which use
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Figure 3.11: Direct Power Control scheme.

inner current control loops to directly regulate the load currents. Instead
of that, DPC (Figure 3.11) regulates instantaneous phase currents in
terms of active and reactive powers.

It is based on the industry standard practice for ac machinesknown
as Direct Torque Control (DTC). For the DPC approach active and
reactive power variables are directly controlled in a manner analogous
to torque and �ux control in motor drives applications.

The three-phase currents and grid voltages are used to estimate the
instantaneous active and reactive powers that are comparedto respec-
tive references. Usually, the active power referencepref is set by the
dc-link voltage controller and the reactive power reference qref is ad-
justed to zero to ensure unit power factor.

Two hysteresis controllers based onp and q error quantities and a
grid voltage position detector supply the inputs to the switching table
which is in charge to select the optimum voltage space vectorof the
converter. The in�uence of each vector on the instantaneousreal and
imaginary powers is diverse and results in di�erent control dynamics.
The impact of each vector is analyzed o�-line and properly stored in a
switching table according to the operating condition.

One of the most important aspects on DPC apart from the switching
table is the correct estimation of the active and reactive powers. It can
be performed either based on three-phase quantities,

54



3.4. DIRECT POWER CONTROL

p(t) = ug;R � i g;R + ug;S � i g;S + ug;T � i g;T

q(t) = 1p
3

[(ug;R � ug;S ) i g;T + ( ug;S � ug;T ) i g;R + ( ug;T � ug;R ) i g;S ] ;
(3.6)

or using stationary �� coordinates:

p(t) = ug;� � i g;� + ug;� � i g;�

q(t) = ug;� � i g;� � ug;� � i g;� :
(3.7)

Therefore, it excludes the necessity of synchronous reference frame
transformation, which demands higher computational e�ort . Besides
that, a very simple implementation and extremely fast dynamic response
are often cited as the biggest advantages of DPC.

On the other hand, the variable switching frequency and fastsampling
required for a digital implementation of the hysteresis controllers are
disadvantageous.

These drawbacks can be eliminated by replacing the hysteresis com-
parators and the switching table by PI controllers and spacevector
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Figure 3.12: Space Vector Modulation Direct Power Control scheme.
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modulation approach, as proposed in [49] and shown in Figure3.12.
The SVM-DPC with constant switching frequency is performed by em-
ploying PI controllers to generate the control signals usedby the space
vector modulator to generate the switching commands. However, a syn-
chronous reference frame transformation is required to convert the PI
output signals into stationary �� coordinates to used as input of the
space vector modulation block.

3.5 Predictive Current Control

Due to the availability and continuous development of powerful and
fast microprocessors, the interest in current control techniques which
demand high computational e�ort is increasing. The performance of this
type of controllers is rising proportionally to the speed and calculation
power of new families of microprocessors.

The basic idea of the predictive current controller is to perform a
fast and accurate control loop that selects the optimum control action
among all possibilities, to ful�l a certain prede�ned crite ria [40]. This
decision is based on the knowledge of actual variable measurements and
load parameters.

The typical structure of a predictive current controller is shown in
Figure 3.13. The "Load Model" block provides the actual load states
to the "Prediction and Decision", which is considered the heart of a
predictive control system. Based on the comparison of actual states and
references, the optimum switching state is selected according to the de-
cided criteria, which can be for example minimum switching frequency,
minimum response time or minimum current distortion.
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Figure 3.13: Basic structure of the Predictive current control approach .
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Although the basic concept employed is the same, a wide variety of
di�erent predictive control techniques has been presented. One of the
�rst introduced predictive control approaches was proposed by Holtz
and Stadtfeld in 1983 [38]. The method controls the current vector tra-
jectory in the complex plane such that a minimum spatial error with
respect to the reference vector is maintained. Due to this limited spa-
tial error this approach is commonly called "Hysteresis based Predictive
Control".

The location of the current error tolerance area is determined by the
current reference vector�i g;ref , as illustrated in Figure 3.14(a). When the
current vector �i g intersects the boundary line, the spatial error limit
is exceeded. Therefore, at this point a new switching state has to be
selected in order keep the error within the desired level. The trajectory
of the current vector for each possible switching state is computed and
predictions are made in order to select the switching state which keeps
the current within the boundary area and at the same time ensures,
that the next error boundary is reached only after a maximum on-
time. Therefore, it respects the second selected criteria of minimizing
the switching frequency.

A time representation of the error function related to the tr ajectory
behavior of each possible candidate (Figure 3.14(b)) givesa clear idea of
the selection process. According to Figure 3.14(b) the switching states
k = 5 and k = 6 would not respect the �rst constraint since the current
error would continue to increase. The switching statek = 3 , apparently
would give the best performance concerning error and on-time, however
the required number of commutations in the three phases may increase
the average switching frequency. This would force the optimization con-
trol loop to choose the switching statek = 2 .

Another slightly di�erent predictive current control appr oach, known
as "Model Predictive Control", predicts the load current at the begin-
ning of each sampling period and based on that, selects the voltage
vector that minimizes a quality function [40] [41]. Typical ly, this qual-
ity function measures the error of the load current at the next sampling
instant ( k + 1 ).

g = ji g;�;ref � i g;� j + ji g;�;ref � i g;� j (3.8)

There, the real i �;ref and imaginary i �;ref components of the future
reference current are determined via a second order extrapolation of the
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Figure 3.14: Hysteresis based predictive control - (a) current vector
and predicted trajectories and (b) predicted time behavior of each error
function.

reference current.

�i g;ref (k + 1) = 3 � �i g;ref (k) � 3 � �i g;ref (k � 1) + �i g;ref (k � 2) (3.9)

A discrete representation of the voltage loop equation (3.1) for a given
sample time Ts, can be used to predict the future value of the load
current i (k + 1) . The calculation is based on the measured voltage and
current at the kth sample time and the �lter parameters (L and R). The
inverter voltage �uinv and grid voltage �ug are assumed to be constant
over the sample periodTs.

�i g(k + 1) =
�

1 �
R � Ts

L

�
�i g(k) +

Ts

L
�uinv (k) �

Ts

L
�ug(k) (3.10)

The controller calculates the future load current and consequently
the future quality function for each possible voltage vector and selects
the one which results in the minimum quality function g. This voltage
vector is then applied during the next sample period.

Note that, since the optimization is performed at a �xed sample pe-
riod Ts, the resulting switching frequency remains constant 1

Ts
, unlike
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the previous method where the switching frequency is minimized but
not constant.

Besides these two predictive methods, some other concepts have been
proposed [50] [51] [52] in order to combine the fast dynamic response
of the classical hysteresis control with the prediction characteristic of
the predictive control. Digital calculations based on loadparameters are
performed to predict the proper hysteresis band to obtain a constant
switching frequency.

Similar to the voltage-oriented control strategy, the predictive current
control performance is highly dependent to load parametersestimation.
The presence of parameter variations or model mismatches can cause
stability problems to the control loop.

3.6 Comparison of the Control Techniques

As described above, there is no control technique which is able to ful�ll
all requirements in terms of stability, harmonic content, dynamic re-
sponse and simplicity. These speci�cations usually contradict each other
(Table 3.1), demanding a careful analysis of the compromisebetween
these characteristics and the nature of the application.

Besides the characteristics listed in Table 3.1, there exist some addi-
tional attributes that must be take into account for the selection of the
control technique. The ramp-comparison for example, has aninherent
amplitude and phase tracking error which limits its applications in the
majority of the cases. For grid connected systems, the direct power con-
trol is a practical alternative, since it provides a direct control of the
active and reactive powers without any current control loop. Moreover,
it turns to be robust to possible variations of the grid impedance.
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Table 3.1: Comparison of the control techniques.

Technique Stability Harmonic Content Dynamic Response Simplicity

Ramp-Comparison Dependent on Well de�ned Relatively
Control load parameters harmonic spectrum

Slow
Simple

Hysteresis Spread harmonic Very
Control

Robust
spectrum

Extremely Fast
Simple

Voltage Oriented Dependent on Well de�ned
Control load parameters harmonic spectrum

Slow Complex

Direct Power Spread harmonic
Control

Robust
spectrum

Extremely Fast Simple

Predictive Dependent on Well de�ned Complex Analytical
Control load parameters harmonic spectrum

Fast
Approach
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3.7 Summary

Although a large number of current control techniques have been pro-
posed in the last few decades, none of them has been elected bythe
industry as the optimum and standard control method. The desired
performance regarding stability, low harmonic content, fast transient
behavior and simplicity are in the majority of the time contr adictory.
The hysteresis controller has an inherent stability characteristic and
reacts extremely fast to any transient, however it is penalized by a vari-
able switching frequency and natural interference betweenphases in
insulated neutral three-phase systems. A constant switching frequency
and consequently a well de�ned harmonic spectrum are achieved with
the ramp-comparison current control approach. It regulates the load
currents through three independent PI controllers, nevertheless, it is af-
fected by an inherent tracking error. By transforming ac phase quantities
into dc values using synchronous reference frame theory, the voltage-
oriented control is able to reduce the error of the fundamental cur-
rent component to zero using two PI controllers to regulate the dq-
components of the load current. However, the dynamic performance is
not comparable with the hysteresis method. A new trend of current con-
trollers is emerging supported by the fast development of new powerful
microprocessors. The direct power control estimates in software the in-
stantaneous active and reactive powers, and based on the error of these
quantities a stored switching table selects the optimum switching state.
The computational bene�ts provided by microprocessors arealso used
by the predictive current controller to make forecast basedon system
models. The predicted values are used to decide the optimum voltage
vector with respect to some prede�ned criteria. Since the controlled vari-
able estimations are calculated using load parameters, this approach is
susceptible to any parameter variation. The non-existenceof a current
control technique which is able to ful�l all the desired requirements to-
gether with the prospect of even faster microprocessors continuously
encouraging development of new control techniques. For grid connected
systems, the comparative analysis presented in the Section3.6 shows
that the Direct Power Control is a practical alternative, si nce it con-
trols the active and reactive powers directly and it is robust to possible
variations of the grid impedance. On the other hand, it has been covered
only for low power applications using the classical two-level inverter and
a single orderL �lter. Another strong candidate is the hysteresis cur-
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rent control, which has a long list of advantages, however itsu�ers from
distorted output currents due to a variable switching frequency and in-
terference between phases. In order to overcome the drawbacks of these
two controllers, this work focus into improve the switching behavior of
the current hysteresis controller, and to extend both concepts to high
power systems, covering the challenges found in such systems.
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Chapter 4

Virtual-Flux Direct Power
Control for Two-Level
Inverters

The Direct Power Control (DPC) scheme has become more widelyused
over the last few years due to the advantages of fast dynamic per-
formance and simple control implementation when compared with the
other methods. On the other hand, the main disadvantage of the DPC
is the variable switching frequency. The basic idea of the DPC is the
direct control of active and reactive powers without any internal con-
trol loop or PWM modulator. The switching states are selected via a
switching table and the states are chosen based on the instantaneous
error between the estimated and the desired active and reactive powers.
Therefore, for a proper operation of the system a correct switching table
as well as an accurate estimation of the instantaneous powers are indis-
pensable. The basic concept for instantaneous power calculation is the
simple operation between voltage and current. Consequently, continu-
ous measurements of these quantities are necessary, which demand a
high number of sensors. Voltage sensorless methods have been proposed
to estimate the grid voltage by using the classic Kircho�'s voltage loop
equation. However, since it involves derivation of the loadcurrent, any
noise on the measurement may lead to an erroneous estimation. The
derivative term can be avoided if the voltage quantities arereplaced by
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�ux quantities, introducing the Virtual-Flux concept.

The DPC concept has been previously presented [37] [53], however
only simple series inductors were used as �lter interface between the
converter and the mains. These �lters would be easily implemented if
high switching frequencies are employed, however in high power applica-
tions, where a low switching frequency is required, the implementation
of such a concept is restricted. An alternative �lter implementation is
with a third order output �lter, such as an LCL �lter, which can achieve
reduced levels of harmonic distortion at lower switching frequencies and
with less total inductance [54]. On the other hand, theLCL �lter may
cause steady-state and transient distortion of the output current due to
resonances. This distortion can be reduced but not solved inPWM con-
verters if the main resonance frequency is selected in a frequency range
where no harmonics of the output current exist. In the case ofDPC this
approach can not be considered, since the switching harmonic spectrum
is not clearly de�ned but spread due to the variable switching frequency.

Several methods [55]- [56] have been proposed to damp the supply
current oscillations, but usually the output damping contr oller is over-
riding a pulse width modulator, which is not possible with DPC since
the switching states are selected by an optimum switching table, and not
through a current control PWM loop. In this work, a novel stra tegy for
active damping of output LCL �lter, based on active and reactive power
modi�cations, is proposed and its in�uence on the converter behavior
is presented.

An important aspect of the proposed damping strategy is that there
is a compromise between the active damping factor and the level of low
order harmonics components, since the active damping method reduces
the current harmonics within the LCL �lter resonance range and on the
other hand increases the low order harmonics present in the capacitor
current. The solution implemented in the proposed approachis to pro-
vide individual harmonic rejection based on their respective individual
synchronous reference frame.

4.1 Direct Power Control - Main Concept

The basic principle of the Direct Power Control (DPC) was proposed
by Noguchi [37] and is based on the well known Direct Torque Control
(DTC) of induction machines. In the DPC, active and reactive powers
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4.1. DIRECT POWER CONTROL - MAIN CONCEPT

replace the torque and �ux amplitude used as the controlled outputs
in the DTC. The basic concept, illustrated in Figure 4.1, consists of
selecting the appropriate switching state from a switchingtable based
on the errors, which are limited by a hysteresis band, present in the
active and reactive powers.
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p qd d

Figure 4.1: Block Scheme of Conventional Direct Power Control.

Two important aspects have to be maintained to guarantee thecorrect
operation of the system:

ˆ Correct selection of the switching states;

ˆ Accurate and fast estimation of the active and reactive powers.

Based on the measured grid voltages and currents, the actualactive
and reactive powers can be calculated as

p(t) = ug;R � i g;R + ug;S � i g;S + ug;T � i g;T (4.1)

q(t) =
1

p
3

[(ug;R � ug;S ) i g;T + ( ug;S � ug;T ) i g;R

+ ( ug;T � ug;R ) i g;S ] : (4.2)
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,g iu
,g ii gL

gR

,inv iMu

is

dcu
T

S

R

Figure 4.2: Three-Phase Voltage Source Inverter (VSI) connected to
the grid through an L �lter.

However, the required number of sensors increases costs andreduces
the reliability of the system. Therefore, in order to correctly estimate
the power and at the same time reduce the number of implemented
voltage sensors, Noguchi proposes the use of voltage vectorestimation.

According to the grid connected three-phase VSI circuit (Figure 4.2),
the grid voltage can be calculated based on the inverter output voltage
and the voltage drop across the output �lter,

ug;i = uinv;i � Rg � i g;i � L g �
dig;i

dt
; (4.3)

where (i = R; S; T).

For this analysis the common mode voltage is assumed to be zero,
resulting in uinv;i = uinv;iM .

The inverter output voltage uinv;iM is calculated according to the
measured dc-link voltageudc and the converter switch statessi .

uinv;iM = udc � si : (4.4)

Therefore, a grid voltage sensorless active and reactive power estima-
tion is obtained by substituting (4.3) and (4.4) into (4.1) a nd (4.2). Due
to the low e�ect caused by the �lter resistance on the estimated power,
it is neglected for these calculations.
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p(t) = L g

�
dig;R

dt
� i g;R +

dig;S

dt
� i g;S +

dig;T

dt
� i g;T

�

+ udc (sR � i g;R + sS � i g;S + sT � i g;T ) (4.5)

q(t) =
1

p
3

�
3L g

�
dig;R

dt
� i g;T �

dig;T

dt
� i g;R

�
� udc [sR (i g;S � i g;T )

+ sS (i g;T � i g;R ) + sT (i g;R � i g;S )]
�

: (4.6)

However, the implementation of such approach involves the compu-
tation of the time derivative of the measured currents. The use of a
derivative can increase the noise in the control loop, thus increasing the
level of distortion.

4.1.1 Virtual-Flux and Power Estimation

Recently the Virtual-Flux strategy was proposed [53], which basically
relate the grid voltage and the ac-side inductors to a virtual ac motor.
Making an analogy with ac motors,Rg and L g on the simpli�ed scheme
(Figure 4.3) represent the stator resistance and the statorleakage in-
ductance respectively and the grid voltage�ug represents the machine's
electro-motive force.

Applying the �ux de�nitions of (4.7) to the voltage loop equa tion of
(4.3), the grid virtual-�ux can be estimated as shown in (4.8).

gu

gigL

invu

gR

Figure 4.3: Equivalent circuit of a grid connected Three-Phase VSI
with L �lter.
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� g =
Z

�ug � dt (4.7)

� g =
Z

(�uinv � Rg � �i g) � dt � L g � �i g (4.8)

Neglecting the series resistance of the grid inductor, the grid virtual-
�ux can be rewritten as

� g =
Z

�uinv � dt � L g � �i g (4.9)

or in stationary coordinates

 g;� =
Z

uinv;� � dt � L g � i g;�

 g;� =
Z

uinv;� � dt � L g � i g;�

(4.10)

where the inverter output voltage in stationary coordinates can be de-
rived from the measured dc link voltage udc and the switching state
si .

uinv;� =
udc

3
(2 � sR � sS � sT ) (4.11)

uinv;� =
1

p
3

udc (sS � sT ) (4.12)

The relationship between voltage and virtual-�ux quantiti es is illus-
trated in Figure 4.4 by the phasor diagram representation ofa grid
connected three-phase system (Figure 4.3). Due to the integration char-
acteristic of the virtual-�ux component, the voltage vecto r is leading by
ninety degree the virtual-�ux vector. Moreover, since the virtual-�ux
method is based on the machine theory, thed-axis is oriented to the
grid virtual-�ux space vector � g and the voltage vector is aligned to the
orthogonal q-axis.
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Figure 4.4: Phasor diagram representation of a three-phase grid con-
nected system. Relationship between voltage and virtual-� ux quantities.

In a practical implementation the integrator that is used to calculate
the inverter output �ux might saturate due to either noise or dc o�-
sets present in the sensed current or voltage. Therefore, a low-pass �lter
normally replaces the pure integrator, however this reduces the system
performance as phase and magnitude errors are inherent in the low-pass
�lter. In order to avoid these errors, phase and magnitude compensa-
tion, as presented in [57], are implemented in the �ux estimation. The
main idea of this method is to provide low-pass �lter behavior at all
frequencies except at the operating frequency (grid voltage frequency),
thus avoiding the integration drift problem while at the sam e time main-
taining good system performance.

When a pure integrator is used, the inverter virtual-�ux vec tor is
calculated according to

� inv =
Z

�uinv � dt; (4.13)

which can be rewritten as (4.14) and (4.15) under sinusoidalsteady-state
condition.

� inv =
�uinv

j!
(4.14)

�uinv = j! � inv : (4.15)
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If now a low-pass �lter with a cut-o� frequency of ! c substitute the
pure integrator, (4.14) and (4.15) become

� 0
inv =

�uinv

j! + ! c
(4.16)

and

�uinv = j! � 0
inv + ! c

� 0
inv : (4.17)

Comparing (4.15) to (4.17), one can extract the relationship between
the estimated � 0

inv and actual � inv inverter virtual-�ux vectors.

� inv = � 0
inv � j

! c

!
� 0

inv (4.18)

This relationship can be presented in terms of stationary�� compo-
nents

 inv;� =  0
inv;� +  0

inv;�
! c

!
(4.19)

 inv;� =  0
inv;� �  0

inv;�
! c

!
; (4.20)

and used in the grid virtual-�ux estimation method illustra ted in Fig-
ure 4.5, to compensate the magnitude and phase errors causedby the
low-pass �lter characteristic.
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Figure 4.5: Detailed grid virtual-�ux calculation block diagram.

In order to utilize the virtual-�ux concept and consequentl y avoid
extra voltage sensors, equations which describe the instantaneous active
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and reactive powers have to be derived.

According to the space vector theorem, the instantaneous active and
reactive powers can be calculated based on the real and imaginary prod-
uct of the voltage vector and the conjugate current vector aspresented
in equations (4.21) and (4.22),

p =
3
2

<
�

�ug � �i �
g

	
(4.21)

q =
3
2

=
�

�ug � �i �
g

	
: (4.22)

A time variation of the �ux vector results in an induced volta ge vector
expressed by

�ug =
d � g

dt
; (4.23)

where the �ux vector can be represented by magnitude and angle com-
ponents,

� g =  g � ej!t : (4.24)

The �ux vector di�erential equation can be solved as

d � g

dt
=

d
�
 gej!t

�

dt

=
d g

dt
ej!t + j! gej!t : (4.25)

Considering sinusoidal and symmetric grid voltages, (4.25) is simpli-
�ed to

d � g

dt
= j! � g: (4.26)

Therefore, substituting (4.26) and (4.23) into (4.21) and (4.22) the
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active and reactive power estimations can be performed based on the
grid virtual-�ux vector.

p =
3
2

<
�

j! � g � �i �
g

	
(4.27)

q =
3
2

=
�

j! � g � �i �
g

	
(4.28)

Assuming the space vectors being represented indq coordinates

� g = (  g;d + j g;q ) (4.29)

�i g = ( i g;q + ji g;q ) ; (4.30)

the instantaneous active and reactive powers based on the estimated
grid virtual-�ux are resulting as

p =
3
2

! � ( g;d � i g;q �  g;q � i g;d ) (4.31)

q =
3
2

! � ( g;d � i g;d +  g;q � i g;q): (4.32)

However, if the grid virtual-�ux space vector is aligned to t he d-axis,
the orthogonal component is null ( g;q = 0 ), consequently equation
(4.31) and (4.32) can be reduced to

p =
3
2

! � ( g;d � i g;q ) (4.33)

q =
3
2

! � ( g;d � i g;d ): (4.34)

Therefore, one can note that if the d-axis is oriented to the virtual-
�ux space vector, the active power is directly proportional to the q
component of the grid current and the reactive power is determined by
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the d component.

Although the synchronous transformation provides a clear under-
standing concerning the in�uence of the grid current on the active
and reactive powers, it requires higher computational e�ort and cor-
rect space vector position estimation.

Thus, in order to avoid a dq-transformation, active and reactive power
estimations can be performed using stationary�� quantities.

� g = (  g;� + j g;� ) (4.35)

�i g = ( i g;� + ji g;� ) (4.36)

Introducing the estimated grid virtual-�ux and the measure d currents
in �� coordinates into equations (4.27) and (4.28), the instantaneous
active and the reactive powers can be estimated as

p =
3
2

! � ( g;� � i g;� �  g;� � i g;� ) (4.37)

q =
3
2

! � ( g;� � i g;� +  g;� � i g;� ): (4.38)

4.1.2 Hysteresis Controller

The main idea of the Direct Power Control is to maintain the instan-
taneous active and reactive powers within a desired band. This control
is based on two independent hysteresis controllers which use as inputs
the error signals between the reference values and the estimated active
and reactive powers.

� p = pref � p

� q = qref � q
(4.39)

These two hysteresis controllers are in charge to decide at which point
a new switching and/or voltage vector is applied of the inverter out-
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put. If the power error ( � p or � q) is increasing and reaches the upper
level, the hysteresis controller changes its output to1 (Figure 4.6). The
switching table will recognize the input change and switch the output to
an appropriate vector which allows the inverter to modify it s instanta-
neous active or reactive power status. The output level of the hysteresis
controller is maintained until the error signal reaches the lower band,
where the output will be then be switched to zero. Although the hys-
teresis output is kept until the error reaches the other boundary, the
switching table may switch to another output vector due to th e status
modi�cation of the other hysteresis controller or due to the position of
the actual virtual-�ux vector in the complex plane.
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Figure 4.6: Behavior of a two-level hysteresis power controller.

The behavior of a hysteresis controller concerning its boundary levels
can be summarized as follows.

� p;q > h p;q

� hpq � � p;q � hpq and d� pq

dt < 0

)

dp;q = 1 (4.40)

� p;q < � hp;q

� hp;q � � p;q � hp;q and d� p;q

dt > 0

)

dp;q = 0 (4.41)
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4.1.3 Sector Decision

The in�uence of each inverter output voltage space vector onthe result-
ing active and reactive powers is highly dependent on the actual position
of the grid voltage vector. Thus, besides the two hysteresiscontroller
signals, the switching table operates according to the position of the
grid voltage vector (or grid virtual-�ux vector), which is r otating with
a speed equal to!t , in the complex plane.

However, instead of providing the switching table with the exact po-
sition, the sector decision block informs only in which sector the actual
grid virtual-�ux vector is localized.

The space vector plane is divided into 12 sectors of30 � width (Fig-
ure 4.7), where the �rst sector is de�ned by the range between� 2�

3 and
� �

2 . The consecutive regions follow in anticlockwise direction the same
criteria, which can be generically expressed as

(n � 5)
�
6

� sector n< (n � 4)
�
6

where n = 1 ; 2; : : : 12: (4.42)

According to the grid virtual-�ux vector angle � referred to the � axis,
the sector where the vector is located is selected. The angleis calculated
using an inverse trigonometric function based on the estimated grid
virtual-�ux �� components as shown in the equation (4.43) .
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Figure 4.7: �� -plane divided into sectors.
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� = arctan
 �

 �
(4.43)

4.1.4 Switching-Table

The switching table can be considered as the heart of the Direct Power
Control. It selects an appropriate inverter voltage vector to drive the in-
stantaneous active and reactive powers into the desired direction, based
on the position of the grid voltage vector and errors of the actual active
and reactive powers.

A two-level voltage source inverter shown in the Figure 4.2 is able to
generate seven output voltage vectors (Figure 4.8), by performing eight
di�erent switch combinations (Figure 4.9).

Each space vector is calculated based on the respective switch com-
bination and dc-link voltage.

Uk =
2
3

udc

�
sR;k + sS;k � ej 2�

3 + sT;k � ej 4�
3

�
(4.44)

The switch combinations are enumerated from zero to seven (k =
0; 1; : : : 7) and sR;k , sS;k and sT;k are the states of the upper switches,
in which sR;k = 1 means switch on andsR;k = 0 denominates switch
o�. The states of the lower switches are complementary to theupper

•

 

(1 0 0)U1

U2

(1 1 0)(0 1 0)

U3

U4

U5 U6

(1 0 1)(0 0 1)

(0 1 1) (0 0 0)
(1 0 0)

U0
U7

Figure 4.8: Space vector diagram of a two-level VSI.
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ones in order to avoid a short circuit of the dc supply.

The space vectors withk = 1 ; 2; : : : 6 have an equal amplitude given
by 2

3 udc, and sequential phase angles of(k � 1) �
3 . The remaining two

space vectors (k = 0 ; 7) have an amplitude equal to zero.

Among all these seven possible output voltage vectors, the switching
table has to select the one which appropriately corrects theactual error
on the active and reactive powers or in other words, which keeps the

(1 0 0)
U1

(0 1 0)
U3

(0 0 1)

U5

(0 0 0)

U0
(1 1 1)

U7

(1 0 1)

U6

(0 1 1)
U4

(1 1 0)
U2

Figure 4.9: Generated output voltage vectors.

77



CHAPTER 4. VF-DIRECT POWER CONTROL FOR TWO-LEVEL INVERTERS

error signals within the desired hysteresis band. The selected vector will
be applied by the inverter until the switching table receives a new com-
mand either from the hysteresis controllers or from the sector decision
block.

Since the time interval between two switching actions is relatively
short, the inverter �ux change can be approximated as

� � k = �Uk � � t: (4.45)

Therefore, equation (4.45) shows that the applied voltage space vector
produces a virtual-�ux variation which has the same direction as the
voltage space vector and an amplitude proportional to the voltage and
the width of the time interval during which the voltage is app lied.

This characteristic can be used to examine the e�ect of each output
vector on the active and reactive powers, considering a particular sector,
as shown by the vector diagram of Figure 4.10.

At an instant t the inverter generates an output virtual-�ux vector
� t

inv that results in a grid current �i t
g. To verify directly the e�ect of

the generated grid current on the active and reactive powers, the grid
current vector can be transformed into dq components. If the transfor-
mation is performed with d-axis being aligned to the grid virtual-�ux
space vector � g, equations (4.33) and (4.34) show that the active power
is directly proportional to the q component of the grid current vector
i t
g;q and the reactive power is proportional to the d component i t

g;d .

Now, assuming that at an instant t + 1 the inverter applies the space
vector U1 for a certain time (Figure 4.10(a)), as shown in (4.45), the
inverter virtual-�ux space vector follows the direction of the applied
voltage vector according to (4.46).

� t +1
inv = � t

inv + � � 1 (4.46)

Even though the grid virtual-�ux space vector varies with th e same
magnitude as the inverter virtual-�ux space vector, its e�e ct might be
neglected since it is rotating always in the same direction and it may
in�uence in the magnitude of the active and reactive power variation
but not in the direction.

Consequently, the output �lter �ux is changed to � t +1
L as well the

grid current space vector to�i t +1
g . Transforming the current vector into

dq components, one can note that thed componenti t +1
g;d is increased and
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the q component i t +1
g;q is reduced, when compared to the previous state

t. Therefore, assuming the grid-virtual �ux in sector 5, the space vector
U1 will reduce the active power while increasing the reactive power.
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Figure 4.10: E�ect of each inverter output voltage vector on p and q.
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A similar analysis can be performed for the other �ve active inverter
output voltage space vectors as presented in Figure 4.10(b)-(f). In sum-
mary, one can conclude that with the grid virtual-�ux lying i n sector 5,
voltage vectors U2, U3 and U4 can be selected to increase the genera-
tion of active power. On the other hand, vectorsU1, U5 and U6 can be
used to decrease the instantaneous active power. In the caseof reactive
power, vectorsU1, U2 and U6 would allow the system to transfer more
reactive power whereas vectorsU3, U4 and U5 would decrease it.

This analysis shows that there is not a single option for building
a switching table. For example, for sector5 the previous analysis has
shown that there are two possible space vectors to increase the active
power and to decrease the reactive power -U3 and U4. However, the
magnitude in which they a�ect the active and reactive power are dis-
tinct. Vector U3 has a strong e�ect on the active power while vectorU4

has a large in�uence on the reactive power. Therefore, di�erent switch-
ing tables can be built in order to achieve the same goal of controlling
the active and reactive powers, however using distinct criteria such as
current ripple, switching frequency and dynamic performance.

Unlike the active vectors, the zero vectorsU0 and U7 do not a�ect the
active and reactive powers signi�cantly. The e�ect of these vectors is to
freeze the inverter output virtual-�ux, without a�ecting i ts magnitude
and angle. Therefore, the only di�erence remains on the rotation of the
grid voltage vector, which would change the angle between the inverter
and grid voltage vectors. However, since the speed of rotation of the grid
voltage vector is relatively slow, the e�ect of zero vectorsare rather
small. Moreover, although the dynamics would be a�ected, the zero

Table 4.1: Switching table for a two-level VSI.

Sector
dp dq 3 4 5 6

0 0 U4 U4 U5 U5

0 1 U6 U6 U1 U1

1 0 U2 U3 U3 U4

1 1 U1 U2 U2 U3
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vectors can be used to decrease switching frequency.

Out of that, one possible switching table can be built in order to
achieve good dynamic behavior. This information is presented in Ta-
ble 4.1 for 120o, between sectors three and six. Due to the symmetry
characteristics, this table can be easily extended to the remaining sec-
tors.

4.1.5 Experimental Veri�cation

The experimental evaluation of the Virtual-Flux-Direct Po wer Control
(VF-DPC) is performed using a lower power prototype (Figure 4.11)
that has the same low switching frequency as in a high power applica-
tion. The setup consists of a6kW inverter, with an averaged switching
frequency of around4kHz , connected to a controlled400V, 50Hz , 3-
phase ac power source via anL �lter ( L g = 10mH ). The dc power is
supplied by two 10kW , 600V controlled dc power supplies connected in

Measurement Bord 
DSP Board 
PLD Board 

Power Devices 
(Bottom) 

dc- link Capacitors

Gate Drivers
Circuits

Figure 4.11: Photo of the three-phase two-level prototype.
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series to provide a750V dc link. The VF-DPC control is implemented
in a fully digital system using an Analog Devices ADSP21991 16-bit
160MHz DSP. The DSP is interfaced to the inverter via a measure-
ment and interface printed circuit board. Three analog signals (2 grid
currents and the DC link voltage) are sampled at 180kHz using the
internal 14-bit ADC. During the ADC conversion time of 725ns, the
algorithm calculates the grid virtual-�ux based on the swit ching state
and the instantaneous dc input voltage as well as the grid side inductor
�uxes. The DSP selects the subsequent switching state basedon the
grid sector and the error between the calculated instantaneous power
and the reference.

The performance of the implemented VF-DPC can be observed in
the Figure 4.12, which shows the grid voltage in phaseR (ug;R ), the
estimated �� grid virtual-�ux (  �� ) and the generated current i g;R .
Although the integration part of the grid virtual-�ux calcu lation is per-
formed using a low-pass �lter with a cut-o� frequency of 6:5Hz , the
inherent delay caused by such �lter is appropriately compensated. The
resulting � component of the grid virtual-�ux is lagging the grid phase
R voltage by 90 � . This correct estimation assures a precise calculation
of the instantaneous active and reactive powers,p and q, as presented
in Figure 4.13. Therefore, by setting the reactive power reference to
zero, the correct estimation will guarantee a generated grid current in
phase with respective grid phase voltage as shown in Figure 4.12 and
Figure 4.13.

u Rg,

• ag, • bg,

i Rg,

Figure 4.12: Experimental analysis of the VF-DPC concerning grid
phase voltage ug;R , virtual-�ux  g;�� and phase current i g;R .
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u Rg,

i Rg,

p

q

Figure 4.13: Generated grid current i g;R according to the estimated
active and reactive powers, p and q.

For analyzing the biggest disadvantage of the VF-DPC concept, the
switching frequency is experimentally analyzed in Figure 4.14. Fig-
ure 4.14(a) shows the gate signalsus;R applied to the upper switch
of the inverter phaseR over one fundamental period. One can see that
around the zero crossing of the phase currenti g;R , the frequency of the
pulses raises. This variable switching frequency can be better observed
in the grid current frequency spectrum presented in Figure 4.14(b). Al-
though the spectrum is centered around the desired switching frequency
(4kHz ), it is still spread over a wide range. The time behavior of the
switching frequency over one fundamental cycle (Figure 4.14(c)) shows
instants where the switching frequency reaches higher and lower values
when compared to the average4kHz .

A key part of the VF-DPC approach are the active and reactive power
hysteresis controllers. They are in charge to inform the switching table
if the next voltage space vector must increase or decrease the active and
reactive powers. On the other hand, the switching table has to be able to
keep the error signals within the hysteresis boundaries, bychoosing the
correct voltage vector. Figure 4.15 shows the errors of the active (� p)
and reactive (� q) power being maintained between the upperhp;q and
lower � hp;q hysteresis boundaries. When one of the error signal reaches
the upper or lower boundary, the switching table selects a proper voltage
vector to change the direction of the respective error (Figure 4.15(a)).
However, even though the chosen voltage vector is applied toexclusively
correct the direction of a determined variable (p or q) which has reached
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(a) Gate signal over one mains period
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Figure 4.14: Experimental switching frequency analysis. (a)Fixed hys-
teresis band h, grid phase voltage ug;R , phase current i g;R and phaseR
upper switch gate signal ug;R , (b) frequency spectrum of the grid current
and (c) switching frequency time behavior over one mains period.
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the hysteresis boundary, it also a�ects the behavior of the other variable,
as can be seen in the Figure 4.15(b).

Although the hysteresis controller is the major responsible for the
resulting variable switching frequency, the characteristic of keeping the
output state until the error signal reaches the other switching boundary
allows for a very fast dynamic system. In order to verify experimentally
this dynamic performance, a step from40% to 80% of the rated active
power is given and shown in the Figure 4.16. The current and con-
sequently the estimated actual power, immediately follow the change

qD

hp

hp

hq

hq

pD

(a) Active and reactive power hysteresis control

qD

hp

hp

hq

hq

pD

(b) Impact on one variable of a control action on
p or q on the respective other quantity

Figure 4.15: Active and reactive power hysteresis controllers based on
the error signals � p and � q .
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on the active power reference, as shown in the Figure 4.16(a). The re-
sponse occurs very fast and without any overshoot or oscillation. The
estimated instantaneous active power reaches the new reference value
within approximately 400�s , as can be observed in the Figure 4.16(b),
which shows the dynamic performance with lower time scale. Addition-
ally, one can note that the reactive power is almost insensitive to a
change of the active power.

pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

q

p

i Rg,

(b) Time scale - 500�s

Figure 4.16: Experimental results of a positive step of 40% in the active
power reference presented in (a)5ms time scale and (b) 500�s time scale.
Active power reference pref , actual active power p, grid phase voltage
ug;R and current i g;R .
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A similar dynamic response is observed when a negative step from
80% to 40% of the rated active power is applied to the system (Fig-
ure 4.17). The time response is even faster, reaching the newreference
value in approximately 100�s as shown in the Figure 4.17(b).

u Rg,

i Rg,

pref

p

(a) Time scale - 5ms

pref

p

q

i Rg,

(b) Time scale - 500�s

Figure 4.17: Experimental results of a negative step of 40% in the active
power reference presented in (a)5ms time scale and (b) 500�s time scale.
Active power reference pref , actual active power p, grid phase voltage
ug;R and corresponding current i g;R .
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4.2 Extended VF-DPC with LCL �lter

The extended system adapts the conventional VF-DPC strategy to a
system with third order LCL output �lter, achieving reduced levels of
harmonic distortion for a VSI operating with low switching f requency.
With this approach the �nal size of the output �lter is reduce d through
a lower total series inductance, ful�lling the requirement for high power
applications. In order to practically implement this system and to try to
overcome the resonance challenges resulting from incorporating an LCL
�lter, the block diagram presented in Figure 4.18 shows the concept for
the proposed method. The basic approach of the DPC of controlling
the instantaneous active and reactive powers through the appropriate
selection of the switching states based on the instantaneous errors of the
reference and estimated values is kept. However, some modi�cations are
necessary in order to achieve individual harmonic control and active
damping to reduce the oscillations due to theLCL �lter resonances.
Unlike the conventional VF-DPC which operates only in the stationary
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Figure 4.18: Block diagram of the proposed DPC system with LCL
�lter.
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reference frame, the proposed method applies the synchronous reference
frame transformation in some of the outer loops. Typically, this trans-
formation is avoided since it requires angle information, which increases
complexity. However, in the proposed method the angle is available, pro-
vided by a Phase-Locked Loop used to guarantee the correct operation
even under grid voltage distortion.

Since the switching states are selected via a switching table, there
is no modulation index or common control signal within the control
loops where the active damping control signal can be directly added.
To overcome this limitation the active damping control, as well as the
individual harmonic rejection control have to be implemented by acting
directly on the active and reactive power components. Thesecontrol
signals have to be added to the fundamental references (pref and qref ).
Both control features will be explained in detail in the following sections.

Besides the two measurements typically used in the conventional VF-
DPC, namely the dc-link voltage and the converter side current, the
proposed method demands additional measurements to implement the
extra control loops. The harmonic control loop utilizes the mains cur-
rent to extract the harmonic information. The active dampin g controller
would be typically required to measure the capacitor voltage, however
to avoid two extra sensors, only the capacitor current is measured, since
it allows both the capacitor voltage and the mains current to be calcu-
lated.

The mains current and consequently the mains power are expected
to have very low switching ripple by using a third order output �lter.
This low ripple makes the control of the grid side active and reactive
powers very di�cult when a hysteresis approach is used, as the hysteresis
boundaries have to be reduced to minimum. As a solution, the converter
side active and reactive powers must be controlled, and thisexplains the
sensing of the converter side currents.

A di�erent method for the mains virtual-�ux estimation from the
conventional concept employed for a series inductor �lter is required. An
equivalent simpli�ed circuit of the LCL �lter is illustrate d in Figure 4.19
and is used to derive the virtual-�ux estimation method.

First, the capacitor virtual-�ux is estimated as

� c =
Z

�uinv � dt � L inv � �i inv : (4.47)
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gu

invi gigLinvL

invu
ci

C cu

Figure 4.19: Equivalent circuit of a grid connected three-phase VSI
with LCL �lter.

The grid virtual-�ux can then be estimated based on the capacitor
and the grid side inductor virtual �uxes, which is the produc t of the
grid side inductance and its current. To avoid using another current
sensor, the mains current can be estimated from the converter side and
capacitor current measurements.

� g = � c � L g � (�i inv � �i c) (4.48)

The method used for theL �lter implementation to avoid saturation
on the virtual-�ux estimation due to dc o�set of the integrat ed quan-
tities, is used in a similar form also for the LCL �lter approach. The
pure integrators employed to calculate the output inverter virtual-�ux
are replaced by low-pass �lters, and inherent errors causedby such �lter
are compensated based on equations (4.19) and (4.20).

The complete grid virtual-�ux estimation method is illustr ated in the
block diagram of Figure 4.20.

Using the same calculation process as in the conventional DPC, the
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• c
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Figure 4.20: Detailed grid virtual-�ux calculation block diagram for
the LCL approach.
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converter side active and reactive powers in stationary�� coordinates
can be estimated by

p =
3
2

! � ( g;� � i inv;� �  g;� � i inv;� ) (4.49)

q =
3
2

! � ( g;� � i inv;� +  g;� � i inv;� ): (4.50)

Another practical issue to be considered is related to a variation of
the inductance of the output �lter inductors. The values of t he con-
verter side inductor (L inv ) and the grid side inductor (L g) may vary
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Figure 4.21: Accuracy analysis of the active and reactive power esti-
mation method. Error on the generated active (a) and reactiv e power
(b) caused by variations in the output �lter parameters - L inv and L g .
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according to the operation point and aging. A small variation of one
of these parameters may cause erroneous virtual-�ux estimation and
consequently an incorrect amount of active and reactive power would
be generated by the inverter. To show the in�uence of these variations
on the system accuracy, simulations with di�erent inductor values are
analyzed. A variation in the range of � 20% of the �lter inductances
is considered and the errors on the generated grid active andreactive
powers are measured and presented in Figure 4.21.

The inverter side inductor (L inv ) with an inductance 20% smaller
than the designed value produces an error in the generated active power
(Figure 4.21(a)) of approximately 0.3%, while the error in the reactive
power (Figure 4.21(b)), for the same parameter variation is1.7%. This
di�erence is explained by the fact that an alteration of the i nductance
value causes a change mostly on the estimated �ux amplitude,while the
e�ect on the phase is minimal.

A similar characteristic is observed when the grid side inductor (L g)
value is changed. However, there is less in�uence since the selected grid
side inductance is smaller.

4.2.1 Active Damping

One well known method to provide reasonable damping of the current
oscillations caused by theLCL �lter resonance is to connect a physical
resistor in parallel with the �lter capacitor. A main disadv antage of this
strategy is that the damping resistance value required for satisfactory
dynamic performance usually results in very high power losses. It is
possible to avoid these additional losses by using a controlstrategy
which emulates this resistor. An active damping strategy can be applied
because the resonance frequency of the output �lter is usually within
the bandwidth of the VSI control loops.

Several methods have been proposed [55] [56] to damp the supply
current oscillations and are usually based on quantities such as voltages
and/or currents. Most of these methods use the output of the damping
controller to modify the modulation index, however this is not possi-
ble with the Direct Power Control as the switching states are selected
via an optimum switching table and not only by knowing the sectors
and the current control loop. To overcome these limitationsa novel ac-
tive damping strategy that makes use of the active and reactive power
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control loops is proposed.

As a �rst step of the damping analysis, a passive damping concept
is reviewed and then is compared with the active damping strategy to
determine its e�ectiveness. To focus on the damping e�ect caused by
the resistance connected in parallel to the �lter capacitor, the grid and
converter side inductor resistances are ignored in this analysis.

As the power is controlled in the inverter side inductor (L inv ) and the
controller is relatively fast, the inverter and the inverte r side inductor
can be considered as a current source (I inv ) as shown in the simpli�ed
equivalent circuit diagram (see Figure 4.22(b)). Therefore, the resonance
to be damped occurs only between the grid side inductor (L g) and the
capacitor (C).

gu

di

invi

Ci

gi

C

gLinvL

invu
CudR

(a) Passive damping equivalent circuit.

gu
invI

Ci

gi

C

gL

di

CudR

(b) Simpli�ed equivalent circuit

Figure 4.22: Equivalent output stage with passive damping (a) with
LCL �lter (b) considering the inverter plus inverter side in ductor as a
current source.

The transfer function between the grid and the inverter currents con-
sidering the passive damping as shown in Figure 4.22(b) is given by

i g(s)
I inv (s)

=
1

L g C

s2 + s 1
R d C + 1

L g C

: (4.51)
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From equation (4.51) the Bode diagram considering di�erent resistor
values is given in the Figure 4.23.
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Figure 4.23: Bode plot of LCL �lter characteristic with passive damp-
ing for di�erent values of damping resistor.

To illustrate the proposed strategy, a current source proportional to
the resonance component of the capacitor voltage (I d = kd � ~uC ) replaces
the passive damping resistor, as shown in the equivalent circuit of Fig-
ure 4.24. This controlled current source is used to activelydamp any
current oscillations due to �lter resonance.

gu
dIinvI

Ci

gi

C Cu

Figure 4.24: Equivalent output stage with active damping.

By adding the active damping approach to the output LCL �lter
equivalent circuit, the transfer function from the grid to t he inverter
currents is modi�ed to

i g(s)
I inv (s)

=
1

L g C

s2 + skd
C + 1

L g C

: (4.52)
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The relationship between the damping factorkd and the parallel re-
sistor Rd can be found by comparing the transfer function of passive
(4.51) and active (4.52) damping and is given by

kd =
1

Rd
: (4.53)

Considering the general form of a second order transfer function,

G(s) =
! 2

n

s2 + 2 �! n s + ! 2
n

; (4.54)

the undamped natural frequency (4.55) and the damping factor (4.56)
can be calculated based on the output �lter parameters (L g and C) and
the desired damping ratio (� ).

! n =

s
1

L gC
(4.55)

kd = 2 �

s
C
L g

: (4.56)

The active damping scheme is better explained through the block di-
agram of Figure 4.25. The capacitor voltage (uC;�� ) is calculated based
on the measured capacitor current (i C;�� ) and then converted to a d
component by synchronous reference frame transformation,where the
reference frame is synchronously rotating in the same direction and of
the same speed as the capacitor voltage. The resonance component of
the capacitor voltage (~uC;�� ) is extracted by eliminating the fundamen-
tal frequency component through a �rst order notch �lter wit h stopband
between40 and 60Hz , for a 50Hz mains frequency. The resonance part
is transformed into dq components and is then multiplied by the damp-
ing factor (kd) in order to obtain the proportional damping current
source (I d;dq ).

In order to decrease the e�ect of either low harmonics (5th , 7th , 11th )
or the resonance component on thed axis of the capacitor voltage (uC;d ),
a �rst order low-pass �lter is implemented with a cut-o� freq uency at
least one decade below the lowest frequency to be reduced, for example
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dp

dq
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,d dI
,d qI

C 

C
 

Figure 4.25: Active damping block diagram, where � c is the capacitor
voltage vector angle used for the dq transformation.

! c = 2 � � �25Hz to achieve an attenuation of� 20dbof the 5th harmonic.

Given that the control strategy is based on power quantities, the
capacitor voltage is then multiplied by the complex conjugate of the
proportional current source value in the synchronous reference frame.

pd =
3
2

<

�
�uC;dq �

�
�I d;dq

�
(4.57)

qd =
3
2

=

�
�uC;dq �

�
�I d;dq

�
(4.58)

By solving equations (4.57) and (4.58) the active and reactive power
damping components are found as

pd =
3
2

uC;d � kd � ~uC;d (4.59)

qd = �
3
2

uC;d � kd � ~uC;q : (4.60)

The damping components (pd and qd) are subtracted from the funda-
mental active and reactive power references as illustratedin Figure 4.18.

A simulation can be used to illustrate the e�ect of the LCL �lter
resonance on the grid current, and the performance of the proposed
active damping method. An LCL �lter with the following parameters
L inv = 7 :9mH , L g = 3 :5mH and C = 14:1�F , replaces the �rst order
L �lter analyzed experimentally for the conventional VF-DPC .
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Initially, Figure 4.26 shows the time behavior of the active damping
signals,pd and qd, under normal operation and during resonance. Dur-
ing normal operation the damping control signals do not a�ect signi�-
cantly the active and reactive power references since they remain around
zero. However, under resonance one can note that resonance oscillations
present on the �lter capacitor currents are appropriately converted into
active and reactive power damping components. These signals are then
fed back to the active and reactive power references providing e�ective
damping of the �lter resonance.

The e�ectiveness of the damping scheme is directly measuredon the
resulting output current. The current oscillations caused by the LCL
�lter resonance for conventional VF-DPC can be clearly seenin the
steady-state mains current (Figure 4.27(a)) as well as in the current
spectrum (Figure 4.27(b)). A signi�cant reduction of these oscillations
is observed in Figure 4.27(c)and Figure 4.27(d) where the proposed
active damping has been added to the main control loop. However,
although the total harmonic distortion ( T HD ) is reduced from9:1% to
4:7% mainly due to the reduction of the resonance component, the �fth
harmonic is increased.

This e�ect occurs because not only the resonance frequencies are used
in the active damping controller, but also all the other harmonics in the
capacitor current which are not completed eliminated by the low-pass
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Figure 4.26: Active damping signals, pd and qd , under normal operation
and during resonance.
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Figure 4.27: Simulation results of mains current and respective har-
monic spectrum (a)-(b) provided by conventional DPC and (c) -(d) when
the active damping approach is added to the main DPC loop.

�lter are included into the active and reactive power references. One
solution for this is to design a low-pass �lter with a very low cut-o�
frequency, however its practical implementation is many times very dif-
�cult. Another alternative is to select a smaller damping factor, so that
the capacitor current ampli�cation is reduced but the level of damping
is still su�cient. A third solution to diminish this e�ect is the use of an
active harmonic rejection controller.

4.2.2 Harmonics Rejection

In order to reduce the level of current harmonics injected into the grid,
a method to control the harmonics individually in their resp ective in-
dividual synchronous reference frame is introduced. This concept was
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proposed in [58] for a shunt active �lter to compensate non-linear load
harmonics, and load unbalance, based on adq reference frame PWM
current controller. The basic idea behind this approach is the trans-
formation of the three-phase voltages and currents into dc quantities,
by employing the synchronous reference frame transformation, which
is based on a synchronously rotating coordinate system withone axis
aligned to a speci�c voltage or current harmonic.

Thus, if each harmonic quantity is transformed into its own individual
synchronous reference frame then these quantities appear as dc in their
own reference frame, and consequently a PI controller is su�cient to
guarantee zero steady state error. In a given individual frame al other
harmonics will appear as harmonics with a changed ordinal number.

The block diagram of Figure 4.28 shows the basic idea of such ap-
proach. The mains side current in the stationary reference frame (i g;�� )
is transformed into an individual synchronous reference frame for the
harmonic (h) of interest as shown by (4.61).

�
i gh;d

i gh;q

�
=

�
cos(h � � g) sin(h � � g)

� sin(h � � g) cos(h � � g)

� �
i g;�

i g;�

�
(4.61)

For the case where the transformation is done in stationary reference
frame, the space vector relative rotational speed normalized to the ro-
tational speed of the fundamental has exactly the same valueas the
harmonic ordinal number, as can be seen in Figure 4.29. On theother
hand, if the transformation is based on thedq fundamental coordinates,
the relative rotational speed is equal ton � 1 where n is the harmonic
space vector rotational speed. For example, in case of the5th harmonic
which has a rotational speed �ve times faster than the fundamental

,g •  !

h

•  

dq

,gi •  

•  

,
ref
gh dqi

hp

hq

,ghi •  ,
dc
gh dqi ,

PI
gh dqi

g"

,gh dqi

Figure 4.28: Closed loop individual harmonic current control.
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space vector and in opposite direction, the relative rotational speed is
minus six. To avoid inherent possible errors in these transformations a
PLL is implemented for generating the necessary transformation angle.

7.• .t

5th

7th

5.• .t

• .t

q

d

 

!

Figure 4.29: Fundamental and harmonics phasor diagram.

In order to extract the dc component value (individual desired har-
monic) from the output transformation, a �rst order low-pas s �lter of
(4.62) with a cuto� frequency at least one decade below the harmonic
frequency to be compensated is used. As an alternative, the low-pass
�lter can be replaced by a moving average �lter. This �lter pr oduces a
perfect dc output in one ac cycle whereas a low-pass �lter only attenu-
ates ac quantities but can not completely eliminate them.

i dc
gh;dq =

1
1 + s � T1

i gh;dq (4.62)

The dc quantity is then controlled with a PI compensator (4.63),
which aims to eliminate a steady state error,

i P I
gh;dq = kp

�
1 +

1
s � Ti

�
�
�

i ref
gh;dq � i dc

gh;dq

�
; (4.63)

and is then transformed back to the stationary reference frame using

"
i gh;�

i gh;�

#

=

"
cos(h � � g) � sin(h � � g)

sin (h � � g) cos(h � � g)

# "
i P I
gh;d

i P I
gh;q

#

: (4.64)

The output of the individual harmonic current controller is then mul-

100



4.2. EXTENDED VF-DPC WITH LCL FILTER

tiplied by the virtual grid �ux using (4.65) and (4.66), deri ved from
(4.37) and (4.38), resulting in the individual harmonic active and reac-
tive power controller outputs. These outputs override the fundamental
active and reactive power references, as shown in Figure 4.30, and ef-
fectively diminish the output harmonic current amplitudes .

ph =
3
2

! � ( g;� � i gh;� �  g;� � i gh;� ) (4.65)

qh =
3
2

! � ( g;� � i gh;� +  g;� � i gh;� ) (4.66)

When the control of more than one harmonic is desired, the output of
each IHPCn (Individual Harmonic Power Control) is added to t he refer-
ence (Figure 4.30). The indexn represents the harmonic to be controlled
(5th , 7th , 11th ).

IHPC

IHPC5

n

+

+

++

-

hnp

5hp

refp

p

Figure 4.30: Overriding harmonic power controllers.

The number of harmonics to be compensated is limited by theLCL
�lter bandwidth, which is normally much lower then the sampl ing fre-
quency used by the digital controller. This makes the controller insen-
sitive to the sampling delays.

In order to design the proportional-integral (PI) controll er, the har-
monic control loop is translated into a simpli�ed block diagram (Fig-
ure 4.31), where the compensator is represented by a PI controller and
the plant by the hysteresis block. The feedback loop consists of a low-
pass �lter used to extract only the dc component of the measured dq
grid current.
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,
ref
gh dqi

,
dc
gh dqi

,
PI
gh dqi ,gh dqi

Figure 4.31: Harmonic control block diagram.

Considering that the hysteresis controller is much faster then the
harmonic control, i.e. i gh;dq � i P I

gh;dq , the closed loop transfer function
can be described as

i gh;dq (s)

i ref
gh;dq (s)

=
kp

�
1 + 1

s�T i

�

1 + kp

�
1 + 1

s�T i

�
� 1

1+ s�T1

(4.67)

Making the time constant of the PI controller ( Ti ) equal to the time
constant of the low-pass �lter (T1), the closed loop transfer function can
be simpli�ed to a �rst order equation.

i gh;dq (s)

i ref
gh;dq (s)

=
1 + sT1

1 + sT1
kp

(4.68)

According to [59], the system transient behavior can be computed
using the poles and zeros of the closed loop transfer function. Besides
that, [59] states that the settling time 1 of a �rst order system is given
by

ts =
4:6
� p

: (4.69)

where � p is the pole of the closed loop transfer function.

Therefore, the settling time of the harmonic rejection loop is ex-
pressed by

1Time required for the transient to decay to a value close to st eady-state. Nor-
mally the distance of 1% of the steady-state is considered.
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ts = 4 :6
T1

kp
: (4.70)

From (4.70) the proportional gain of the PI controller can be designed
according to the desired settling time, which can be selected as ten times
the switching period.

kp = 4 :6
T1

ts
= 4 :6

T1

10 1
2�f sw

(4.71)

If now the individual harmonic control loop, tuned to the 5th har-
monic, is added to the existing VF-DPC controller, the 5th harmonic
component of the grid current is reduced from 2.1% (Figure 4.27) to
around 1.2% as can be noted in the simulated harmonic spectrum pre-
sented in Figure 4.32(b). Consequently, the total harmonicdistortion
decreases from 4.7% (Figure 4.27) to 3.8%.
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Figure 4.32: Simulation results of (a) mains current and (b) respective
harmonic spectrum when the 5th harmonic rejection loop is added to the
conventional VF-DPC with active damping.

4.2.3 Grid Virtual-Flux Synchronization Method

As the grid voltages are not always purely sinusoidal and balanced, a
Phase-Locked-Loop (PLL) is used to extract the fundamentalphase and
frequency. The simplest method of obtaining the phase information is
to detect only the zero crossing points of the utility voltages. However,
since this information is available only every half-cycle of the mains fre-
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PLL
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g g+
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Figure 4.33: Grid virtual-�ux synchronization method.

quency, the information during the rest of the cycle is missed. Another
alternative is to obtain the angle information by �ltering t he voltage
signals in �� or dq reference frames [60]. However, the delay introduced
by the �lters represent a drawback of this technique. One of the most
employed PLL methods is based on synchronous reference frame trans-
formation [61]. Under ideal grid conditions this approach provides sat-
isfactory results, however in the case of distorted grid voltage with high
order harmonics or under voltage unbalance the tracking performance
is highly dependent on the PLL bandwidth. A synchronization method
based on virtual-�ux stationary components is proposed in [29]. The
method compensates for the grid voltage distortion by employing a po-
lar representation, as shown in the block diagram of Figure 4.33. A low-
pass �lter is used to reject the ripple component present in the virtual-
�ux absolute value, while the angle synchronization is implemented by
a conventional synchronous reference frame (SF R) phase-locked loop.
The compensated radial (� g) and angular (� ) polar components are
transformed back to rectangular coordinates.

,
ref
g q•

,g q•

ff 

dq

! " ,g ! "•

#̂ ̂

Figure 4.34: Synchronous reference frame phase-locked loop scheme.
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The basic con�guration of the SRF PLL is shown in the Figure 4.34.
The stationary �� grid virtual-�ux components are transformed into dq
components, rotating in the same direction and speed as the grid virtual-
�ux vector. The angle �̂ is obtained by integrating the grid frequency !
generated by the PI regulator, which uses theq component error of the
grid virtual-�ux (  ref

g;q �  g;q ) as input.

Considering the three phases grid virtual-�ux as

2

6
4

 g;R

 g;S

 g;T

3

7
5 =

2

6
4

 g cos(� )

 g cos(� + 2�
3 )

 g cos(� � 2�
3 )

3

7
5 ; (4.72)

and using the stationary transformation, the grid virtual- �ux in ��
coordinates can be expressed as

"
 g;�

 g;�

#

=

"
 g cos(� )

 g sin(� )

#

: (4.73)

Based on the PLL output angle �̂ , the stationary �� components can
be converted to the synchronous reference frame according to

"
 g;d

 g;q

#

=

"
cos(̂� ) sin(�̂ )

� sin(�̂ ) cos(�̂ )

# "
 g;�

 g;�

#

: (4.74)

Substituting �� equations (4.73) into (4.74), the quadrature compo-
nent of the grid virtual-�ux can be written as

 g;q =  g

�
sin(� ) cos(�̂ ) � cos(� ) sin(�̂ )

�
(4.75)

Using the trigonometric function

sin(A � B ) = sin( A) cos(B ) � cos(A) sin(B ); (4.76)

equation (4.75) can be simpli�ed to

 g;q =  g sin(� � �̂ ): (4.77)
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Assuming that the phase di�erence(� � �̂ ) is relatively small, equation
(4.77) can be linearized as follows:

 g;q �  g(� � �̂ ): (4.78)

This linearization allows to �nd a linear model of the three-phase
PLL block diagram (Figure 4.35) that can be used to design thePI
controller [62].

The closed loop transfer function of the linearized model can be ex-
pressed as

�̂ (s)
� (s)

=
 gkps +  g

kp

T i

s2 +  gkps +  g
kp

T i

: (4.79)

where kp and Ti are the proportional gain and time constant of the
PI controller respectively.

Comparing this transfer function with the standard second order
expression

H (s) =
2�! n s + ! 2

n

s2 + 2 �! n s + ! 2
n

: (4.80)

One can extract the relationship between the PI controller parameters
and the system time response, namely damping factor� and natural
frequency ! n .

kp

Ti
=

! 2
n

 g
and kpTi =

4� 2

 g
(4.81)

The design of these parameters is dependent on the required system
performance, which is highly in�uenced by the system bandwidth [60].

•
g •̂!̂

Figure 4.35: Linearized model of the three phase PLL system.
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A low bandwidth allows for a good performance in terms of stability and
�ltering, however it will su�er with longer synchronizatio n time. On the
other hand, a fast tracking can be achieved with high bandwidth, but
nevertheless it will increase problems related to distortions.

Therefore, in order to achieve a good trade-o� between static and
dynamic performance, the damping factor is selected equal to � = 0 :707
and the natural frequency equal to the grid voltage fundamental fre-
quency ! n = 2 � 50Hz . This assures a settling time equivalent to one
fundamental cycle period (ts

�= 20ms), assuming that for a second or-
der system the settling time is given byTs = 4:6

�! n
[59].

4.2.4 Reactive Power Compensation

Due to the high attenuation characteristic of an LCL �lter, the result-
ing ripple of the grid side current is relatively small. As consequence,
the instantaneous active and reactive powers supplied intothe grid are
nearly free of ripple. Although this represents an advantage concerning
harmonic performance, it brings di�culty to the hysteresis controllers.
Such low ripple would require very narrow hysteresis boundaries in or-
der to achieve a desired switching frequency, and consequently any noise
on the measurements would result in an erroneous control decision. To
overcome this drawback the active and reactive powers are controlled
in the inverter side inductors as shown in Figure 4.18. However, as the
main objective is to control the active and reactive powers on the grid
side, the capacitor reactive power has to be compensated. Using the ca-
pacitor virtual-�ux (  C;�� ) and current ( i C;�� ), the capacitor reactive
power can be estimated (4.82). In order to extract only the dccompo-
nent, the estimated capacitor reactive power is �ltered and then added
to the reactive power reference as shown in Figure 4.18.

qc =
3
2

! � ( c;� � i c;� +  c;� � i c;� ) (4.82)

Although the proposed system includes additional loops compared to
the conventional VF-DPC, the main advantage of the DPC, namely fast
dynamic response, is kept. The response to a step of 40% of theconverter
side active power reference (Figure 4.36(b)) achieves a rise time of900�s ,
and this proves the e�ectiveness of the proposed approach concerning
dynamics.
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Figure 4.36: Simulated time response to a reference step of 40% of
the rated power for the conventional DPC (a), (c), (e) and the proposed
method (b), (d), (f). Converter side active and reactive pow ers (a),(b),
grid side active and reactive powers (c),(d) and the grid cur rent (e),(f).

The active damping reduces signi�cantly the transient oscillations
caused by the �lter resonance, as can be seen comparing the time be-
havior of the grid power and current of the conventional VF-DPC (Fig-
ure 4.36(c)-(e)) with the proposed method (Figure 4.36(d)-(f)).

Figure 4.36 also shows the e�ective compensation of the �lter capaci-
tor reactive power. In order to guarantee zero reactive power consump-
tion on the grid side (Figure 4.36(d)), as set by the reference, the reactive
power compensation loop forces the inverter to provide the appropriate
amount of reactive power (Figure 4.36(b)).
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4.2.5 Experimental Veri�cation

The experimental also is performed using the two-level 6kW inverter
prototype used for the conventional VF-DPC. The di�erence is the
output �lter, which is replaced by a third order LCL �lter, namely
L inv = 7 :9mH , L g = 3 :5mH and C = 14:1�F . The dc voltage supply
of 750V and inverter average switching frequency of4kHz are main-
tained.

i Rg,

u Rg,

• •g, •  g,

(a) Conventional VF-DPC

i Rg,

u Rg,

• ag, • bg,

(b) Extended VF-DPC

Figure 4.37: Experimental result of grid phase voltage ug;R , virtual-�ux
 g;�� and phase current i g;R (a) for the conventional VF-DPC and (b)
the extended strategy including the active damping, harmon ic control,
PLL and reactive power compensation.
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Besides the output �lter, the digital implementation is mod i�ed. Due
to additional loops, namely active damping, harmonic control, PLL
and reactive power compensation, the computational e�ort is increased.
Therefore, the calculations are divided into three distinct sample fre-
quency loops according to the required sampling time. Five analog sig-
nals (2 grid currents, 2 capacitor currents and the DC link voltage) are
sampled at 140kHz using the internal 14-bit ADC. At the same sam-
pling rate the grid virtual-�ux, and the active and reactive powers are
estimated and used with the hysteresis controllers and switching table to
select the next switching state. The active damping and the sector deci-
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Figure 4.38: Grid voltage and current harmonic spectrum (a) for the
conventional VF-DPC and (b) extended approach.
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4.2. EXTENDED VF-DPC WITH LCL FILTER

sion are calculated in a separate control loop with a sampling frequency
of 40kHz , whereas the calculation of the harmonics control, adjusted
to the 5th harmonic, phase-locked-loop (PLL) and reactive power com-
pensation are updated at a rate of20kHz .

To limit the in�uence of possible low order harmonic components
present in the capacitor current, the damping factor must be selected
so that the capacitor current ampli�cation is low but high en ough to
provide a su�cient level of damping. Substituting the desir ed damping

pref

p

u Rg,

i Rg,

(a) Conventional VF-DPC

pref

p

u Rg,

i Rg,

(b) Extended VF-DPC

Figure 4.39: Experimental results of a step of 40% in the active power
reference with (a) the conventional VF-DPC and (b) the exten ded sys-
tem. Active power reference pref , actual active power p, grid phase volt-
age ug;R and current i g;R .
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i Rg,

pref

q

p

(a) Conventional VF-DPC

i Rg,

pref

p

q

(b) Extended VF-DPC

Figure 4.40: Detailed transient response (a) for the conventional VF-
DPC and (b) the extended approach. Active power reference pref , actual
active power and reactive power p and q respectively and current i g;R .

ratio � = 0 :5 and the output �lter parameters ( C and L g) into (4.56),
the damping constant kd can be calculated askd = 0 :063.

The e�ectiveness of the proposed approach with active damping,
harmonic elimination, PLL and reactive power compensationcan be
seen by comparing the grid current of the conventional VF-DPC (Fig-
ure 4.37(a)) and the modi�ed scheme (Figure 4.37(b)). The reactive
power reference set to zero is respected since the grid current is in phase
with the grid voltage and/or ninety degrees leading the grid virtual �ux.
A signi�cant reduction of the Total Harmonic Distortion ( T HD ) ob-
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u Rg, u Sg,
u Tg,

i Rg, i Sg, i Tg,

(a) Conventional VF-DPC

u Rg, u Sg, u Tg,

i Rg, i Sg, i Tg,

(b) Extended VF-DPC

Figure 4.41: Experimental results under unbalanced grid voltage (phase
R with +10% nominal voltage, phase S with -10% and phase T with
230Vrms ). Grid phase currents i g;i and grid voltage ug;i (a) without PLL
and (b) with PLL respectively.

served in Figure 4.38 is caused mainly by the damping of the resonance
(around 650 Hz) and the reduction of the5th harmonic component. On
the other hand the 7th harmonic is slightly increased, since in the5th

harmonic control loop the 7th harmonic appears as an ac component
and is not completely eliminated by the low-pass �lter.

A decrease of the resonance disturbance for a step of 40% in the ac-
tive power reference does not a�ect signi�cantly the dynamic response,
as can be seen comparing the usual VF-DPC (Figure 4.39(a)) tothe
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u Rg, u Sg,
u Tg,

• ag, • bg,

(a) Conventional VF-DPC

u Rg, u Sg,
u Tg,

• ag, • bg,

(b) Extended VF-DPC

Figure 4.42: Experimental results under unbalanced grid voltage (phase
R with +10% nominal voltage, phase S with -10% and phase T with
230Vrms ). Grid phases voltage ug;i and grid virtual-�ux  g;�� (a) without
PLL and (b) with PLL respectively.

proposed approach (Figure 4.39(b)). The rise time of 800� s of the con-
ventional system (Figure 4.40(a)) is increased to around1ms when the
proposed scheme is implemented (Figure 4.40(b)).

The system performance under unbalanced grid voltages, with +10%
nominal voltage on phaseR and -10% on phaseS, is also experimen-
tally veri�ed. Figure 4.41(a) shows the resulting distorted grid currents
caused by the unbalanced estimated grid virtual-�ux presented in Fig-
ure 4.42(a). The PLL is enabled on the extended method, ensuring a
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i Rg,

u Rg,

• ag, • bg,

(a) Conventional VF-DPC

i Rg,

u Rg,

• ag, • bg,

(b) VF-DPC with active damping

u Rg,

• •g, •  g,

i Rg,

(c) Extended VF-DPC

Figure 4.43: Experimental results for superimposing a 5th harmonic of
5% on the fundamental grid voltage. Grid phase voltage ug;R , virtual-
�ux  g;�� and phase current i g;R (a) for the conventional VF-DPC, (b)
for adding the active damping and (c) for enabling the 5th harmonic
control.
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(a) Conventional VF-DPC
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(b) VF-DPC with active damping
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(c) Extended VF-DPC

Figure 4.44: Experimental results for superimposing a 5th harmonic
of 5% on the fundamental grid voltage. Grid phase voltage and curr ent
harmonic spectrum (a) for the conventional VF-DPC, (b) for a dding the
active damping and (c) for enabling the 5th harmonic control.
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balanced grid virtual-�ux (Figure 4.42(b)) and consequently good qual-
ity grid currents (Figure 4.41(b)).

Figure 4.43 shows the waveforms for a �fth harmonic voltage com-
ponent of 5% superimposed on the fundamental grid voltage. The res-
onance oscillations and the �fth harmonic component (Figure 4.43(a)
and Figure 4.44(a)) are present for the conventional VF-DPC. If the res-
onance oscillation is reduced by adding the active damping,a signi�cant
ampli�cation of the 5th harmonic component is veri�ed (Figure 4.43(b)
and Figure 4.44(b)), since the voltage harmonics present onthe �lter
capacitor are fed back into the power references via the active damping
loop. To overcome this drawback the harmonic elimination loop is en-
abled, (Figure 4.43(c) and Figure 4.44(c)), reducing the5th harmonic
component from 17% to around 1.5% and consequently the totalhar-
monic distortion from 18.6% to 5.6%.

4.3 Summary

The Direct Power Control (DPC) regulates the �ow of energy between
the dc-link and the grid by means of controlling the instantaneous active
and reactive powers directly without any internal loop. According to the
error status of the estimated active and reactive powers, a switching ta-
ble selects the output voltage vector to be applied by the inverter. These
two parts, namely power estimation and switching table are considered
the heart of the DPC. The power estimation can be performed based on
voltage and current measurements, however, in order to reduce the re-
quired number of sensors, the virtual-�ux concept has been employed. It
avoids the derivation of the load current by using �ux quanti ties instead
of voltages.

The classical full-bridge two-level voltage source inverter is able to
generate seven distinct output voltage vectors by applyingeight dif-
ferent switch combinations. The in�uence of each vector on the active
and reactive powers varies according to the position of the grid voltage
vector (or grid virtual-�ux vector) in the space vector plan e. Therefore,
the switching table is divided in sectors and selects the output voltage
vectors according their ability to control the active and reactive powers.

Although the conventional VF-DPC with a �rst order L �lter has
demonstrated good static and dynamic performance during experimen-
tal veri�cation, it does not provide the same quality for hig h power
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applications where normally a third order LCL �lter is required. This
�lter con�guration achieves good attenuation with less tot al inductance,
but on the other hand causes distortion of the generated output current
due to resonance.

In order to adapt the VF-DPC to high power applications, extr a con-
trol loops are added to the conventional approach. Distortion caused
by the �lter resonance is suppressed through a novel active damping
approach that acts together with an individual harmonic rejection con-
troller. These additional controllers are based on power quantities and
act directly on the active and reactive power references. Additionally, a
virtual-�ux based phase-locked loop is used to ensure the correct syn-
chronization with the grid virtual-�ux. The e�ectiveness o f the extended
VF-DPC has been experimentally analyzed even for distortedand un-
balanced grid voltages. The results show a signi�cant improvement in
the steady-state and transient behavior when compared to the conven-
tional approach.
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Chapter 5

Virtual-Flux Decoupling
Hysteresis Control for
Two-Level Inverters

For grid connected applications, the ideal requirements ofthe inverter
controller includes a fast dynamic response, near constantswitching
frequency and a reduced number of sensors. However, all of these char-
acteristics are not found in any of the standard control methods, as
summarized in Chapter 3. For instance, the voltage orientedcontrol
method guarantees a high static performance via an internalcurrent
control loop but su�ers from a low dynamic performance. For current
hysteresis control (CHC) the current instantaneously follows any change
in the reference and the implementation is relatively simple, however
the switching frequency is variable. The Direct-Power Control (DPC)
method controls the active and reactive power by using two hysteresis
controllers to select the switching state from a switching table. The DPC
method has a fast and robust response to transients as it behaves like
the current hysteresis controllers, however it also has a similar draw-
back of a variable switching frequency. A constant switching frequency
DPC can be achieved by substituting the modulation strategy from a
switching table method to space-vector modulation. Nevertheless, the
dynamic response becomes equivalent to the voltage oriented control.

Furthermore, for three-phase, three-wire inverters (Figure 5.1) using
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CHC, coupling between phase currents exists since the rate of change of
each phase current does not only depend on the correspondingapplied
voltage but also on the voltage of the other two phases [44] [46] [63].
The decoupling hysteresis control (DHC) [64] [65] has been proposed
for three-level recti�ers to minimize the interference between phases
while maintaining all the advantages of the CHC. Reducing this phase
current interaction results in a more uniform switching frequency and
allows for a near constant switching frequency if a variablehysteresis
band is implemented.

The third requirement, namely reduced number of sensors, can be
achieved replacing the grid voltage sensor by an estimationmethod.
However, as previously shown, the classical voltage loop equation de-
mands derivation of the load current, which may compromise the esti-
mation accuracy. An alternative is to use the virtual-�ux co ncept, suc-
cessfully employed with the Direct Power Control approach,to calculate
active and reactive powers according to the grid currents.

This chapter proposes a sensorless mains voltage, direct active and
reactive power controller operating with a near constant switching fre-
quency. The control scheme uses the decoupling hysteresis controller
to achieve a proper current regulation in a two-level inverter system.
Combining the DHC with the virtual-�ux and power estimation meth-
ods, allows to achieve advantages such as fast dynamic response, near
constant switching frequency and relatively simple implementation.

An extension of the proposed method to high power applications is
achieved by adding extra control loops, as presented for theDirect Power
Control, to the conventional approach.

R

S

T

udc N
M

+

+

gL
,g iu

Figure 5.1: Three-phase two-level voltage source inverter.
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5.1 Virtual-Flux Hysteresis Control

The virtual-�ux hysteresis control (Figure 5.2) is based on the classical
hysteresis approach, where the switching states are changed whenever
the actual current goes above or below a given tolerance boundary.
However, the main di�erence is the method to estimate the current
references, which follow active and reactive power references and grid
virtual-�ux values.

Inside of the area labeledV F, the inverter output voltage is �rst
calculated according to the dc-link voltage and actual switching states.
The grid virtual-�ux is then obtained by subtracting the out put �lter
�ux (  Lg;�� = L g � i g;�� ) from the inverter output virtual-�ux (  inv;�� ),
which is calculated by integrating the inverter output volt age. It is im-
portant to remark that in practical implementation, the pur e integrator
is replaced by a low-pass �lter and a compensation network isused to

Output 
Inverter 

Voltage 
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Figure 5.2: Virtual-Flux Current Hysteresis Control (VF-CHC)
scheme.
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compensate inherent magnitude and phase errors caused by such �l-
ters. The complete grid virtual-�ux estimation block diagr am has been
previously presented in Figure 4.5.

Since direct current control methods, such as hysteresis control, com-
pare a reference current to the actual current in order to control the
switching, the desired active and reactive powers

pref =
3
2

! � ( g;� � i g;�;ref �  g;� � i g;�;ref )

qref =
3
2

! � ( g;� � i g;�;ref +  g;� � i g;�;ref )

(5.1)

have to be converted to current references, according to

i g;�;ref =
2
3

 g;� � qref �  g;� � pref

!
�

 2
g;� +  2

g;�

�

i g;�;ref =
2
3

 g;� � pref +  g;� � qref

!
�

 2
g;� +  2

g;� :
� :

(5.2)

The phase quantities are then obtained by stationary coordinates
transformation (5.3) and regulated by a classic current hysteresis con-
troller.

2

6
4

i g;R;ref

i g;S;ref

i g;T;ref
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7
5 =

2
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4

1 0

� 1
2

p
3

2

� 1
2 �

p
3

2

3

7
5

"
i g;�;ref

i g;�;ref

#

: (5.3)

Based on the comparison between the actuali g;i and reference cur-
rents i g;i;ref , three independent hysteresis controllers generate the switch-
ing signalssi . If the current error exceeds the upper hysteresis bandhi ,
the upper switch of the corresponding phase is turned on, applying udc

2
to the ac output terminal. As consequence, the load current error starts
to decay until it reaches the lower hysteresis band, where the inverter
output voltage is switched to � udc

2 by turning on the lower switch.
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The strategy maintains the main characteristics of the conventional
hysteresis controller, such as the fast dynamic behavior and relatively
simple implementation, and avoids extra voltage sensors byusing the
virtual-�ux concept. On the other hand, it is a�ected by the d rawbacks
of the interaction between the phases (Figure 5.3(a)) and a variable
switching frequency as can be seen in the frequency spectrum(Fig-
ure 5.3(b)) and switching frequency behavior over one fundamental cy-
cle (Figure 5.3(c)). One can observe that the current frequency spec-
trum is spread over a wide range and, although the hysteresisband has
been designed to achieve an average switching frequency of4kHz , the
instantaneous value varies from2kHz to around 8kHz .
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Figure 5.3: Simulated performance of VF-CHC with average switching
frequency of 4kHz . The resulting mains current (a), frequency spectrum
(b) and switching frequency behavior during one fundamenta l cycle (c).

These disadvantages can be avoided by replacing the conventional
hysteresis controller (CHC) by the decoupling hysteresis approach (DHC),
which decouples the phases and avoids the interaction of theswitching,
allowing for a near constant switching frequency.
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5.2 VF-Decoupling Hysteresis Control

The decoupling hysteresis controller (DHC) [64], as shown by shaded
DHC area in Figure 5.4, has the same basic outer structure as the
standard CHC where the phase current is subtracted from a current
reference and the hysteresis controller generates a switching signal from
the current error.

The DHC has an additional control loop that generates the current
control signal, i 0. By summing the measured line current,i g;i with i 0,
a virtual current i 0

g;i is formed. With the correct formation of i 0 the
switching of the hysteresis controller can occur without any interaction
between each of the phase controllers. The phase interaction is caused
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Figure 5.4: Virtual-Flux Decoupling Hysteresis Control (VF-DHC)
scheme.
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because the dc bus mid-point to neutral voltage is not constant, as it
depends on each of the inverter output voltages.

5.2.1 Decoupling Strategy

The phase current is de�ned by the voltage across the output �lter
inductor, which is represented in Figure 5.5 by the di�erence between
the converter output voltage and the grid voltage referred to the neutral
point.

L g
dig;R

dt
= uL g ;R = uinv;R � ug;R

L g
dig;S

dt
= uL g ;S = uinv;S � ug;S

L g
dig;T

dt
= uL g ;T = uinv;T � ug;T

(5.4)

If the mains star point, N , and the DC mid-point, M , are not con-
nected (Figure 5.5(a)), then the inverter output voltage is given by

uinv;R = uinv;RM + uMN

uinv;S = uinv;SM + uMN

uinv;T = uinv;T M + uMN

(5.5)

whereuinv;iM are the inverter ac voltages referred toM , and uMN is
the zero sequence voltage occurring between the mains star point and
DC mid-point.

The inverter output voltage ( uinv;iM ) shown in Figure 5.5(a) can be
split into two parts, as presented in Figure 5.5(b). The �rst part con-
sists of a low frequency (uinv;iM + ;l ) and a ripple (uinv;iM + ;r ) voltage of
the current shaping component and the second represents thelow fre-
quency (uM + M;l ) and ripple (uM + M;r ) components of the zero sequence
voltage.

Given that the zero sequence voltages are connected at the same
potential ( M + ), the equivalent circuit can be simpli�ed to that shown
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Figure 5.5: Equivalent circuits of DHC implementation (a) M and N
are not connected (b) inverter output voltage divided in cur rent form-
ing component and zero sequence voltage (c) simpli�ed model with the
virtual potential M + (d) virtual connection between M + N allowing for
the high frequency decoupling between phases.
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in Figure 5.5(c). From that, the equation which describes the inverter
output voltage referred to the mid-point can be derived as follows

uinv;RM = uinv;RM + + uM + M

uinv;SM = uinv;SM + + uM + M

uinv;T M = uinv;T M + + uM + M

(5.6)

or

uinv;RM = L g
dig;R

dt
+ ug;R + uNM

uinv;SM = L g
dig;S

dt
+ ug;S + uNM

uinv;T M = L g
dig;T

dt
+ ug;T + uNM

(5.7)

Since symmetrical mains voltages are assumed, the in�uenceof each
phase on the zero sequence voltage is derived from (5.6)

uM + M =
1
3

(uinv;RM + uinv;SM + uinv;T M ) : (5.8)

Considering the sum of the phase currents is zero and taking (5.6)
and (5.7) into account, it follows

uM + M = uNM = � uMN (5.9)

Therefore, combining the equations (5.4), (5.5), (5.8) and(5.9), the
coupling between the phases is clearly seen from
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L g
dig;R

dt
= uinv;RM � ug;R �

1
3

(uinv;RM + uinv;SM + uinv;T M )

L g
dig;S

dt
= uinv;SM � ug;S �

1
3

(uinv;RM + uinv;SM + uinv;T M )

L g
dig;T

dt
= uinv;T M � ug;S �

1
3

(uinv;RM + uinv;SM + uinv;T M )

(5.10)

Equation (5.10) shows that the current is not only dependenton the
respective inverter output voltage but is also in�uenced by the zero
sequence voltage, represented in the equivalent circuit (Figure 5.5(b))
as a high frequency switching voltage component,uM + M;r .

In the case whereM , the mid-point of the dc capacitors is directly
connected to the mains neutralN , (uMN = 0 ) and/or uinv;i = uinv;iM ,
there is no mechanism for any interaction between the phases. This is
because the current,i g;i , that �ows in each phase is only dependent on
the total voltage measured to the mid-point, uinv;iM as shown in (5.4)
and (5.5). The fundamental current is produced by the voltage di�erence
of the mains voltage,ug;i , and the fundamental voltage at the output
of the inverter, uinv;iM;l . The current ripple is created from the high
frequency switching voltage at the output of the inverter uinv;iM;r .

In order to eliminate the interaction between phases for thecase
when the mid-point M and the mains neutral N are not connected,
an additional current term, i 0, is added into the current controller
(i 0

g;i = i g;i + i 0, cf. Figure 5.4). The current signal, i 0, is generated
by integrating either the calculated voltage uM + M given by (5.8) or the
measured zero sequence voltageuMN as given by

i 0 =
1

L g

Z
uMN dt: (5.11)

The addition of the decoupling controller now e�ectively makes the
point M look like if it would be connected to the mains neutral point
(shown by dashed line in Figure 5.5(d)). Thus, the high frequency
switching in each phase does not have any interaction with the other
two phases.

Although DHC makes the switching frequency more uniform than
a CHC [65], it is desirable to have the inverter operating with a con-
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stant switching frequency as this makes the design of the output �lter
task simpler. The harmonic performance can be substantially improved
by varying the hysteresis band over each fundamental cycle,since the
switching frequency is dependent on the voltage di�erence across the
inductor, the inductor value and the hysteresis band level.

5.2.2 Modulated Hysteresis

The virtual connection between the dc-link mid-point M and the grid
neutral point N allows to analyze each phase independently [7], us-
ing the conventional single-phase H-bridge inverter as shown in Fig-
ure 5.6(a).
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(b) Hysteresis band and In-
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Figure 5.6: Modulated band hysteresis analysis. (a) Single-phase rep-
resentation of the decoupled three-phase full-bridge inverter and (b) cur-
rent hysteresis control and generated inverter voltage.

From that, assuming M = N , the inverter output voltage referred to
the mid-point M can be expressed as

uinv;iM = L g
di0

g;i

dt
+ ug;i : (5.12)

Since the expressions for the three phases are identical, inorder to
simplify the following equations, the coe�cient i that represents the
three-phases (i = R; S; T) will be omitted.
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For a given phase current referencei g;ref , the inverter output voltage
can be described by

uinv;M;ref = L g
dig;ref

dt
+ ug: (5.13)

De�ning the current error as

� i 0
g = i g;ref � i 0

g: (5.14)

The inverter output voltage can be described as the di�erence between
the reference (5.13) and the actual quantities (5.12).

uinv;M;ref � uinv;M = L g
d(� i 0

g)

dt
: (5.15)

Assuming that during one switching period, (Figure 5.6(b)), the fun-
damental voltage is constant and the inverter either impresses+ 1

2 udc

(upper switch on) or a � 1
2 udc (lower switch on) voltage at the inverter's

ac side terminals, expressions for the on and o� time can be determined.

During the on time ( ton ), the inverter applies + 1
2 udc to the load,

increasing the current from i 0
g = i g;ref � h to i 0

g = i g;ref + h. Therefore,
during the on time, equation (5.15) can be expressed as

uinv;M;ref �
udc

2
= L g

[i g;ref � (i g;ref + h)] � [i g;ref � (i g;ref � h)]
ton

:

(5.16)

Rearranging equation (5.16), the on time is calculated.

ton =
2L gh

udc
2 � uinv;M;ref

: (5.17)

When the grid current reaches the upper hysteresis band, thelower
switch is commanded, generating an output voltage equal to� 1

2 udc.
As consequence, the current decreases fromi 0

g = i g;ref + h back to
i 0
g = i g;ref � h. From that, the inverter output voltage equation during

the o� time is calculated.

130



5.2. VF-DECOUPLING HYSTERESIS CONTROL

uinv;M;ref +
udc

2
= L g

[i g;ref � (i g;ref � h)] � [i g;ref � (i g;ref + h)]
tof f

:

(5.18)

From (5.18), the o� time is determined.

tof f =
2L gh

udc
2 + uinv;M;ref

: (5.19)

By combining the switching time equations (T = ton + tof f ) and
rearranging, the hysteresis band,hi , required to produce a constant
frequency is expressed as

hi =
( udc

2 )2 � u2
inv;i

2 � L g � f s � udc
: (5.20)

For a sinusoidal output fundamental inverter voltage, uinv;i , the shape
of the hysteresis band for one mains period is shown in Figure5.7. The
magnitude has been normalized by dividing by the peak value of the
reference current.
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Figure 5.7: Normalized hysteresis band shape for one mains period.

The fundamental component of the inverter output voltage uinv;i used
in equation (5.20) is not directly available, however it canbe calculated
from the estimated output inverter virtual-�ux ( � inv =

R
�uinv � dt).

The phasor relationship between the inverter voltage and virtual-�ux is
illustrated in Figure 5.8.
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Figure 5.8: Relationship between inverter voltage and virtual-�ux.

Analyzing Figure 5.8, the inverter output voltage in statio nary refer-
ence frame can described based on the position angle� u .

uinv;� = � �uinv sin (� u )

uinv;� = �uinv cos (� u ):
(5.21)

Since the voltage is leading in90o the virtual-�ux, one can a�rm that
� u = � , therefore equation (5.21) can be rewritten as

uinv;� = � �uinv sin (� )

uinv;� = �uinv cos (� ):
(5.22)

Describing the trigonometric functions as follows

sin � =
 inv;�

� inv
and cos� =

 inv;�
� inv

: (5.23)

The inverter output voltage can be obtained from the actual inverter
output virtual-�ux according to the expressions:

uinv;� = �
�uinv
� inv

 inv;�

uinv;� =
�uinv
� inv

 inv;� :

(5.24)
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where the factor �u inv
� inv

is assumed to be a gaink, proportional to the
integration attenuation at fundamental frequency (� 50dB at 50Hz).

uinv;� = � k �  inv;�

uinv;� = k �  inv;�
(5.25)

The stationary �� components are then converted into phase quan-
tities (5.26) and used in the modulated hysteresis equation(5.20).
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Figure 5.9: Simulated performance of the proposed VF-DHC with
switching frequency of 4kHz . The resulting mains current (a), frequency
spectrum (b) and switching frequency behavior (c).
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The advantages of the VF-DHC when compared with the conven-
tional hysteresis control can be observed in the Figure 5.9.Adding the
zero sequence currenti 0 to the actual current reduces the interference
between phases (Figure 5.9(a)) and allows for a near constant switch-
ing frequency in one cycle period, as illustrated in Figure 5.9(c), due to
the modulated hysteresis band. The switching becomes more centered
around 4kHz and its multiples (Figure 5.9(b)) rather than the wide
frequency range for the VF-CHC.

5.2.3 Experimental Veri�cation

In order to verify experimentally the proposed VF-DHC, it is imple-
mented in a fully digital controller using an Analog DevicesADSP21991
16-bit 160MHz DSP interfaced to a 6kW 3-phase inverter prototype
(Figure 4.11) previously tested with the Virtual-Flux Dire ct Power Con-
trol technique. The output inductance links between the inverter and
the controlled 400V 3-phase AC power source. The inductor is designed
to allow a current ripple of 20% of the peak phase current and to op-
erate with an average switching frequency of4kHz . Due to this low
switching frequency and low power rating the utilized inductor value is
relatively large, i.e. 10mH . The 750V dc power is provided by a 10kW,
controlled DC power supply. The DSP implementation is divided into
2 loops with di�erent sampling frequencies in order to optimize the
processing time. To avoid large current excursion outside the hystere-
sis band, the comparison between the error signal and the hysteresis
boundaries is performed in a fast200kHz control loop. This control
loop also reads the two phase currents and the DC voltage at the same
sampling rate using the DSP's internal 14-bit ADC. During th e ADC
conversion time of725ns, the algorithm calculates the midpoint to neu-
tral voltage using derived phase to midpoint voltages that are based on
the switching state and previous sample instantaneous DC input volt-
age. The midpoint to neutral voltage is integrated and summed to the
current references. All 6 inverter switches are updated simultaneously
at the end of the calculations. The calculation of the reference currents
and variable hysteresis bands are updated at a rate of40kHz .

The static behavior of the proposed VF-DHC is shown in Figure5.10.
From that, one can observe that the grid virtual-�uxes VF are success-
fully estimated, since the � component of the VF is 90o lagging the grid
voltage (phaseR). The controlled phase current is in phase with the
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u Rg,

• •g, •  g,

i Rg,

Figure 5.10: Experimental result of mains phase voltage ug;R , virtual-
�ux  g;�� and phase-current i g;R of the proposed VF-DHC.

actual supply voltage, since the reactive power is controlled to be zero.

The current reference i g;R;ref , calculated according to the desired
active and reactive powers and actual grid virtual-�ux, is shown in Fig-
ure 5.11. The correct estimation of the grid virtual-�ux ensures a purely
sinusoidal current reference, while the active and reactive powers adjust
amplitude and phase shift of the phase current.

The VF-DHC performance is better observed comparing the gate sig-
nals, switching frequency behavior and the current spectrum of the pro-
posed method with the VF-CHC and VF-DHC with constant hyster esis

u Rg,

i Rg,

i R,refg,

Figure 5.11: Experimental result of mains phase voltage ug;R , phase
current reference i g;R;ref and actual phase current i g;R .
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hR
VF-CHC

u Rg,

i Rg,

u Rs,

(a) VF-CHC

i Rg,

hRVF-DHC

u Rg,

u Rs,

(b) VF-DHC

hR

i Rg,

VF-DHC

u Rg,

u Rs,

(c) VF-DHC with modulated hysteresis

Figure 5.12: Grid voltage ug;R , grid current i g;R , hysteresis band h
and gate signals us;R of (a) VF-CHC (b) VF-DHC (c) VF-DHC with
modulated hysteresis band.
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(c) VF-DHC with modulated hysteresis

Figure 5.13: Switching frequency over one period of (a) VF-CHC (b)
VF-DHC (c) VF-DHC with modulated hysteresis band.

band. For VF-CHC (Figure 5.12(a)) it can be seen for the switching
signal of the phaseR that there are periods where no switching occurs
due to the interaction of the phases. The variable switchingfrequency is
observed through the measured instantaneous switching frequency be-
havior over one cycle period (Figure 5.13(a)) and the current spectrum
(Figure 5.14(a)) shows that the switching is occurring overa relatively
wide frequency range. Adding the zero sequence current to the mea-
sured currents the switching becomes more uniform, as can beobserved
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Figure 5.14: Grid current spectrum of (a) VF-CHC (b) VF-DHC (c)
VF-DHC with modulated hysteresis band.
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in the phase current and gate signals (Figure 5.12(b)), or directly by
the instantaneous switching frequency (Figure 5.13(b)) and the current
spectrum (Figure 5.14(b)) that becomes more uniform. Modulating the
hysteresis band (Figure 5.12(c)) the switching frequency becomes almost
constant (Figure 5.13(c)) and the spectrum is more centeredaround
4kHz (Figure 5.14(c)).

The decoupling does not a�ect the fast dynamic response inherent in
the hysteresis controller as can be seen from a step change ofthe power

pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

q

p

i Rg,

(b) Time scale - 500�s

Figure 5.15: Experimental results of step response for the VF-DHC
with modulated hysteresis band from 40 to 80% of active power presented
in (a) 5ms time scale and (b) 500�s time scale. Active power reference
pref , actual active power p, grid phase voltage ug;R and current i g;R .
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reference (Figure 5.15). Figure 5.15(a) shows the estimated active power
(p) quickly tracking the active power reference (pref ) during a step from
40% to 80% of the rated power. The same behavior is observed inthe
negative step from 80% to 40% (Figure 5.16(a)). A rise time of500�s is
observed in the positive step (Figure 5.15(b)) while an evenfaster time
response is noted in the negative step (Figure 5.16(b)). Both cases show
that an active power step does not have any in�uence on the reactive
power (q).

pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

p

q

i Rg,

(b) Time scale - 500�s

Figure 5.16: Experimental results of step response for the VF-DHC
with modulated hysteresis band from 80 to 40% of active power presented
in (a) 5ms time scale and (b) 500�s time scale. Active power reference
pref , actual active power p, grid phase voltage ug;R and current i g;R .
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5.2.4 Additional Features

Although the decoupling strategy with modulated hysteresis band pro-
duces a switching frequency nearly constant (Figure 5.14(c)), the switch-
ing action of each phase is still independent and not coordinated on a
system basis.

A switching performance similar to the carrier current control where
the switching signals are centered around the midpoint of a pulse period
can be achieved by using a synchronization method (Figure 5.17) pro-
posed in [65]. This technique uses a phase-locked loop for each phase,
based on a common �xed reference signalref and the current error sig-
nals � i g;i , to perform a �ne adjustment of the varying hysteresis band
hi and as consequence, synchronize the switching of all three-phases.

The phase-detector block (P.D.) generates an output signalthat rep-
resents the di�erence in phase between the current error� i 0

g;i and the
reference signalref . A signal proportional to the phase di�erence is
produced by the low-pass �lter and is added to the pre-calculated mod-
ulated hysteresis bandhi . The resulting hysteresis bandh0

i allows for a
synchronized and constant switching pattern.

P.D.

P.D.

P.D. +

ref

,g RiD

,g SiD

,g TiD

+

+ +

+ +

Rh

Sh

Th

,inv iu

dcu

'
Sh'

Rh '
Th

'

'

Figure 5.17: Phase-Locked Loop used to synchronize the switching of
the three-phases.

Besides the high frequency zero sequence injection used to decouple
the switching decision of the three-phases, a low-frequency component
based on the common mode third harmonic voltage (u3h ) can be added
to the i 0 loop (Figure 5.18) in order to extend the modulation range.
This principle has been derived from the third-harmonic injection PWM
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technique [66], which adds the third harmonic component to the original
sine reference waveform.

3

,inv ii

NMu ,inv iMu
å

i3
1

sL
1

,

'
inv i

i
+ ++ + 0i

3hu

Figure 5.18: Addition of the third harmonic voltage to extend the
modulation range.

The modulated zero sequence currenti 0 in�uences the inverter switch-
ing such, that a third harmonic component is superimposed tothe fun-
damental output voltage. This results in a �at-topped phase voltage
waveform which allows to increase the modulation range. Nevertheless,
this third harmonic component does not a�ect the line-to-li ne voltage,
and consequently the phase currents, since the common mode voltage
is canceled between the phases.

The third harmonic voltage u3h can be generated either from a three-
phase bridge recti�er connected to the mains voltage or mathematically
using

u3h =
1
2

maxf ug;R ; ug;S ; ug;T g +
1
2

min f ug;R ; ug;S ; ug;T g (5.27)

5.3 Extended VF-DHC with LCL Filter

The VF-DHC concept can be extended for high power applications
where it is very di�cult to meet the IEEE519 without a third or der �l-
ter, as stated in the previous chapter. However, it brings inconveniences
inherent to such �lters, namely resonance.

Although the switching frequency is nearly constant in the VF-DHC,
the damping of the �lter resonance is still necessary. An active damping
strategy based on power quantities presented in the Section4.2.1 is used
to emulate the resistor in parallel to the �lter capacitor.

Despite the active damping, the extended VF-DHC shown in Fig-
ure 5.19, incorporates to the conventional approach the same outer con-
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trol loops included to the VF-DPC (Chapter 4) which reject th e in�u-
ence of grid voltage harmonics and compensate for the reactive power of
the capacitor �lter, since the active and reactive powers are controlled
at the inverter side. Additionally, a phase-locked loop is added in or-
der to correctly estimate the grid virtual-�ux even under di storted and
unbalanced grid voltages.

Another important modi�cation is related to the grid-virtu al �ux cal-
culation shown in the area denominated as VF. The �ux of both induc-
tors, namely grid and inverter side, have to be considered.
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Figure 5.19: Extension of the Virtual-Flux Decoupling Hysteresis Con-
trol for high power application where LCL �lter is usually em ployed.
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5.3.1 Experimental Veri�cation

The experimental veri�cation of the active damping, harmonic control
and reactive power compensation schemes is performed usingthe 6kW
inverter setup described for the L �lter VF-DPC and VF-DHC ap -
proaches, except by the output �lter that is replaced by a thi rd order
LCL �lter ( L inv = 7 :9mH , L g = 3 :5mH and C = 14:1�F ). The sample
rate of the main loop is reduced to140kHz due to the limited computa-
tion time, since further calculations are required for the outer loops. The

u Rg,

• •g, •  g,

i Rg,

(a) Conventional VF-DHC

i Rg,

u Rg,

• •g, •  g,

(b) Extended VF-DHC

Figure 5.20: Experimental result of grid phase voltage ug;R , virtual-�ux
 g;�� and phase current i g;R (a) for the conventional VF-DHC and (c)
the extended strategy including the active damping, harmon ic control,
phase-locked loop and reactive power compensation.
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active damping calculation is included in the 40kHz loop. Additionally,
in order to calculate the 5th harmonic control, the reactive power of the
�lter capacitor and the Phased-Locked Loop (PLL) a slower loop with
sample rate of20kHz is included in the DSP code.

The e�ectiveness of the extended approach concerning theLCL reso-
nance damping, the5th harmonic reduction and the capacitor reactive
power compensation is observed comparing the phase current(i g;R )
and current spectrum of the conventional VF-DHC (Figure 5.20(a) and
Figure 5.21(a)) with the extended VF-DHC (Figure 5.20(b) and Fig-
ure 5.21(b)). The resonance component present in the current spectrum
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Figure 5.21: Grid voltage and current harmonic spectrum (a) for the
conventional VF-DHC and (b) extended approach.
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of the conventional scheme (Figure 5.21(a)) is well damped in the ex-
tended method (Figure 5.21(b)). The same behavior is observed in the
5th harmonic component that is reduced from 3% to around 1.3%.

A correction of the reactive power is also observed when comparing
the phase shift between grid voltage,ug;R , and current, i g;R , for the
conventional approach (Figure 5.20(a)) and the extended method (Fig-
ure 5.20(b)).

Figure 5.22 and Figure 5.23 show the experimental results ofdynamic

pref

p

u Rg,

i Rg,

(a) Conventional VF-DHC

i Rg,

pref

p

u Rg,

(b) Extended VF-DHC

Figure 5.22: Experimental results of a step in the active power reference
of 40% with (a) the conventional VF-DHC and (b) the extended s ystem.
Active power reference pref , actual active power p, grid phase voltage
ug;R and current i g;R .
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response when a step from 40% to 80% of total active power is given. A
signi�cant reduction of the resonance oscillation is notedcomparing the
VF-DHC (Figure 5.22(a)) and the extended method (Figure 5.22(b)).
It can be noted that even including the outer loops the fast tracking
(1ms) of the active power reference (pref ) is maintained (Figure 5.23).
Since the control action is performed at the inverter side, the reactive
power is compensated, as can be seen in Figure 5.22(b), by adding the
estimated capacitor reactive power to the reference and therefore, to the
controlled actual reactive power.

pref

q

p

i Rg,

(a) Conventional VF-DHC

pref

q

p

i Rg,

(b) Extended VF-DHC

Figure 5.23: Detailed rise time (a) for the conventional VF-DHC and
(b) extended approach. Active power reference pref , actual active power
and reactive power p and q respectively and current i g;R .
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The performance of the system under unbalanced grid voltage(phase
R +10% and phase S � 10%) is also veri�ed. Figure 5.24(a) shows
the unbalanced three phase voltages and the resulting grid phase cur-
rent for the case without Phase-Locked Loop (PLL). The distorted
phase currents are caused by the unbalanced estimated grid virtual-
�ux (Figure 5.25(a)). Balanced grid virtual-�ux (Figure 5. 25(b)) and
consequent reduction of low order harmonics present in the grid current
(Figure 5.24(b)) are achieved by including a PLL in the extend method.

i Rg,

u Rg, u Sg,
u Tg,

i Sg, i Tg,

(a) Conventional VF-DHC

Rg,i

Rg,u
Sg,u Tg,u

Sg,i i Tg,

(b) Extended VF-DHC

Figure 5.24: Experimental results under unbalanced grid voltage (phase
R with +10%, phase S with -10% and phase T with 230V rms). Grid
phases current i g;i and grid voltage ug;i (a) conventional VF-DHC with-
out PLL and (b) extend VF-DHC with PLL respectively.
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u Rg, u Sg,
u Tg,

• •g, •  g,

(a) Conventional VF-DHC

• •g,

u Rg, u Sg,
u Tg,

•  g,

(b) Extended VF-DHC

Figure 5.25: Experimental results under unbalanced grid voltage (phase
R with +10%, phase S with -10% and phase T with 230V rms). Grid
phases voltageug;i and grid virtual-�ux  g;�� (a) conventional VF-DHC
without PLL and (b) extend VF-DHC with PLL respectively.

Figure 5.26 and Figure 5.27 show experimental results in which 5%
of the 5th harmonic component is superposed on the fundamental grid
voltage. High level of 5th harmonic component and the resonance fre-
quency leads to a high total harmonic distortion for the casewhere the
conventional VF-DHC is implemented as can be seen in Figure 5.26(a)
and Figure 5.27(a). The resonance component is suppressed when the
active damping is enabled. On the other hand, the5th harmonic present
in the capacitor voltage is fed back through the active damping loop am-
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i Rg,

u Rg,

• •g, •  g,

(a) Conventional VF-DHC

u Rg,

• •g, •  g,

i Rg,

(b) VF-DHC with active damping

i Rg,

u Rg,

• •g, •  g,

(c) Extended VF-DHC

Figure 5.26: Experimental results when 5% of the 5th harmonic is
superimposed on the fundamental grid voltage. Grid phase voltage ug;R ,
virtual-�ux  g;�� and phase current i g;R (a) with the conventional VF-
DHC, (b) adding the active damping and (c) enabling the 5th harmonic
control.
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5.3. EXTENDED VF-DHC WITH LCL FILTER
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(b) VF-DHC with active damping
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(c) Extended VF-DHC

Figure 5.27: Experimental results when 5% of the 5th harmonic is su-
perimposed on the fundamental grid voltage. Grid phase volt age and cur-
rent harmonic spectrum (a) with the conventional VF-DHC, (b ) adding
the active damping and (c) enabling the 5th harmonic control.

151



CHAPTER 5. VF-DECOUPLING HYSTERESIS CONTROL FOR TWO-LEVEL

INVERTERS

plifying the e�ect of such harmonic in the grid currents as il lustrated
in Figure 5.26(b) and Figure 5.27(b). A signi�cant reductio n from 13%
to around 2.5% of the5th harmonic on the grid current is reached (Fig-
ure 5.26(c) and Figure 5.27(c)) by adding the5th harmonic control loop.
Consequently, the grid current total harmonic distortion i s reduced to
5.3%.

5.4 Summary

The fast dynamic characteristic of the classical hysteresis controller com-
bined with the �exibility of the virtual-�ux concept allows to ful�ll part
of the requirements of grid connected systems, such as fast transient
response and reduced number of sensors. However, due to the hysteresis
properties, another frequent requirement, namely a constant switching
frequency, is not respected.

One of the main reasons for the resulting variable switchingfrequency
of the hysteresis approach is the coupling between phases, inherent in
three-phase systems without physical connection between the dc-link
mid-point and the mains neutral point. The phases interaction is caused
because the dc mid-point to neutral voltage is not constant,as it is
dependent on each of the inverter output voltages.

This interference between phases is avoided when a decoupling strat-
egy is included into the classical hysteresis control. The decoupling em-
ploys an additional control loop that generates the zero sequence current
i 0, which is added to the measured grid currents. With the correct for-
mation of i 0 the phase switching decision can occur independently with-
out the in�uence of the other two phases. Although the decoupling hys-
teresis control (DHC) makes the switching frequency more uniform, the
�xed hysteresis band impedes a constant switching frequency. However,
by properly modulating the hysteresis bands, a near constant switching
frequency is achieved.

A current control technique which respects most of the requirements
for grid connected application is developed by combining the decou-
pling hysteresis current control with the virtual-�ux and p ower estima-
tions methods, so that the advantages of fast dynamic, near constant
switching frequency, reduced number of sensors and relatively simple
implementation are achieved.
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5.4. SUMMARY

The Virtual-Flux Decoupling Hysteresis Control (VF-DHC) h as been
extended to be used in high power applications. An active damping,
harmonic control, phase-locked loop and reactive power compensation
blocks are incorporated to the conventional VF-DHC in order to com-
pensate undesirable characteristics ofLCL �lters. The performance of
the extended method has shown a signi�cant improvement of the grid
current quality without a�ecting the transient response. T he method
has been also tested under several conditions such as unbalanced sup-
ply voltage and harmonic component superposed on the grid voltage.
In both cases, VF-DHC shows good performance due to the proper op-
eration of the PLL and the harmonic control loops.
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Chapter 6

Current Control for
Three-Level Inverters

Traditionally, current controller techniques are investi gated for low power
applications where normally the standard two-level topology is em-
ployed. However, high voltage applied to the semiconductors limits the
use of this topology for high power and high voltage applications, an
area in which multilevel inverters are emerging and consequently, de-
manding new control strategies.
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Figure 6.1: Three-Phase Three-Level NPC Voltage Source Inverter.
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CHAPTER 6. CURRENT CONTROL FOR THREE-LEVEL INVERTERS

Since its introduction in 1981 [5], the three-level neutral-point clamped
(NPC) voltage source inverter (Figure 6.1) has demonstrated some ad-
vantages over the conventional two-level inverter. It has been applied in
medium and high power applications due to the inherent advantages,
namely: voltage across the switches is clamped to half of thedc-link
voltage, low output voltage and current harmonic distortion and low
dv=dt stress on the load.

These advantages arise since each phase can produce three distinct
output voltage levels referred to the dc-link mid-point M , instead of two
generated by the classic six-switches two-level topology.Figure 6.2 illus-
trates the switching combinations used to generate these three voltage
levels. A positive output voltage udc

2 is achieved connecting the inverter
output to the positive terminal (Figure 6.2(a)) through the two upper
switches (S11 and S12). The two inner switches (S12 and S13) are turned
on in order to perform an output voltage equal to zero (Figure6.2(b)).
Nevertheless, although in this case both switches are commanded to
operate, only one is conducting the load current from the dc-link mid-
point M to the output terminal through one of the clamping diodes.
However, depending on the load current direction, the current might
�ow from the load to M , along the other pair switch/clamping diode.
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Figure 6.2: Switching states and output voltage of one phase leg of a
three-level NPC inverter. (a) Positive (b) null and (c) nega tive output
voltage referred to the dc-link mid-point M .
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For a negative output voltage � udc
2 the two lower switches (S13 and S14)

are turned on (Figure 6.2(c)).

Expanding this analysis for a three-phase system, the number of pos-
sible switching combinations is increased to33 = 27. However, these
27 states do not result in the same number of distinct output voltage
vectors, due to the presence of redundance in some combinations which
apply the same line-to-line voltages [67].

The output voltage vectors illustrated in the space vector diagram of
Figure 6.3 can be classi�ed into four categories according to its magni-
tude, namely: zero space vectorU0 which corresponds to three con�gu-
rations that produce null output voltage, small vectors (U1, U2, U3, U4,
U5 and U6) that create a voltage space vector with amplitude equal to
udc

3 , medium vectors (U8, U10, U12, U14, U16 and U18) with an ampli-

tude of
p

3
3 udc and large voltage vectors (U7, U9, U11, U13, U15 and U17)

that generate a space vector with amplitude equal to2
3 udc.

Therefore, as summarized in Figure 6.3, there are 19 distinct output
space vectorsU0 to U18, given that there are two redundant con�gura-
tions for each small vector and three for the zero vector.

The voltage vectors are identi�ed for example by (1 0 0) or (1 0-1),
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Figure 6.3: Space vector diagram of a three-level inverter.
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CHAPTER 6. CURRENT CONTROL FOR THREE-LEVEL INVERTERS

where each column represents one phase (R, S and T) and the numbers
1, 0 and -1 indicate the phase connection to the positive, neutral and
negative point of the dc-link, respectively.

In comparison to the two-level topology which generates seven dis-
tinct output voltage vectors, the three-level with nineteen space vectors
permits more �exibility for choosing an appropriate voltag e vector [68].
On the other hand, the selection process becomes more complex and de-
mands an especial and dedicated control strategy which allows to change
between small, medium and large voltage vectors, respecting some pre-
de�ned constrains concerningdu=dt, dynamic response and switching
frequency.

Furthermore, despite all the bene�ts mentioned above, the NPC-VSI
has a problem that excessive high voltages may be applied to the switch-
ing devices, when the �oating neutral point potential varies from the
mid-potential of the dc-link voltage. Therefore, to take full advantage
of this topology the mid-point of the dc-link must remain clamped at
one half of the complete dc-link voltage. The possibility ofin�uencing
M potential is based on the existence of redundant switching states
concerning the voltage space vector generated at the outputof the in-
verter [69]. The redundant switching states are characterized by opposite
loading of the mid-point current [70]. Therefore, this allows the control
of the mid-point potential without any in�uence on the outpu t voltage.

Many concepts have been developed [71] [72] to adapt classical con-
trol techniques to be used in multilevel topologies, by including extra
features which permit to achieve a proper load current regulation using
higher number of voltage vectors and controlling the dc-link mid-point
potential. The most �exible method and widely used for such applica-
tion is the space-vector modulation [73] [74]. The mid-point control can
be achieved for example by applying a combination of two or more space
vectors, especially small redundant vectors, in one sampleperiod result-
ing in an average zero mid-point current [75]. The relative duration of
each switch state in one sample period is adjusted in order tocompen-
sate for the error in the potential of M . However, for the direct power
control (DPC) and decoupling hysteresis control (DHC) previously pre-
sented for the two-level topology, the same approach can notbe used,
since a single vector is selected every sample period without consider-
ing previous and next vectors. Therefore, di�erent strategies have to be
found in order to adapt the classic DPC and DHC for the three-level
NPC inverter.
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6.1. VF-DPC FOR THREE-LEVEL NPC INVERTER

6.1 VF-DPC for Three-Level NPC Inverter

The proposed VF-DPC scheme (Figure 6.4) to be employed with the
three-level NPC inverter is a natural extension of the classical VF-DPC
previously used for two-level systems. Some modi�cations must be done
in order to minimize the output voltage harmonic distortion and to
assure the balance of the mid-point voltage by appropriate selection of
redundant vectors.

Figure 6.4 shows that the main idea of the VF-DPC is maintained.
The inverter switching states are appropriately selected by a switching
table according to the instantaneous error between references and esti-
mated values of active and reactive powers. However, to permit more
�exibility in the vector selection, the single band hysteresis is replaced
by a double band strategy and to achieve a proper mid-point balancing,
a method to decide on the correct redundant vector is employed.

Depending on the space vector selected by the switching table, the
voltage balance strategy will choose the proper state according to the
mid-point voltage deviation and load current direction.
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Figure 6.4: Block scheme of the VF-Direct Power Control for three-level
NPC inverter.
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CHAPTER 6. CURRENT CONTROL FOR THREE-LEVEL INVERTERS

6.1.1 Voltage Vector Selection

With 27 possible choices for voltage vector selection, the Switching Ta-
ble in three-level inverters becomes more complex comparedwith two-
level topologies, however it allows much more possibilities to satisfy the
commutation condition.
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Figure 6.5: Voltage vector selection of (a) two-level and (b) three-lev el
inverters.
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6.1. VF-DPC FOR THREE-LEVEL NPC INVERTER

According to the analysis presented in Section 4.1.1 for a two-level
inverter, the active power is in�uenced by voltage vectors which increase
or decrease the angle between inverter and grid virtual-�uxvectors. On
the other hand, by adjusting the amplitude of the inverter vi rtual-�ux
vector the reactive power is controlled. Therefore, considering the grid
virtual-�ux in sector 5 (Figure 6.5(a)), vectors 2 and 3 are usually used
to increase the active power, whereas vector 2 increases reactive power
and vector 3 decreases.

A similar concept may be used with the three-level topology (Fig-
ure 6.5(b)), however instead of two possibilities to adjust the active
power, there are seven. For instance, the small vector 2 and the large
vector 9 would drive the inverter virtual-�ux in the same dir ection, nev-
ertheless, with distinct magnitude. This creates a degree of freedom to
in�uence the active power with di�erent intensity.

In order to utilize this bene�t, a single band hysteresis traditionally
employed with the two-level inverter topology is replaced by a double
band hysteresis method as shown in Figure 6.6.

Two- level

Three-level

1pu

2pu

2pl

1pl

pD

Small

Small

Large

Large

Figure 6.6: Active power error variation in two and three-level inverte rs.

Whenever the active power error comes down to the negative lower
band lp2, a large voltage vector is chosen to lead the error to zero. A
small vector replaces the large vector when the error reaches the positive
lower bandup1, resulting in a lower slope of the active power. If the error
increases beyond the positive upper bandup2, a large voltage vector is
applied to decrease the error until it reaches the negative upper band
lp1 where the large vector is again replaced by a small vector.

As consequence of selecting more voltage space vectors in the three-
level inverter VF-DPC, the harmonic content in the output vo ltage and
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current can be reduced.

This strategy works properly if the grid voltage vector is rotating
inside of the inner hexagon consisting of six small vectors.However, as
occurs in the majority of the systems, in order to increase the utilization
range, the dc-link voltage and consequently the inverter voltage vectors
are designed to keep the grid voltage vector (or virtual-�ux) rotating
between the outer and inner hexagon as shown in Figure 6.7.
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U18

•
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inv 

p +

p -p -

U11

Figure 6.7: In�uence of the inverter output voltage vectors on the activ e
power when the grid virtual-�ux is rotating with magnitude l arger then the
small vectors.

In this case, the small vector selected in Figure 6.6 to reduce the
growth rate of the active power when the error signal reachesthe upper
negative bandlp1, will actually force the system to inverse the direction
of power generation (Figure 6.8 - curve a). This occurs because the
small vector magnitude is smaller then the grid voltage, resulting in a
negative voltage drop (compared to �ug = 0 ) across the inductor �lter
( �uL = �uinv � �ug).

A simple alternative for this inconvenience is to avoid the change
between large and small vectors when the active power error crosseslp1

(Figure 6.7 - curve b). The error signal will continue to decrease until
it reaches lp2, where another large vector will be selected to invert the
direction of the instantaneous active power error.

However, the fact that two large vectors are selected in sequence to
realize an opposite e�ect on the active power may result in high a du=dt.
Assuming the grid virtual-�ux in sector 5 (for the numbering of the
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Figure 6.8: Time behavior of the active power error when a small vector
replaces a full vector in lp1 - curve a, and if the full vector is kept between
up2 and lp2 - curve b.

sectors see Figure 4.7), and vector 11 as converter output toincrease
the active and decrease the reactive power, the vectors 14, 15 and 16
are generally preferred to decrease the instantaneous active power, when
the active power error crosseslp2, however, all of these candidates will
lead to high � U in at least one of the phases. For example, switching
from vector 11 to 14, the voltage in phaseT would change directly from
� udc

2 to udc
2 . This resulting high � U impedes such strategy to be used

in most of applications.

The best performance concerningdu=dt is achieved if the area where
the next vector will be selected is in the neighborhood of theactual one.
Additionally, by choosing a small vector just after a large vector, the
region of the next allowed vectors is increased.

Using the concept that a small vector decreases active powerwhen
the grid voltage vector is located between inner and outer hexagons, a
modi�ed hysteresis strategy which ensures that only neighboring vectors
are selected is utilized (Figure 6.9). The active power error is maintained
inside of two consecutive boundaries according to the system operation
point.

If the error increases beyond the positive upper bandup2, a large
voltage vector is selected to decrease the error until it reaches the pos-
itive lower band up1 where a small vector is applied. Assuming that
the grid voltage vector is rotating and shows an amplitude higher than
the amplitude of the small vectors, the error signal direction will be
reversed. If the modulation index is maintained nearly constant, the
active power error continues to switch between these two boundaries,
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Figure 6.9: Active power hysteresis strategy which allows choosing only
neighboring vectors.

allowing to choose only neighbor vectors.

As a side e�ect, this strategy may create an o�set on the generated
active power, when� p is kept inside the two upper hysteresis bands. In
this case, adc value is added to the active power variation.

� p0 = � p + of fset (6.1)

Therefore, this will re�ect directly on the level of active p ower being
generated.

p = pref � � p � of fset: (6.2)

In order to compensate this undesirable o�set, a feedforward control
based on the inverter operation point is implemented, as shown in Fig-
ure 6.10. If the controller veri�es that the inverter is oper ating between
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p
M

offsetp
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2pu

1pu

1,2pu

offpD

Figure 6.10: Active power o�set compensation.
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the two upper hysteresis bands, a constant valueppre proportional to
the boundaries limits (6.3) is added to the active power error signal � p.

ppre = up1 +
up2 � up1

2
(6.3)

Additionally, to compensate any dynamic disturbance on the active
power, a control signalpdy proportional to the integral of the di�erence
between the desired and actual active power is produced by anintegral
controller and included into the feedforward loop.

Although the change between large and small vectors plays anim-
portant role on the active power control, this strategy is not valid for
the reactive power regulation, which is achieved by changing between
vectors with same characteristics regarding magnitude.

As mentioned earlier, the reactive power is regulated by increasing or
decreasing the amplitude of the inverter virtual-�ux vecto r. Assuming
the grid virtual-�ux vector in sector 5, vectors 9,10,11 and 12 are pre-
ferred if the controller is requesting a vector which increases the active
power. Among these options, vector 9 can be selected to increase and
12 to decrease the reactive power, however switching between these two
vectors would cause highdu=dt in at least one of the phases. A good
performance is achieved if a single band hysteresis with zero crossing
detection is used (Figure 6.11). The zero detection is applied to choose
an intermediate vector which does not cause a big in�uence onthe re-
active power, however, creates a link between two other vectors without
resulting in a high � U. Using the example given above, vector 11 is
applied when the error signal comes down to the negative bandlq to
decrease the reactive power. When� q crosses the zero line, vector 10

qu

ql

qD

Figure 6.11: Reactive power hysteresis strategy.
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is selected until the error reaches the upper banduq where vector 9 is
then chose. Therefore, the selection of the vector 10 (0 1 -1), avoids the
phaseR to switch from � udc

2 applied by vector 11 (-1 1 -1) directly to
udc

2 generated by vector 9 (1 1 -1).

Based on these details the switching table for the three-level VF-DPC
can be de�ned (Table 6.1). The levels of the double band active power
hysteresis are denominated as -2, -1, 1 and 2 starting fromlp2 to up2.
For the reactive power hysteresis, level -1 is selected whenthe error
signal reaches the negative bandlq. Level 0 is chosen when� q crosses
the zero line and level 1 for the upper boundaryuq.

Table 6.1: Switching table for a three-level VSI.

Sector
dp dq 3 4 5 6

-2 -1 U13 U14 U15 U16

-2 0 U14 U15 U16 U17

-2 1 U15 U16 U17 U18

-1 -1 U4 U4 U5 U5

-1 0 U5 U5 U6 U6

-1 1 U5 U6 U6 U1

1 -1 U2 U3 U3 U4

1 0 U2 U2 U3 U3

1 1 U1 U1 U2 U2

2 -1 U9 U10 U11 U12

2 0 U8 U9 U10 U11

2 1 U7 U8 U9 U10

A sequence of voltage vectors being selected over time to regulate
active and reactive powers is illustrated in Figure 6.12. Considering the
grid-virtual �ux rotating with an amplitude higher then the small vec-
tors magnitude, the controller chooses only neighboring vectors, limiting
� U to udc

2 . A large vector can change to a neighboring large vector to
control reactive power or due to a sector change. For regulating the ac-
tive power, the switching table always changes between small and large
or medium vectors.
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Figure 6.12: Time behavior of voltage vector selection.

6.1.2 Mid-Point Balancing

The mid-point balance is not in�uenced by all vectors. Large vectors do
no a�ect the mid-point balance, since the phase currents areconnected
either to the positive or negative potential. Medium vectors connect
one of the phase currents to the mid-point making theM potential
dependent on the load conditions. Accordingly, medium vectors are the
most important source of mid-point voltage unbalance. As mentioned
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Figure 6.13: Redundant switching states of the small voltage space vectors
of a three-level inverter.

167



CHAPTER 6. CURRENT CONTROL FOR THREE-LEVEL INVERTERS

before, small vectors come in pairs, as shown for example forvector
U1 in Figure 6.13. These states apply equivalent line-to-linevoltages
to the output, however the orientation of the mid-point curr ent di�ers.
In one state, the current �ows out of M, e�ectively discharging the
lower capacitor of the dc-link while charging the upper capacitor. In the
opposite state, the current �ows into the mid-point, chargi ng the lower
capacitor and consequently discharging the upper capacitor [69].

An illustration of the e�ect caused by redundant switching states (0
-1 -1) and (1 0 0) of the space vectorU1 on the mid-point current can be
seen in Figure 6.14. Although the line-to-line voltages produced by both
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Figure 6.14: In�uence of redundant switching states on the mid-point
current (a) positive small vector state (0 -1 -1) and (b) nega tive small
vector state (1 0 0).
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switching states are identical (uRS = udc
2 , uST = 0 and uT R = � udc

2 ),
i M generated are in opposite direction.

Assuming positive current in phaseR and negative current in phases
S and T, the mid-point current �ows out of M when the state (0 -1 -1) is
selected (Figure 6.14(a)). In this case the upper capacitoris charged and
the lower capacitor is discharged. An opposite e�ect on the capacitor
voltages is observed when the state (1 0 0) is chosen, since the mid-point
current now �ows into the mid-point, as shown in Figure 6.14(b).

The presence of these redundant switching states creates a degree of
freedom for controlling the mid-point potential by knowing i M and the
mid-point voltage deviation.

The deviation is measured by the di�erence between the voltage ref-
erence and the voltage across the lower capacitor,

� uC l = uC l;ref � uC l : (6.4)

However, in order to reduce the switching frequency due to changing
between vectors for mid-point voltage control, a ripple on the dc-link
capacitor voltages is allowed and limited by a hysteresis controller. If
the voltage deviation � uC l does not reach one of the hysteresis bound-
aries, the status of the mid-point voltage� u is maintained. When � uC l

crosses the positive boundary, the controller output switched to 1. This
output is maintained until the voltage error reaches the negative hys-
teresis limit, where the output is changed to 0.

Each phase has in�uence on the mid-point currenti M only when the
respective phase is connected to the mid-point potential. Therefore,i M

can be calculated based on measured phase currents and the state of
each phase:

i M = mpR � i inv;R + mpS � i inv;S + mpT � i inv;T (6.5)

where mpi is equal to 1 if the phasei=R,S,T is connected to the
mid-point potential, and 0 when the phase is connected either to the
positive or negative potential.

Based on the direction of the generatedi M and the lower capacitor
voltage deviation (� u), the controller selects the appropriate redundant
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Figure 6.15: Block diagram of the Mid-Point voltage control.

state, as shown in Figure 6.15.

The switching table is divided into positive and negative parts, which
contain the same structure except for the small vectors (redundant
switching states) that are allocated according to the e�ect on the mid-
point current. A small vector that produces a positive i M will be referred
as a positive small vector and the one which generates a negative i M ,
will be called a negative small vector, as summarized in Table 6.2.

Table 6.2: Mid-Point current in�uence of positive and negative small v ectors.

Positive Small Negative Small
Vectors

i M Vectors
i M

U1 ( 0 -1 -1) i inv;R ( 1 0 0) � i inv;R

U2 ( 1 1 0) i inv;T ( 0 0 -1) � i inv;T

U3 (-1 0 -1) i inv;S ( 0 1 0) � i inv;S

U4 ( 0 1 1) i inv;R (-1 0 0) � i inv;R

U5 (-1 -1 0) i inv;T ( 0 0 1) � i inv;T

U6 ( 1 0 1) i inv;S ( 0 -1 0) � i inv;S

Initially, the vector to be applied to the NPC inverter is sel ected in
the positive switching table, according to the active and reactive powers
hysteresis (dp and dq) and sector indication. By knowing the state to be
applied and the instantaneous measured phase currents, theresulting
i M is predicted using (6.5). If the predicted i M would increase the mid-
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point potential deviation even more, the opposite redundant vector is
selected by switching to the negative switching table.

For example, the active and reactive power hysteresis and the sector
decision block indicate the small vectorU1 as the appropriate choice.
A priori the positive small state (0 -1 -1) is selected by the positive
switching table. As a result, according to (6.5), the mid-point current
is identical to the current in phase R, since only this phase is directly
connected to the mid-point M.

Assuming a positive current in phaseR and a positive capacitor volt-
age deviation (� u = 1 ), applying the chosen state (0 -1 -1) would result
in a positive mid-point current i M = i inv;R which would discharge the
lower capacitor, and consequently increase the deviation.In this case
the opposite negative small vector (1 0 0), which generates anegative
current i M = � i inv;R , must be employed to charge the lower capacitor
and reduce the voltage unbalance.

The logic decision to switch among the positive and negativetable is
summarized in Table 6.3. If both i M and � u have the same signal, either
positive (1) or zero (0), the negative switching table is selected (T=1),
otherwise the state chosen by the positive table is maintained (T=0).
This logic can be simply implemented by usingi M and � u as inputs of
an exclusive NOR (XNOR) binary logic, as presented in Figure6.15.

Table 6.3: Logic decision among positive and negative table.

i M � u T

0 0 1
0 1 0
1 0 0
1 1 1

6.1.3 Simulation Results

In order to verify the e�ectiveness of the proposed VF-DPC for three-
level NPC inverter, simulations have been performed. An output induc-
tance of 18mH links the inverter and the grid ( 400V / 3-phase). The
inverter, designed to operate with an average switching frequency of
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2:5kHz , is supplied by an800V dc power source.

The estimated grid virtual-�ux (  g;�� ), lagging the grid phase voltage
by 90o, is shown in Figure 6.16(a). The virtual-�ux is used to calculate
the instantaneous active and reactive powers applied to control the grid
currents illustrated in Figure 6.16(b). The active power reference is ad-
justed to a nominal value of 6kW and the reactive power is set to zero,
in order to generate only active power.
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Figure 6.16: Simulation results of the proposed VF-DPC with L Filter.
(a) Grid voltage, estimated virtual-�ux and (b) resulting g rid current.

Figure 6.17(a) shows the voltage across the upper and the lower dc-
link capacitor, controlled to one half of the total dc-link v oltage. The
hysteresis bands allow a ripple of� 5% of the voltage reference. When
the voltage of the lower dc-link capacitor reaches[(udc=2)� (5%�udc=2)]
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Figure 6.17: Simulation results of (a) voltage across the upper and
lower dc-link capacitors (upper uCu and lower uCl ) and (b) resulting
mid-point current.

the mid-point voltage controller gives preference to redundant vectors
of the negative switching table, which will produce a negative mid-point
current (Figure 6.17(b)) and consequently charge the lowerdc-link ca-
pacitor. The mid-point current resulting from small vector s is main-
tained negative until the voltage reaches the upper hysteresis bound-
ary [(udc=2) + (5% � udc=2)]. At this point, the controller switches to
the positive switching table generating positive instantaneous mid-point
current.

The main advantage of the NPC inverter, i.e. the three-levelchar-
acteristic of the output phase voltages is shown through simulation in
Figure 6.18. Referred to the dc-link mid-point M the inverter can gen-
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erate udc
2 , 0 and � udc

2 .

The dynamic behavior of the presented VF-DPC is observed fora
step response of the active power, as shown in Figure 6.19. The fast
tracking previously achieved with the two-level approach is not a�ected
by the modi�cations on the hysteresis strategy and the inclusion of the
mid-point controller. A step from 4kW to 6kW results in a rise time of
approximately 600�s .
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6.1.4 Extended VF-DPC with LCL �lter

Extra control loops namely, active damping, individual harmonics con-
trol, reactive power compensation and phase-locked loop, developed in
Section 4.2 to extend the conventional VF-DPC for a third order LCL
�lter may also be included to the proposed VF-DPC for three-level
NPC inverters. These blocks designed to act directly on the active and
reactive power references are completely independent of the inverter
topology or number of output voltage levels generated, and therefore,
do not require any adaptation.

The modi�ed VF-DPC shown in Figure 6.20 incorporates these outer
control loops into the conventional approach with dedicated hystere-
sis strategy (including o�set compensation) and mid-point voltage con-
troller.
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6.1.5 Simulation Results

To con�rm the e�ectiveness of the extended VF-DPC with LCL output
�lter, simulations have been carried out with the same 6kW output
power, 2:5kHz average switching frequency and800V dc-link voltage
level as used for the conventional approach. The �rst orderL �lter has
been replaced by a third orderLCL �lter ( L inv = 17mH , L g = 5 :6mH
and C = 18�F ).

The oscillations caused by the �lter resonance are reduced when the
active damping loop is added to the conventional approach, as can be
seen comparing the grid current (Figure 6.21(a),(b)) and the respective
harmonic spectrum (Figure 6.21(c),(d)) for the conventional and the
extended method. Additionally, the harmonic control loop compensates
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Figure 6.21: Simulation results of (a)(c) mains current and respective
harmonic spectrum of the conventional VF-DPC for the three- level NPC
inverter and (b)(d) for the extended method with active damp ing and
harmonic control.
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the in�uence of the active damping on the lower harmonic components.

Although the extended method includes additional loops to the con-
ventional method, the mid-point voltage controller is not a�ected as
shown by the upper and lower dc-link capacitor voltages in Figure 6.22.
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Figure 6.22: Simulation results of voltage across the upper and lower dc-link
capacitors for the extended VF-DPC with LCL �lter.

The dynamic response in terms of rise time is also not signi�cantly
a�ected, however oscillations caused by the resonance are drastically
reduced (Figure 6.23).
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6.2 VF-DHC for Three-Level NPC Inverter

The adaptation of the VF-DHC to operate with a three-level NPC in-
verter follows the same concept as studied for the VF-DPC scheme. The
higher number of available voltage vectors and the necessity to control
the dc-link voltages, demand special attention on the voltage vector se-
lection criteria. Figure 6.24 shows the extended VF-DHC scheme. The
main idea of controlling the grid current through a hysteresis control and
the decoupling strategy are maintained. The estimated virtual-�ux and
the desired active and reactive powers generate the currentreferences
to be compared to the measured currentsi g;i with added zero sequence
current i 0. However, in order to allow the selection of three voltage levels
a three-level modulation is implemented by replacing the conventional
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single-band hysteresis by a double-band hysteresis strategy. Addition-
ally, a method based on the manipulation of the zero sequencecurrent
component according to the dc-link voltages unbalance is implemented
to control the mid-point potential.

6.2.1 Hysteresis Strategy

The basic principle of the double band hysteresis current control [76]
is based on the classical control applied to two-level inverters. In the
classical approach (Figure 6.25(a)) when the current errorrises above
the upper hysteresis limit, the inverter generates a positive voltage while
a negative output voltage is produced when the error falls below the
lower limit. Hence, each band is directly related to one dc voltage level.

The main di�erence in a three-level inverter, as previouslymentioned,
is that three voltage levels can be applied to each phase, namely: + udc=2,
0 and � udc=2. Therefore, to increase or decrease the line voltages, there
are more possibilities than for a two-level inverter, demanding a higher
number of hysteresis limits. In generaln � 1 hysteresis bands have to
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be applied for ann-level inverter. Consequently, for a proper operation
of the three-level NPC inverter (n = 3 ), a double band hysteresis is
required.

However, though the double-hysteresis allows to select three output
voltage levels, a dedicated strategy to perform correctly the level deci-
sion is necessary. The basic principle of the employed control strategy
is shown in Figure 6.25(b). When the current exceeds the upper inner
hysteresis band, the controller selects the next higher voltage level to
drive the current error to zero. When the error crosses the lower inner
hysteresis limit, the output voltage is reduced by one level. The error
is then kept inside of the inner hysteresis band similar to the classical
two-level approach. However, the new selected state may notbe ade-
quate to force the current error back into the inner band. In this case,
the current error continuous in the same direction until it r eaches the
outer hysteresis boundary, where the inverter shall again switch to the
next higher (or lower) voltage level to reduce the current error and to
ensure again operation between the inner hysteresis bands.By selecting
always the next higher or lower level, this method requires only a single
switch commutation for reaching the new inverter state.

As mentioned in Chapter 5, the decoupling control strategy avoids
the switching interaction between phases, resulting in a more uniform
switching frequency. Besides that, a near constant switching frequency
is achieved if the hysteresis bands are appropriately modulated over one
cycle period.

The modulated hysteresis band also di�ers from the two-level ap-
proach. For the two-level system, the inverter output voltage can only
switch between plus and minus dc-link voltage. However, in the three-
level case during the positive mains cycle, the inverter output voltage
can reach either half of the dc-link voltage or zero, while atthe negative
cycle it can be either zero or negative half of the dc-link voltage.

As described in Section 5.2.2, the di�erence between inverter reference
voltage and actual value is given by

uinv;M;ref � uinv;M = L g
d(� i 0

g)

dt
: (6.6)

When the current error reaches the upper hysteresis band, the con-
troller turns on the two upper switches to allow the inverter to generate
an output voltage of + udc

2 . As consequence, the instantaneous current
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increases fromi 0
g = i g;ref � h to i 0

g = i g;ref + h. Therefore, during the
on time, equation (6.6) is described as

uinv;M;ref �
udc

2
= L g

[i g;ref � (i g;ref + h)] � [i g;ref � (i g;ref � h)]
ton

:

(6.7)

The time period where the two upper switches are on (ton ) is then
extracted from equation (6.7) as

ton =
2L gh

udc
2 � uinv;M;ref

: (6.8)

To decrease the current fromi 0
g = i g;ref + h to i 0

g = i g;ref � h, the
controller now turns o� the upper switch and the output is con nected
to the level 0 via one of the clamping diodes. Based on that, equation
(6.6) is written as

uinv;M;ref +0 = L g
[i g;ref � (i g;ref � h)] � [i g;ref � (i g;ref + h)]

tof f
: (6.9)

Reorganizing equation (6.9), the o�-time is determined as

tof f =
2L gh

uinv;M;ref
: (6.10)

The switching period within the positive mains cycle is then calcu-
lated by summing up the on and o� times (Ts = ton + tof f ),

Ts =
2L gh udc

2

uinv;M;ref
� udc

2 � uinv;M;ref
� : (6.11)

From (6.11), the modulated hysteresis function is obtainedfor the
positive mains cycle,

hi =
uinv;i

� udc
2 � uinv;i

�

2L gf s
udc

2

: (6.12)

For a sinusoidal fundamental inverter voltage, the normalized variable
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hysteresis band for the positive mains cycle is illustratedin Figure 6.26.
Considering the symmetry between positive and negative mains cycle,

the modulated hysteresis band can be expanded to the whole grid funda-
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mental period as shown in Figure 6.27. Additionally, for achieving near
constant switching frequency the three-level modulation strategy pre-
sented in Figure 6.25(b) is extended to modulated bands (Figure 6.27).

6.2.2 Mid-Point Controller

The majority of the mid-point voltage balancing schemes rely on some
form of manipulation of redundant vectors available in three-level topolo-
gies. In general the regulation is achieved by adjusting therelative on-
time of the redundant switching state acting in the direction of a reduc-
tion of an existing mid-point unbalance [77].

Foe the VF-DPC approach, the controller selects an appropriate volt-
age space vector to correct the instantaneous active and reactive power
control errors. Therefore, the three-phases are controlled at the same
sample period allowing to predict the resulting i M and consequently,
the e�ect of the selected voltage vector on the dc-link voltages. How-
ever, for the VF-DHC scheme, the three-phase currents are controlled
independently according to the error of the respective loadcurrent. The
decision in one phase is made without any knowledge of the other two
phases and not necessarily at the same sample period. Therefore, is very
di�cult to predict the in�uence of the three-phases on the po tential of
M .

In [78] the principle of balancing the mid-point voltage by controlling
a zero sequence reference current component for the speci�ccase of hys-
teresis control is described. Since in the hysteresis method the control
signals are generated directly from the di�erence between reference and
actual value of each phase current according to the hysteresis bound-
aries, the possibility of controlling the mid-point voltag e by in�uencing
the frequency of each redundant state is limited basically to a modi�-
cation of the reference value shape. Therefore, since the amplitude and
sinusoidal shape of the currents references are given by thepower re-
quirements, the only remaining degree of freedom is the addition of a
zero-componentI 0

i 0
g;R = i g;R + I 0

i 0
g;S = i g;S + I 0

i 0
g;T = i g;T + I 0

(6.13)
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where the o�set I 0 is set to be equal in all three phases and conse-
quently, its in�uence on the current shape is canceled in systems with
isolated mains neutral point where the sum of the phase currents is
forced to 0 (i g;R + i g;S + i g;T = 0 ).

According to Figure 6.24, the control error of each phase current is
determined as the di�erence between reference and actual current.

� i g;i = i g;i;ref � i g;i : (6.14)

Considering an o�set I 0 added to the measured phase currents (i g;i ),
as shown in equation (6.13), the current error is rewritten according to

� i 0
g;i = � i g;i � I 0: (6.15)

Therefore, transforming phase quantities (6.15) into stationary space
vector representation

� i g;� = � i g;R � I 0

� i g;� =
1

p
3

(� i g;S � � i g;T ) :
(6.16)
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Figure 6.28: Tolerance area of a three-phase hysteresis controller (a)
without dc o�set and (b) with positive dc o�set.
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One can note that I 0 has a direct in�uence on the location and shape
of the tolerance area (Figure 6.28), which is de�ned by the intersection
of the tolerance bands of each phase. For a classical operation without
o�set or I 0 = 0 , the tolerance area is represented by an equilateral
hexagon (Figure 6.28(a)), resulting in segments of positive (h+

i ) and
negative (h�

i ) switching thresholds with equal length. As consequence,
the resulting average mid-point current is zero.

The in�uence of the tolerance band on the mid-point potential is
better explained reducing the interval of analysis. Due to the sign change
of a phase current every�

3 , the fundamental cycle may be divided into
six sectors as illustrated in Figure 6.29.
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Figure 6.29: Division of a fundamental mains cycle into �
3 -wide intervals

according to equal signs of the three phases currents.

Considering the inverter generating only active power, during the
interval

�
�
3 ; 2�

3

�
the phase currents are in phase with the grid voltages

and therefore i g;R > 0, i g;S < 0 and i g;T < 0.

During this interval, assuming I 0 = 0 (Figure 6.28(a)), phaseR will
switch between positive udc=2 and mid-point 0 potential, generating
a respective positive average mid-point current componenti M;R > 0.
PhasesS and T are connected either to the negative� udc=2 or mid-
point potential, resulting in i M;S < 0 and i M;T < 0 . However, due to the
symmetry of the hexagonal tolerance area, the sum of the three phases
average mid-point current components is zeroi M = i M;R + i M;S + i M;T =
0, as shown by the digital simulation result of Figure 6.30(a).

When a positive o�set I 0 is added to the phase currents, the tolerance
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bands of each phase are shifted to the positive side according to Fig-
ure 6.28(b). The intersection of the bands now creates an asymmetric
tolerance area, where the the positive (h+

R , h+
S , h+

T ) and the negative
(h�

R , h�
S , h�

T ) switching thresholds are of unequal lengths. The contribu-
tion of the negative switching threshold is increased and consequently,
the frequency of states selected by the negative bands raises proportion-
ally.

For the considered interval
�

�
3 ; 2�

3

�
, phaseR is more often connected

to M , due to the priority given to the negative threshold. This in creases
the positive component of i M;R when compared to the previous case
with I 0 = 0 . On the other hand, for phasesS and T the probability of
connecting the inverter output to M is decreased, reducing the e�ect
of the negative mid-point current components (i M;S , i M;T ) on the aver-
age total i M . Therefore, the sum of the mid-point current components
results in a positive average value ofi M (Figure 6.30(b)).
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Figure 6.30: Simulation of the time behavior of the mid-point current
i M for di�erent values of dc o�set I 0 .
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6.2. VF-DHC FOR THREE-LEVEL NPC INVERTER

A similar analysis can be performed for a negative o�setI 0 < 0. A
negative shift of the tolerance bands, now increases the contribution of
the positive switching boundaries (h+

R , h+
S , h+

T ) and accordingly reduces
the probability of an intersection with the negative switch ing lines (h�

R ,
h�

S , h�
T ). Therefore, the positive contribution i M;R is reduced while the

negative contributions i M;S and i M;T are increased, resulting in a neg-
ative average value ofi M (Figure 6.30(c)).

The periodic change of the average ofi M observed in Figure 6.30
occurs due to the change of the sign combination of the three phase
currents every �

3 .

In the proposed VF-DHC, the zero sequence currentI 0 is created by
subtracting the signal of the voltage controller uM;ct from the input of
the integrator, as shown in Figure 6.24. The voltage controller compares
the voltage across the lower capacitor against a reference (6.17), which
is normally half of the total dc-link voltage, and produces aproportional
dc control uM;ct

� u = uC l;ref � uC l (6.17)

uM;ct = kp � � u: (6.18)

The in�uence of the controller output voltage uM;ct on the average
mid-point current is shown in Figure 6.31. This clearly shows that if, e.g.
the lower capacitor voltageuC l is below the reference voltageuC l;ref , the
resulting positive controller output voltage uM;ct , produces a negative
average mid-point current, which charges the lower capacitor, balancing
the mid-point potential.

However, a simulation for di�erent values of mains voltage and cur-
rent phase-shift (� ), illustrated in Figure 6.31(b), shows that the con-
trollability of the mid-point current and consequently of t he mid-point
potential is reduced when� is approaching90o. The resulting average
value of i M for a certain voltage control signal uM;ct varies according
to � . For example, for uM;ct = � 40 and � = 0 o, the inverter generates
an averagei M of 0:8A. However, for the sameuM;ct but � = 70o, the
generated averagei M is reduced to0:5A. This value is further reduced
to nearly zero � = 90o.

A similar analysis presented for� = 0 o is now extended to� = 90o.
During the interval

�
�
3 ; 2�

3

�
the phase currents are lagging the voltages

by 90o (Figure 6.32). If a positive o�set I 0 > 0 is added to the phase
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currents the tolerance area is distorted as shown in Figure 6.28(b). As
consequence, due to the asymmetry on the switching boundaries, the
output of phase R is more often connected toM in order to generate
a positive i M . However, for � = 90o the current in phase R is nega-
tive during the �rst half

�
�
3 ; �

2

�
of the considered interval and positive

through
�

�
2 ; 2�

3

�
. This results in a nearly zero average value of the phase

R mid-point current component ( i M;R = 0 ). For phasesS and T, the
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same analysis ends up withi M;S < 0 and i M;S > 0, however, due to the
symmetry between these two phases within this interval, thee�ect of
phaseS on i M is canceled by phaseT. Therefore, the sum of the three
phase mid-point current (i M = i M;S + i M;S + i M;T ) is approximately
zero and consequently it can not be used to control any variation of M .

The limitation of balancing the mid-point potential for � = 90o has
been also reported for PWM modulation in [67]. However, thislimitation
may be overcome in topologies with higher voltage levels, which creates
more �exibility for selecting the switching states.

6.2.3 Simulation Results

The time behavior of the proposed VF-DHC for the three-level NPC
inverter can be better analyzed via simulation. It is performed using the
same electrical speci�cations previously implemented with the VF-DPC.
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Figure 6.33: Simulation results of grid current and inverter output
voltage generated by (a) VF-CHC and (b) VF-DHC.
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The three-level NPC inverter operating with a switching frequency of
2:5kHz is connected to the400V/3-phase grid via a 18mH L �lter. An
800V dc power supply provides the energy to the dc-link capacitors.

The improvement of the switching pattern is clearly observed by com-
paring the performance of the classical hysteresis controland the pro-
posed decoupling strategy as shown in Figure 6.33. The grid currents
(Figure 6.33(a)) and inverter output voltage (Figure 6.33(c)) gener-
ated by the conventional hysteresis control show long periods where
no switching occurs due to the interaction between phases. Adding the
zero sequence currenti 0 to the measured currents and modulating the
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Figure 6.34: Simulation of the switching frequency of the NPC upper
two switches over half of mains period and current frequency spectrum
resulting for (a)(c) VF-CHC and (b)(d) VF-DHC.
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width of the hysteresis band, the switching becomes more uniform (Fig-
ure 6.33(b) and (d)).

The switching performance is better observed comparing theinstan-
taneous switching frequency over half of the mains period for the two
upper switches (S11 and S12) of the NPC inverter (Figure 6.34(a)(b)).
While the instantaneous switching frequency varies considerably for the
classical hysteresis technique (Figure 6.34(a)), it is maintained nearly
constant at 2:5kHz for the decoupling mode (Figure 6.34(b)). Further-
more, the current spectrum of the conventional VF-CHC is spread over a
wide frequency range (Figure 6.34(c)), while centered around the switch-
ing frequency for the VF-DHC (Figure 6.34(d).

The in�uence of the zero sequence componentI 0 on the mid-point
potential is observed in Figure 6.35. By injecting a zero sequence current
proportional to the dc-link voltage deviation, the balance of the dc-link
voltages can be ensured (Figure 6.35(b)). Moreover, the variation can be
reduced when compared with the balancing obtained for usingclassical
hysteresis control (Figure 6.35(a)).

The low frequency ripple observed on the dc-link capacitor voltages
(Figure 6.35(b)) is caused by the periodic variation of the mid-point
current over the fundamental grid voltage cycle, as shown inFigure 6.30.
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Figure 6.35: Simulation results of voltages across the dc-link capaci-
tors (a) with conventional hysteresis control and (b) with t he decoupling
method.
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For each �
3 interval of the mains period a di�erent combination of sign of

the three phases currents occurs which directly in�uencesi M . It results
in a variation of i M with three-times the frequency of the grid voltage.

6.2.4 Extended VF-DHC with LCL �lter

Although the size of the output �lter required to achieve a satisfac-
tory ripple attenuation with the VF-DHC for three-level NPC inverter

'
,g ii

refq

refp

-

+

3
+ 3

+

+
-

3

++

3

+

-

+

+

+

-

-

-
+

+

M

, ,inv i refi

invLgL

( ), ,i inv i dch u u±

,inv ii

NMu ,inv iMu

RST
 !

RST
 !

DHC

å
i3

1

VF

cq

dp

dq

hqhp

,c •  !

,invi •  

,ci •  

,gi •  

,g •  !

,invi •  

,gi •  

is

,g •  !

,c •  !

,g iu

,g iL

,inv iL
iC

,g ii

,inv iiD

PLL

g"

g"

sL
1

( )G s

-
+

+
-

Virtual-Flux
Inverter

Current
References

Harmonic
Control

Reactive
Compensation

Active
Damping

0i 0I+

,M ctu

2
dcu2

dcu

Figure 6.36: Extension of the Virtual-Flux Decoupling Hysteresis Contr ol
for high power application with LCL output �lter.

192



6.2. VF-DHC FOR THREE-LEVEL NPC INVERTER

is reduced compared to the classical two-level inverter, a third order
LCL �lter is still desired to reduce the total �lter volume. Acco rdingly,
extra control loops designed to compensate inherent characteristics of
such �lters are included to the conventional VF-DHC. The ext ended
approach (Figure 6.36) includes the active damping, harmonic control,
reactive power compensation and PLL loops, previously presented for
the conventional two-level VF-DHC.

6.2.5 Simulation Results

The extended VF-DHC method is also veri�ed through simulation and
compared to the conventional approach. The setup used with the classic
method is maintained, despite the output �lter which is repl aced by a
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Figure 6.37: Simulation results of mains current and respective har-
monic spectrum (a)-(c) provided by conventional VF-DHC and (b)-(d)
when the active damping approach and harmonic rejection control loops
are added to the main VF-DHC.
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third order LCL �lter ( L inv = 17mH , L g = 5 :6mH and C = 18�F ).

The e�ectiveness of the active damping and harmonic controllers pre-
viously proved for the two-level system, is not a�ected by the three-level
VF-DHC control as shown by the static simulation results of Figure 6.37.
The simulated system behavior con�rms that these loops are insensi-
tive to the number of dc voltage levels and/or the topology. Further-
more, although the �lter speci�cations have been modi�ed in compari-
son to the two-level system and consequently the resonance frequency is
shifted, the oscillations are successfully suppressed. The only aspect to
be changed is the damping factorkd which is proportional to the �lter
parameters. The reduction of the resonance frequency component in the
current spectrum (Figure 6.37(c)(d)) also demonstrates the e�ciency of
the additional loops.

Figure 6.38 shows the impact of the decoupling method on the inverter
and grid currents. When the external loops are included intothe clas-
sical hysteresis control, the inverter current is nearly free of resonance
oscillations, but on the other hand, the irregular switching performance
a�ects the grid side currents (Figure 6.38(a)). When the decoupling
method with modulated hysteresis band is enabled, the switching pat-
tern becomes more regular, reducing the e�ort of the output � lter to
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Figure 6.38: Simulation results of grid and inverter currents for the
extended approach (a) without decoupling strategy and modu lated hys-
teresis and (b) proposed VF-DHC.
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attenuate the distortion on the grid side currents, as shownin Fig-
ure 6.38(b).

The dynamic performance of the extended VF-DHC is similar tothe
performance obtained with the two-level VF-DHC, thanks to t he hys-
teresis characteristic. Comparing the dynamic performance of the con-
ventional (Figure 6.39(a)) and extended (Figure 6.39(b)) methods, one
can note a slight di�erence of the rise times, however a considerable
reduction on the oscillations in the extended approach.
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Figure 6.39: Simulated time response of (a) conventional and (b) ex-
tended VF-DHC, to an active power reference step.

6.3 Summary

Although three-level inverters have shown signi�cant advantages over
the classical six-switch two-level topology, its utilization demands spe-
cial control concerns. The controller has to be able to generate three dis-
tinct output voltage levels, resulting in low output voltag e and current
distortion as well as reduceddv=dt stress on the load. Additionally, the
balance of the mid-point potential has to be guaranteed, otherwise the
switching devices will su�er from high blocking voltage applied across
their terminals.

The possibility of generating three voltage levels increases the number
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of available output voltage space vectors. It provides more�exibility to
select the appropriate vector, but on the other hand, it increases the
control complexity. For the DPC scheme, a modi�ed hysteresis strategy
with two hysteresis boundaries is employed to distinguish among the
available levels. The same concept of using more then one hysteresis
band is used with the DHC. However, a slightly di�erent strat egy is
used to switch between higher and lower levels.

To balance the mid-point potential, both concepts (VF-DPC and VF-
DHC) make use of the same basic principle of manipulating existing
redundant switching states. These switching states are characterized
by opposite loading of the mid-point, while generate the same line-to-
line voltages. The VF-DPC chooses the proper redundant state and/or
vector based on a prediction of the resultingi M and the actual dc-link
voltage deviation. Due to the independent phase control characteristics
of the decoupling method, the degrees of freedom to in�uencethe mid-
point potential are limited. An e�ective technique is to add an equal
current o�set to all each phases. This allows to modify the tolerance
area and consequently to control the mid-point current and voltage.

An extension of both concepts for anLCL �lter is achieved by ex-
tending the main controllers with extra control loops to damp the �lter
resonance and regulate low order harmonics. These outer loops namely,
active damping, harmonic control, PLL and reactive power compensa-
tion, were developed for the two-level topology, however due to their
insensitivity to the number of levels and topology, they canbe directly
included into the tree-level approach.
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Chapter 7

Current Control for
Five-Level Inverters

Important improvements concerning voltage and current ratings have
been achieved over the last decade for fast semiconductors like IGBTs.
This permits the utilization of these devices in high power and high volt-
age applications, employing either the conventional two-level topology
or the industry standard three-level NPC converter. However, the use
of fast switching devices under high voltage may generate high dv=dt to
the load. Additionally, the switching losses are increasedsigni�cantly,
reducing the overall e�ciency.

In order to bring the stress on the switching components backto ac-
ceptable values, a new branch of multilevel converter is quickly emerg-
ing, namely �ve-level topologies. Furthermore, due to the ability of gen-
erating a higher number of output voltage levels, this groupof multilevel
converters can further reduce the voltage and current harmonic contents
when compared against three-level topologies.

Traditionally, �ve-level structures are obtained as natur al extension
of existing three-level topologies, such as the Neutral-Point Clamped
(NPC) and Floating-Capacitors (FC) converters. Additiona l semicon-
ductors and energy storage elements are included into the classical three-
level topologies to produce extra levels. However, both topologies reveal
technical di�culties which complicate their application b y the industry.
A higher number of clamping diodes and �ying capacitors is required
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considering all components with the same voltage rating.

Another important aspect to be considered is the complexityto bal-
ance the dc-link capacitor voltages of the NPC, and �ying capacitors
of the FC. In the �ve-level NPC the dc-link is subdivided into four
equal voltage levels by using a split bank with four capacitors instead of
only two capacitors as for the three-level approach. The number of �y-
ing capacitors is also signi�cantly increased for the �ve-level converter,
demanding a dedicated control technique.

Both di�culties are avoided in the Cascaded H-Bridge multil evel
topology, which is characterized by series connection of single-phase H-
bridge converters. However, the use of this strategy is limited in some
applications due to the necessity of isolated dc power sources.

Recently, a new control topology has been introduced [20] toover-
come some of the above mentioned limitations. The �ve-levelactive
neutral-point clamped (ANPC) converter combines characteristics of
the neutral-point clamped and �oating-capacitor inverter s.

7.1 Five-Level Active NPC Inverter

The active neutral-point clamped (ANPC) inverter presented by one-
phase leg in Figure 7.1 produces �ve distinct output voltage levels by
combining the three-level characteristic of the input stage (Cell 1) with

Cell 3 5S
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4S 2S
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dcu
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dcu
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Cell 1 

Cell 2 

dcu
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Figure 7.1: One phase-leg of a �ve-level active NPC converter.
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the two-level of the output parts ( Cell 2 and Cell 3). Moreover, unlike
classical �ve-level topologies, the ANPC inverter splits the dc-link into
only two capacitors and requires only a single �oating capacitor for each
phase. Consequently, it reduces costs, volume and control complexity.

In the practical implementation the switches of the input stage (S5

- S8) are realized by series connection of two devices in order toonly
utilize devices of same voltage blocking capability (udc

4 ).

Five output voltage levels are achieved from eight distinctswitching
combinations, indicated by the combination of the switching functions
of S1, S3 and S5 in Table 7.1. One can note that the switchesS5 and
S7 are operated in the same way and complementarily toS6 and S8.

Table 7.1: Five-Level ANPC inverter output voltage levels and respect ive
switching states.

Cell 1 Cell 2 Cell 3 Phase Switching

S8 S7 S6 S5 S4 S3 S2 S1 Voltage State

1 0 1 0 1 0 1 0 � udc
2 u1

1 0 1 0 1 0 0 1 � udc
4 u2

1 0 1 0 0 1 1 0 � udc
4 u3

1 0 1 0 0 1 0 1 0 u4

0 1 0 1 1 0 1 0 0 u5

0 1 0 1 1 0 0 1 udc
4 u6

0 1 0 1 0 1 1 0 udc
4 u7

0 1 0 1 0 1 0 1 udc
2 u8

The list of switching combinations also shows the presence of redun-
dant states, which generate the same output voltage level referred to
the dc-link mid-point M . The voltage level � udc

4 is generated either by
the switching state u2 or u3. Nevertheless, the redundant states cause
an opposite e�ect on the �oating capacitor voltage, due to the di�erent
combination of the switches. For a positive output phase current for
example, while state u2 discharges,u3 charges the �oating capacitor,
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Figure 7.2: ANPC - Eight di�erent switching states.
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7.1. FIVE-LEVEL ACTIVE NPC INVERTER

as illustrated by the simpli�ed representation of the switching states
in Figure 7.2. The bold lines indicate closed switches and therefore a
possible path for the current to �ow.

A similar behavior is observed on the leveludc
4 produced by the states

u6 and u7. Depending on the direction of the output phase current, these
states have the ability to charge or discharge the �oating capacitor.

Besides that, the redundant combinations have also di�erent impact
on the mid-point potential, depending on the switching state of the
input stage. For building an output voltage equal to � udc

4 , the input
stage can be connected either to the negative potential� udc

4 (u2) or
directly to M (u3). For the voltage level equal to udc

4 , the switching
state u6 results in mid-point current �ow, while u7 is connected to the
positive potential.

This analysis clearly shows a degree of freedom to balance the �oating
capacitor of each phase individually by properly selectingthe switching
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Figure 7.3: Five-level space vector diagram.
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states according to the direction of the output current and the state of
the �oating capacitor voltage. The in�uence of each phase onthe mid-
point potential can also be regulated using redundant states to create
or avoid a link between the output and M .

For a three-phase system, this �exibility of controlling th e output,
mid-point and �oating-capacitor voltages increases considerably, but on
the other hand the complexity increases proportionally. The number of
vectors increases from18 of the three-level structure to 61 available for
the �ve-level topology. Furthermore, due to the presence ofredundant
vectors, the number of switching states raises to125 possibilities as
shown in the space vector diagram of Figure 7.3. To generate the zero
voltage vectorU0, for example, there are �ve distinct vectors and for the
vectors U1 to U6 there exist four possibilities. The vectors are labeled
according to the voltage level of each phase (R S T) where the output
voltage levels� udc

2 , � udc
4 , 0, udc

4 and udc
2 are numbered from� 2 to 2,

respectively.

In the speci�c case of the �ve-level ANPC inverter, the number of
possible states is further increased to343, due to redundant states for
the levels � 1

� udc
4

�
, 0 and 1

� udc
4

�
as described in Table 7.1 and Fig-

ure 7.2. The voltage vectorU19, for example, traditionally consisting of
two redundant vectors (2 -1 -1) and (1 -2 -2) is extended to sixdistinct
states (Table 7.2) concerning mid-point and �oating-capacitor balanc-
ing capability. The sequence� 1 � 1 in the �rst redundant vector (2 -1
-1) can be realized with four di�erent combinations of the statesu2 and
u3, and the level 1 in the second redundant vector (1 -2 -2) with the

Table 7.2: Voltage Vector U19 - switching states.

State
R S T

U19

2 -1 -1 u8 u2 u2

2 -1 -1 u8 u2 u3

2 -1 -1 u8 u3 u2

2 -1 -1 u8 u3 u3

1 -2 -2 u6 u1 u1

1 -2 -2 u7 u1 u1
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7.2. VF-DIRECT POWER CONTROL

statesu6 and u7. Hence, multiple combinations for e�ecting the �oating-
capacitor and mid-point potential can be achieved while applying the
same line-to-line voltage.

Nevertheless, in order to take advantage of all this �exibility, the
controller needs to �nd a proper combination of switching states and/or
voltage vectors to regulate the instantaneous active and reactive power
and switching states to balance the mid-point potential and �oating-
capacitor voltages.

Therefore, some concepts previously developed for the three-level VF-
Direct Power Control and VF-Decoupling Hysteresis Control have to be
reviewed and at the same time new strategies must be introduced.

7.2 VF-Direct Power Control

Although a �rst step has been described to adapt the classical VF-DPC
to multilevel inverters with the three-level approach, the higher num-
ber of variables, voltage vectors and switching states existing for the
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Figure 7.4: Virtual-Flux Direct Power Control for �ve-level ANPC in-
verters.
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CHAPTER 7. CURRENT CONTROL FOR FIVE-LEVEL INVERTERS

�ve-level ANPC inverter demands an enhancement of some functional
blocks. The basic concept of choosing a switching state according to
the mid-point voltage deviation and phase current direction utilized for
the three-level VF-DPC is expanded by including the conditions of the
�oating capacitors. A switching state which corrects at the same sample
period both, the mid-point potential and the the voltage of t he �oat-
ing capacitor has to be selected by the controller. Furthermore, due to
the higher number of voltage vectors to correct the active and reactive
powers, the hysteresis strategy used for the three-level method is modi-
�ed, including additional levels. To improve the accuracy of selecting a
correct voltage vector, the space vector plane is divided into 24 sectors
instead of 12 used previously.

7.2.1 Sector Decision

For �ve-level systems, vectors existing in an �
6 -wide interval may result

in considerable distinct e�ects on the instantaneous active and reactive
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power. The vector which would be the best choice for the �rst �
12 of a

�
6 -sector, might not be optimum for the second �

12 half when considering
voltage vectors of highest magnitude (S37 to S60).

A more precise voltage selection is achieved by splitting the space
vector plane into 24 sectors of �

12 each, starting with Sector 1 in an
interval

�
� 2�

3 ; � 7�
12

�
, as illustrated in Figure 7.5. The consecutive sectors

are allocated sequentially in counterclockwise directionaccording to

(n � 9)
�
12

� sector n< (n � 8)
�
12

where n = 1 ; 2; : : : 24: (7.1)

7.2.2 Vector Selection and Switching Table

A higher number of levels available ampli�es the �exibility of choosing
an optimum voltage vector, and consequently a more precise control of
both active and reactive powers can be obtained. However, the com-
plexity is further increased.

The strategy to select an appropriate voltage vector for the�ve-level
ANPC inverter is a natural extension of the method employed for the
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three-level approach. The basic concept of adjusting the angle between
inverter and grid virtual-�ux vectors to regulate the activ e power, and
the magnitude of the inverter virtual-�ux vector to control the reactive
power (Figure 7.6) is again utilized. However, two extra voltage levels
existing in the space vector plane increase the degree of freedom to
control both variables, especially the active power.

To take advantage of this fact, the hysteresis strategy is modi�ed
(Figure 7.7) by adding two extra boundaries (up3 and up4) to the one
used for the three-level method. Each level of the hysteresis control (up1

to up4) is directly referred to one voltage level of the space vector plane
(inner to outer hexagons).

offset3

1pu

2pu

2pl

1pl time

pD

3pu

4pu

3pl

4pl

offset2

Figure 7.7: Active power hysteresis control strategy used for VF-DPC
of the �ve-level ANPC inverter.

According to the position of the grid voltage vector (or virt ual-�ux
vector) and the inverter operating point, the active power error is main-
tained within two consecutive boundaries, allowing to select only neigh-
boring vectors. Assuming the grid voltage vector rotating between the
two outer hexagons, depending to the inverter modulation index, � p
might be conserved e.g. within two outer hysteresis boundaries (up3

and up4). When the error reaches the upper limit (up4) an appropri-
ate vector of the outer hexagon (U37 to U60) is selected to increase the
instantaneous active power, reversing the direction of� p. When the
active power error crossesup3, a voltage vector of the next inner level
(U19 to U36) is chosen to reduce the instantaneous active power. These
decisions are evidently also dependent on the state of the sector decision
block and the reactive power requirement.
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Figure 7.8: Active power o�set compensation for the �ve-level VF-DPC.

To correct the undesirable o�set produced by the active power hys-
teresis strategy, the feedforward loop presented for the three-level VF-
DPC is expanded to the �ve-level approach (Figure 7.8). Due to the
higher number of hysteresis levels, the active power error can now achieve
di�erent o�set values (e.g. o�set 2 and o�set 3 in Figure 7.7) according to
the inverter operating point. Therefore, the constant component of the
feedforward network ppre needs to be modi�ed by including additional
o�set values. The controller veri�es the actual position of � p based on
the modulation index and injects a constant value proportional to the
respective hysteresis limitsupi , according to

ppre = upi +
upi +1 � upi

2
where i = 1 ; 2; 3: (7.2)

The dynamic component pdy which compensates any disturbance
based on the integral active power control error is not modi�ed.

In order to limit � U by selecting only neighboring vectors, the three-
level (lq, 0 and uq) reactive power hysteresis strategy presented in Fig-
ure 6.11 is repeated for the �ve-level VF-DPC.

Due to higher number of sectors and boundaries of the active power
hysteresis control, the switching table for a �ve-level system is more
complex as shown in Table 7.3. The numbers� 4; � 3; : : : ; 4 represent the
active power levelslp4; lp3; : : : ; up4 respectively. For the reactive power,
� 1 is selected for the negative bandlq, 0 when the error crosses the zero
line and 1 for the positive level uq.
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Table 7.3: Switching table for a �ve-level VF-DPC.

Sector
dp dq 5 6 7 8 9 10 11 12
-4 -1 U51 U52 U53 U54 U55 U56 U57 U58

-4 0 U52 U53 U54 U55 U56 U57 U58 U59

-4 1 U53 U54 U55 U56 U57 U58 U59 U60

-3 -1 U30 U30 U31 U32 U33 U33 U34 U35

-3 0 U31 U31 U32 U33 U34 U34 U35 U36

-3 1 U32 U32 U33 U34 U35 U35 U36 U19

-2 -1 U13 U14 U14 U15 U15 U16 U16 U17

-2 0 U14 U15 U15 U16 U16 U17 U17 U18

-2 1 U15 U16 U16 U17 U17 U18 U18 U7

-1 -1 U4 U4 U4 U5 U5 U5 U5 U6

-1 0 U5 U5 U5 U5 U6 U6 U6 U6

-1 1 U5 U6 U6 U6 U6 U1 U1 U1

1 -1 U2 U3 U3 U3 U3 U4 U4 U4

1 0 U2 U2 U2 U2 U3 U3 U3 U3

1 1 U1 U1 U1 U2 U2 U2 U2 U3

2 -1 U9 U10 U10 U11 U11 U12 U12 U13

2 0 U8 U9 U9 U10 U10 U11 U11 U12

2 1 U7 U8 U8 U9 U9 U10 U10 U11

3 -1 U23 U23 U24 U25 U26 U26 U27 U28

3 0 U22 U22 U23 U24 U25 U25 U26 U27

3 1 U21 U21 U22 U23 U24 U24 U25 U26

4 -1 U41 U42 U43 U44 U45 U46 U47 U48

4 0 U40 U41 U42 U43 U44 U45 U46 U47

4 1 U39 U40 U41 U42 U43 U44 U45 U46

7.2.3 Mid-Point and Floating Capacitor Balancing

Despite the traditional necessity of balancing the mid-point potential in
multilevel inverters, the �ve-level ANPC demands extra control e�ort
to regulate the voltage of the �oating capacitors. However, the number
of redundant vectors is signi�cantly increased and additional redundant
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states are created for phase voltage levels� udc
4 (-1), 0 and udc

4 (1).
These redundant vectors and states are characterized by applying the
same line-to-line voltages while a�ecting di�erently the m id-point and
�oating capacitor voltages.

An example of the in�uence of redundant vectors and states onthe
mid-point and �oating capacitor voltage is given in Table 7.4 for the
voltage vector U19.

Table 7.4: Redundant switching states (ss) of voltage vector U19 and result-
ing i M and i F C;RST (positive i M represents current �owing out of M , positive
i F C;i , current charges the �oating capacitor).

Statesss Vector
R S T

i M i F C;R i F C;S i F C;T

U19

1 2 -1 -1 u8 u2 u2 0 0 -i S -i T

2 2 -1 -1 u8 u2 u3 i T 0 -i S i T

3 2 -1 -1 u8 u3 u2 i S 0 i S -i T

4 2 -1 -1 u8 u3 u3 -i R 0 i S i T

5 1 -2 -2 u6 u1 u1 i R -i R 0 0
6 1 -2 -2 u7 u1 u1 0 i R 0 0

One can note that due to the existence of two redundant states(u2

and u3) for level -1 and another two states (u6 and u7) for level 1, as
summarized in Figure 7.2, the two redundant voltage vectors(2 -1 -
1) and (1 -2 -2) can be generated using six distinct switchingstates.
Each state results in a di�erent combination of mid-point an d �oating
capacitor currents.

In terms of mid-point current, there exist four possibiliti es to in�u-
ence the mid-point potential as function of the output phasecurrents.
Moreover, there are two alternatives for each phase to charge or dis-
charge the respective �oating capacitor. Therefore, a degree of freedom
exists to select the appropriate switching state to regulate the voltage
of mid-point and the voltages of the �oating capacitors.

Nevertheless, although there is a wide diversity of switching states,
not all necessities might be covered. If for example, for vector U19 the
�oating capacitors of phasesS and T need to be charged and the lower
dc-link capacitor discharged, despite the last combination (u7 u1 u1)
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which does not cause any in�uence on these variables, the remaining
states would increase the deviation in at least one capacitor voltage.
Therefore, in order to achieve a wider control range, hysteresis limits are
used on the mid-point and �oating capacitor voltage deviations. Instead
of requesting a change of the switching state each time the voltage of
a control variable is higher or lower then the respective reference, the
hysteresis provides some �exibility for controlling a variable while the
remaining variables do not cross any boundary.

The mid-point and �oating capacitor control block presented in Fig-
ure 7.9 is basically divided into two parts. The �rst block performs
the selection of an appropriate voltage vector from the switching table
(Table 7.3) to control instantaneous active and reactive powers. Out of
this vector, the second block extracts from a table the correct switch-
ing state to balance the mid-point and the �oating capacitor s based on
the conditions of the lower dc-link capacitor (uC l ), �oating capacitors
(uF C;RST ) and the direction of output phase currents (i inv;RST ).

lCu

,lC refu

,FC RSTu

,FC refu

é ù
ê ú
ê ú
ê úë û

Switching 
Table

,inv RSTi

pqu

is

MP and FC 
balancing

lCuD

,FC RSTuD

RSTi

Figure 7.9: Mid-point and �oating capacitors balancing strategy.

A hysteresis with zero crossing detection is used to allow a voltage
ripple on the dc-link capacitor. When the error of the dc-link voltage
reaches the upper boundary, the hysteresis output changes to 1 which
indicates that the lower capacitor should be charged. If theerror is below
the lower limit, an output equal to -1 informs that the lower c apacitor
has to be discharged. When the error crosses the zero line, a digit 0
informs the controller that either a state which charges or discharges the
lower dc-link capacitor may be applied. This gives su�cient margin for
controlling the �oating capacitors also for a voltage vector with reduced
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number of states. For the �oating capacitors, classical hysteresis controls
are employed, providing 1 if the error reaches the upper bandand -1 for
the lower band. Additionally, the directions of the output p hase currents
are measured, giving 1 for positive and 0 for negative current.

Table 7.5: Switching states (ss) selected to regulate the voltage deviation of
the mid-point � uC l and �oating capacitors � uF C;RST for the voltage vector
U19 , according to phase current directions i RST .

� uF C;R -1 -1 -1 -1 1 1 1 1
U19 � uF C;S -1 -1 1 1 -1 -1 1 1

� uF C;T -1 1 -1 1 -1 1 -1 1
� uC l i R i S i T ss

-1 0 0 0 4 6 6 1 4 3 2 1
-1 0 0 1 6 4 1 2 3 4 1 2
-1 0 1 0 6 1 4 3 2 1 4 3
-1 0 1 1 1 2 3 4 1 2 3 4
-1 1 0 0 5 5 5 1 6 6 6 1
-1 1 0 1 5 5 1 2 6 6 1 2
-1 1 1 0 5 1 5 3 6 1 6 3
-1 1 1 1 1 2 3 5 1 2 3 6
0 0 0 0 4 3 2 1 4 3 2 1
0 0 0 1 3 4 1 2 3 4 1 2
0 0 1 0 2 1 4 3 2 1 4 3
0 0 1 1 1 2 3 4 1 2 3 4
0 1 0 0 4 3 2 1 4 3 2 1
0 1 0 1 3 4 1 2 3 4 1 2
0 1 1 0 2 1 4 3 2 1 4 3
0 1 1 1 1 2 3 4 1 2 3 4
1 0 0 0 6 3 2 1 5 3 2 1
1 0 0 1 3 6 1 6 3 5 1 5
1 0 1 0 2 1 6 6 2 1 5 5
1 0 1 1 1 6 6 6 1 5 5 5
1 1 0 0 4 3 2 1 4 3 2 1
1 1 0 1 3 4 1 2 3 4 1 6
1 1 1 0 2 1 4 3 2 1 4 6
1 1 1 1 1 2 3 4 1 6 6 4
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This information is to select from a prede�ned table the correct
switching state with respect to the power condition established by the
switching table and allows to regulate the mid-point potential and the
voltage of the �oating capacitors.

However, instead of building a complete and rather complex table
with all 61 voltage vectors and respective switching statesto compensate
i M and i F C;i , the controller stores a group of 61 small tables. An example
of such table is given for the voltage vectorU19 in Table 7.5.

The tables are built based on an analysis of each switching state in
terms of resulting mid-point and �oating capacitor current s, similar to
the table presented for vectorU19 (Table 7.4). Assuming � uC l = � 1,
positive current in phase R and T and negative current in phaseS
(i RST = 101) and the voltage of all �oating capacitors below the lower
hysteresis limit (� uF C;RST = � 1� 1� 1), according to Table 7.4, states
(ss) 2 and 5 are candidates to discharge the lower dc-link capacitor, even
though states 1 and 6 could also be selected since they would at least
not increase the deviation. However, considering that alsothree �oating
capacitors must be discharged, the only recommended state is ss = 5 .
Now, considering the same situation but with the lower dc-link capacitor
voltage characterized by� uC l = 0 , all states are suitable concerning the
mid-point balance. In terms of �oating capacitors regulati on, states 3
and 5 are appropriate, however, the �rst would balance the �oating
capacitors of phasesS and T, while state 5, would in�uence only phase
R. Therefore, in order to control a maximum number of variables, state
3 is preferred.

The above procedure used to build a table for vectorU19 with appro-

(R,S,T)

-(S,T,R)

60o

(a) 60o

(R,S,T)

(T,R,S)

120o

(b) 120o

(R,S,T)

-(R,S,T)

180o

(c) 180o

Figure 7.10: (a) 60o , (b) 120o and (c) 180o symmetry on the space
vector plane.
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priate switching states might be applicable to the remaining 60 voltage
vectors. However, this analysis would demand considerablee�ort and
extensive memory space to store the large amount of data. Fortunately,
this task may be signi�cantly simpli�ed considering the sym metry of
the space vector diagram as presented in Figure 7.10 [79]. The neces-
sary and su�cient condition of 60o symmetry is that phases (RST) are
changed to -(ST R). Phases (RST) are converted to (T RS) after 120o

while the complementary state -(RST) is obtained after 180o.

Making use of this property, only the voltage vectors concentrated
in the �rst 60o (Figure 7.11), here calledoriginal vectors, have to be
analyzed and their respective tables stored in the memory. The remain-
ing tables of the other vectors may be obtained using appropriately the
rules mentioned above.

U1 U7

U8

U0

a

U19

U20

U21

U37

U38

U39
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U6U5 U18U14 U36

U2U3

U9U10U11

U23U24 U22

U41U42U43U44

U60

U59

b

U40

Figure 7.11: Original vectors concentrated in the �rst 60o of the space
vector plane.

Initially, the information of the �oating capacitors � uF C;RST and
phase currentsi RST are appropriately converted according to the angle
between the actual voltage vector and its respective original vector.
These data is then used as input to the original vector table to select
the correct switching state, which need to be converted backto the
original voltage vector applying once more the symmetry rules.
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7.2.4 Experimental Veri�cation

The performance of the proposed VF-DPC to be used with the �ve-level
ANPC inverter is veri�ed through experimentation. The 6kW ANPC in-
verter (Figure 7.12) supplied by two 10kW dc power sources connected
in series to obtain 800V is connected via a10mH L �lter to a con-
trolled 400V, 50Hz , 3-phase AC power source. The average switching
frequency is further reduced to2:5kHz to emulate high power systems.
The VF-DPC control is implemented digitally using an Analog Devices
ADSP21991 16-bit 160MHz DSP. In a control loop with 90kHz sam-
pling frequency two output p hases are measured using the internal
14-bit ADC. During the conversion time of 725ns, the grid virtual-�ux
is calculated based on the actual switching state and measured voltage
across the lower dc-link capacitor. At the same sampling rate, the algo-
rithm estimates the instantaneous active and reactive power and com-
pares the actual power values with the references to select an optimum
voltage vector from the switching table. The three �oating capacitor

dc-link
Capacitors

DSP and 
PLD 

IGBT’s  
Floating 

Capacitors 

Current
Sensors

Figure 7.12: Photo of the three-phase �ve-level ANPC prototype.
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u Rg,

• •g, •  g,

i Rg,

Figure 7.13: Experimental analysis of the �ve-level VF-DPC concerning
grid phase voltage ug;R , virtual-�ux  g;�� and phase current i g;R .

voltages are measured using three channels of the internal ADC and are
compared to the desired values. The errors are used togetherwith the
current directions and the dc-link voltage status to select the correct
switching state from one of the original vectors table

An accurate estimation of the grid-virtual �uxes  g;�� in terms of
magnitude and phase is fundamental to correctly generate the desired
phase currenti g;R as shown in Figure 7.13. Furthermore, the grid virtual-
�ux has important in�uence on the correct estimation of the i nstanta-

p

q

u Rg,

i Rg,

Figure 7.14: Experimental analysis of the �ve-level VF-DPC showing
instantaneous active p, reactive q powers, grid phase voltage ug;R , and
phase current i g;R .
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neous active p and reactive q power, which are the control variables
used by the VF-DPC. In Figure 7.14 the active power is set to the rated
value 6kW and the reactive power is set to0 in order to obtain the load
current i g;R in phase with the grid voltage ug;R .

The hysteresis strategy and the switching table build the core of the
direct power control technique. For multilevel systems, these blocks are
signi�cantly modi�ed in order to allow the inverter two swit ch between
n levels. For the �ve-level ANPC, a hysteresis method with four levels
is used to generate �ve distinct output voltage levels uinv;R referred
to the dc-link mid-point M as shown in Figure 7.15. Additionally, the
switching table and the hysteresis control have to work in synchronism
to switch only between consecutive levels, reducing� u.

i Rg,

u Rinv,

u Rg,

Figure 7.15: Experimental results of the inverter output voltage uinv;R

refereed to the dc-link mid-point M , phase voltage ug;R and resulting
grid phase current i g;R .

The dynamic response has also been experimentally tested, in order
to prove that although some blocks of the classic VF-DPC havebeen
adapted to operate with �ve-level system, the fast transient response
is not a�ected. A step of the active power referencepref from 40% to
80% of the rated value is shown in Figure 7.16. The grid current and
consequently the estimated active power almost immediately follows the
change on the reference. A closer look at the rise time (Figure 7.16(b))
shows the instantaneous active power reaching the new reference value
in approximately 400�s . Moreover, the reactive power is practically not
a�ected by the change of the active power.
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pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

p

q

i Rg,

(b) Time scale - 500�s

Figure 7.16: Experimental results of a positive step of 40% of the active
power reference presented in (a) 5 ms time scale and (b)500�s time scale.
Active power reference pref , actual active power p, grid phase voltage
ug;R and current i g;R .

A similar dynamic performance is observed for stepping the active
power reference from4:8kW to 2:4kW as shown in Figure 7.17. The
time necessary for the controller to drive the actual activepower p to
its new reference valuepref is considerably short200�s (Figure 7.17(b)).

Good static and dynamic performances as shown by the experimen-
tal results are only possible with the �ve-level ANPC if the d c-link and
�oating capacitors are correctly balanced. Any unbalance besides cre-
ating undesirable harmonics in the output current, would result in an
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pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

p

q

i Rg,

(b) Time scale - 500�s

Figure 7.17: Experimental results of a negative step of 40% of the
active power reference presented in (a) 5 ms time scale and (b) 500�s
time scale. Active power referencepref , actual active power p, grid phase
voltage ug;R and current i g;R .

excessive high voltage applied to a group of switching devices.

The proposed VF-DPC regulates the voltage across the lower dc-link
capacitor uC l (and consequently also the voltage of the upper capacitor
uCu ) to half of the total dc-link voltage, i.e. to 400V (Figure 7.18), by
properly manipulating existing redundant voltage vectors and switch-
ing states. Additional tables containing the switching states organized
according to their ability to charge or discharge the capacitors assist
to �nd the optimum state. The deviation of the lower dc-link c apacitor
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u
uC

u lC

u Rg,

i Rg,

(a) DC Analysis

i Rg,

u Rg,

u
uC

u lC

(b) Voltage ripple on the dc-link capacitors

Figure 7.18: Experimental results of (a) dc and (b) ripple components
of the voltage across the upper uC u and lower uC l dc-link capacitor.

voltage is measured and a hysteresis control de�nes the nextstep of
the dc-link controller. The limits established by the hysteresis allow a
ripple of � 5% (� 20V) of half of the dc-link voltage, as illustrated in
Figure 7.18(b).

The regulation of the �oating capacitors is achieved as an extension
of the dc-link voltage control method. Besides the deviation of the dc-
link capacitor, the control analyzes the states of the �oating capacitors
of the three phases to decide on the next switching state. By selecting
the correct redundant switching state the voltages of the three �oating
capacitors are controlled to udc

4 (200V) as shown in Figure 7.19(a).
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i Rg,

u RFC,

u SFC,

u TFC,

(a) DC Analysis

i Rg,

u RFC,

u TFC,

u SFC,

(b) Voltage ripple on the dc-link capacitors

Figure 7.19: Experimental results of (a) dc and (b) ripple components
of the voltage across the �oating capacitors.

Three hysteresis controllers (one per phase) are used to maintain the
voltages within a range of� 5% (� 10V). When the error of any �oating
capacitor voltage reaches either the upper (10V ) or lower (-10V) limit,
the controller selects another switching state (Figure 7.19(b)).

An important aspect to be considered during the practical implemen-
tation is the system start-up. The integral characteristic of the virtual-
�ux results in an incorrect estimation of the grid voltage du ring the
initialization process. As consequence, during this period the phase cur-
rents can reach values much higher then established by the active and
reactive power references (Figure 7.20(a)). In order to reduce such error,
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a start-up method is implemented.

Although the derivative term of the classical voltage loop equation
may amplify the noise contained in the current measurement values,
this method is still suitable for a short period of time. Based on that,
the grid voltages are initially estimated according to

ug;�� = uinv;�� � L g
� i g;��

ts
: (7.3)

where the inverter output voltage uinv;�� is calculated based on the

• •g, •  g,

i Rg,

(a) Without start-up

• •g, •  g,

i Rg,

tstart

(b) With start-up

Figure 7.20: Experimental results of the initialization of the system (a )
without and (b) with start-up method.
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dc-link voltage and the actual switching states and,� i g;�� is determined
as the di�erence of two consecutive measurements, i.e. samples of the
load current (time di�erence equal to the sampling interval ts).

Using the relationship between voltage and virtual-�ux presented in
section 5.2.2 and rearranged in equation (7.4), the virtual-�ux is cal-
culated. This procedure is used by the controller within a �xed period
tstart .

 inv;� =
1
k

� uinv;�

 inv;� = �
1
k

� uinv;� :
(7.4)

Figure 7.20(b) shows the initialization of the system for employing
the described start-up method. The grid virtual-�ux calcul ated based
on the classical voltage loop equation is utilized for the �rst 120ms. One
can note that, although there exists noise on the estimated VF, the cur-
rent is successfully regulated. The grid virtual-�ux with r educed noise
calculated in parallel using the integration of the grid voltage, replaces
the previous method at tstart . The start-up switch time is adjusted to
an interval long enough to reduce the in�uence of the integrator.

7.2.5 Five-Level VF-DPC with LCL �lter

Although multilevel inverters reduce the voltage stress across switch-
ing devices in high voltage and high power applications, theswitching
frequency is still limited. Consequently, since the volumeof the �rst
order output �lter is considerably increased, a third order LCL �lter is
employed.

In order to verify experimentally the performance of the �ve-level
VF-DPC when operating with such �lter topology, the functio nal blocks
previously presented to compensate the resonance characteristic of the
LCL �lter in the two and three-level approaches are also included into
the conventional �ve-level method. These blocks have demonstrated to
be robust and not a�ected by changing the characteristic of the inverter
topology. The only necessity is to adjust coe�cients which are dependent
on �lter parameters.

The extended �ve-level VF-DPC with active damping, harmoni c con-
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trol, phase-locked loop and reactive power compensation ispresented in
Figure 7.21. The hysteresis strategy and the method for balancing the
mid-point and �oating capacitors are maintained.
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Figure 7.21: Extended �ve-level VF-DPC with third order LCL �lter.

Despite the LCL �lter ( L inv = 7 :9mH , L g = 3 :5mH and C =
14:1�F ) which replaces the �rst order 10mH L �lter, the hardware
setup is preserved. In terms of control implementation, theDSP algo-
rithm has been divided into three loops in order to optimize the compu-
tational e�ort. The estimation of the actual active and reac tive powers
and the selection of the appropriate switching state are performed in
the fastest loop with a sampling frequency of80kHz . The active damp-
ing and sector decision are calculated at40kHz sampling rate, while
the slowest loop with a sampling frequency of20kHz processes the5th

harmonic control, PLL and reactive power compensation.

When the third order LCL �lter is included in the conventional �ve-
level VF-DPC, the resonance inherent to such �lter a�ects th e grid
current as shown in Figure 7.22(a). To reduce theLCL in�uence, the
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u Rg,

• •g,
•  g,

i Rg,

(a) Conventional �ve-level VF-DPC

u Rg,

• •g, • •g,

i Rg,

(b) Extended �ve-level VF-DPC

Figure 7.22: Experimental results of grid phase voltage ug;R , virtual-
�ux  g;�� and phase current i g;R (a) for conventional �ve-level VF-DPC
and (b) the extended strategy including active damping, har monic con-
trol, PLL and reactive power compensation.

active damping, harmonic control, PLL and reactive power compensa-
tion blocks are enabled. The �rst, emulates the presence of aresistor in
parallel to the �lter capacitor, damping the �lter resonanc e and reduc-
ing oscillations of the grid current (Figure 7.22(b)). The ampli�cation
of any harmonic present in the capacitor current through this loop is
regulated by the harmonic control block. The PLL guaranteesan accu-
rate estimation of the grid virtual-�uxes  g;�� , while the reactive power
compensation corrects the reactive power reference, sincethe VF-DPC
is performed based on power quantities at the inverter side.The proper
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operation of these last two blocks allow the inverter to generate correctly
the load currents, following the speci�cations of the power references.
Figure 7.22(b) shows that the grid current is in phase with the grid
voltage for a reactive power reference equal to zero.

Furthermore, Figure 7.22 proves that the e�ectiveness of the outer
loops �rst introduced to two-level systems are completely immune to
changes of the inverter topology.

The in�uence of the active damping and harmonic control loops can
be also veri�ed for the conventional and extended methods through the
current harmonic spectrum presented in Figure 7.23. One cannote a
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(a) Conventional �ve-level VF-DPC

0.0

2.0

4.0

A
m

p
lit

ud
e

 [%
 o

f f
u

n
d.

]

1 5 10 20
Harmonic order

15 25

THD = 4.7%
6.0

20

40

60

100

A
m

p
lit

ud
e [

%
 o

f f
u

n
d.

]

80
THD = 3.1%

(b) Extended �ve-level VF-DPC

Figure 7.23: Grid voltage and current harmonic spectrum (a) for the
conventional �ve-level VF-DPC and (b) extended approach.
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dramatically reduction of the harmonic components around the reso-
nance frequency (e.g.h = 11; 13; 19). Additionally, the �fth harmonic
component is signi�cantly reduced from 3:2% to 1:5%, due to the cor-
rect operation of the harmonic control loop. As consequence, the total
harmonic distortion ( T HD %) is reduced from 10:2% to 4:7%.

A di�erence of the inverter output voltage uinv;R generated by the
conventional and extended methods is also veri�ed (Figure 7.24). For
the VF-DPC with outer loops, the �ve voltage levels are produced more
consistently when compared to the classical method.

u Rg,

u Rinv,

i Rg,

(a) Conventional �ve-level VF-DPC

u Rg,

u Rinv,

i Rg,

(b) Extended �ve-level VF-DPC

Figure 7.24: Experimental results of grid phase voltage ug;R , inverter
output phase voltage uinv;R and phase current i g;R (a) for the conven-
tional �ve-level VF-DPC and (b) the extended strategy.
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Figure 7.25 shows that the balancing of the dc-link and �oating capac-
itors is not a�ected by the addition of outer control loops. T he upper and
lower dc-link capacitor voltages,uCu and uC l , are regulated to half of the
total dc-link voltage, i.e. to 400V (Figure 7.25(a)). To allow the inverter
to generate �ve voltage levels, the �oating capacitors (Figure 7.25(b))
are controlled to udc

4 (200V). The hysteresis controllers used to increase
the �exibility for choosing the correct switching state are adjusted to
� 20V for the dc-link capacitor and � 10V for the �oating capacitors.
These values represent� 5% of the references voltages.

u uC

u lC

u Rg,

i Rg,

(a) Dc-link Capacitors

i Rg,

u RFC,

u SFC,

u TFC,

(b) Floating Capacitors

Figure 7.25: Experimental results proving the e�ciency of the balanc-
ing strategy. Voltage across (a) the dc-link capacitors and (b) the �oating
capacitors obtained with the extended �ve-level VF-DPC.
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A robust performance of the dc-link voltage balancing control is achieved
even for critical operating points, where the fraction of reactive power
is increased against the active power. Figure 7.26(a) showsthe correct
balancing of the dc-link capacitors in case the inverter is generating a
load current with 45o phase displacement to the grid phase voltage and
Figure 7.26(b) for a pure reactive power reference.

u uC

u lC

u Rg, i Rg,

045

(a) 45o phase-shift

u uC

u lC

u Rg, i Rg,

900

(b) 90o phase-shift

Figure 7.26: Experimental results of dc-link voltage balancing for (a)
45o and (b) 90o phase-shift between grid phase voltageug;R and current
i g;R .

The dynamic performance of the conventional and extended �ve-
level VF-DPC has also been experimentally veri�ed and is compared in
Figure 7.27. Besides disturbances in steady-state, the �lter resonance
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causes oscillation also during transients as shown in Figure 7.27(a),
which shows the current behavior for an active power reference step
from 2:4kW to 4:8kW when the conventional approach is used. The
oscillations are signi�cantly suppressed for the extendedVF-DPC (Fig-
ure 7.27(b)) mainly due to the e�ectiveness of the active damping also
during transients.

p

pref

u Rg,

i Rg,

(a) Conventional �ve-level VF-DPC

p

pref

u Rg,

i Rg,

(b) Extended �ve-level VF-DPC

Figure 7.27: Experimental results of a step of 40% in the active power
reference with (a) the conventional �ve-level VF-DPC and (b ) the ex-
tended system. Active power referencepref , actual active power p, grid
phase voltage ug;R and current i g;R .

A more detailed analysis of the e�ect of the outer loops on therise
time is given in Figure 7.28. Although the oscillations during the tran-
sient are reduced, the rise time is not signi�cantly a�ected for the ex-

229



CHAPTER 7. CURRENT CONTROL FOR FIVE-LEVEL INVERTERS

tended VF-DPC (Figure 7.28(b)). The rise time increases from 500�s
to approximately 800�s .

Another aspect to be observed in Figure 7.28 is the reactive power
compensation. Since the controller regulates the active and reactive
power of the inverter side, the reactive power of the �lter capacitor
is compensated by adding the estimated value to the reference as shown
in Figure 7.28(b).

pref

p

q

i Rg,

(a) Conventional �ve-level VF-DPC

pref

p

q

i Rg,

(b) Extended �ve-level VF-DPC

Figure 7.28: Detailed transient response (a) for conventional �ve-leve l
VF-DPC and (b) extended approach. Active power reference pref , actual
active power and reactive power p and q respectively and current i g;R .

Unbalanced grid voltages is also an issue to be considered ingrid
connected applications. Figure 7.29(a) presents distorted phase currents
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u Rg, u Sg,
u Tg,

i Rg, i Sg, i Tg,

(a) Conventional �ve-level VF-DPC

u Rg, u Sg,
u Tg,

i Rg, i Sg, i Tg,

(b) Extended �ve-level VF-DPC

Figure 7.29: Experimental results for unbalanced grid voltage (phase
R with +10%, phase S with -10% relative amplitude change and phase T
with 230V rms nominal voltage). Grid phase currents i g;i and grid phase
voltages ug;i (a) without PLL and (b) with PLL respectively.

generated by the conventional VF-DPC when operating under unbal-
anced grid voltage (phaseR with +10% and phaseS with � 10% am-
plitude change). This distortion results in unbalanced calculated grid
virtual-�uxes (Figure 7.30(a)), which are used to estimate the control
variables, namely instantaneous active and reactive powers.

For the extended method, the calculated virtual-�ux is �lte red using
a phase-locked loop (Figure 7.30(b)), resulting in phase currents with
low harmonic content (Figure 7.29(b)).
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u Rg,
u Sg,

u Tg,

• •g, •  g,

(a) Conventional �ve-level VF-DPC

u Rg, u Sg,
u Tg,

• •g, •  g,

(b) Extended �ve-level VF-DPC

Figure 7.30: Experimental results under unbalanced grid voltage (phase
R with +10%, phase S with -10% relative amplitude change and phase
T with 230V rms nominal voltage). Grid phases voltage ug;i and grid
virtual-�ux  g;�� (a) without PLL and (b) with PLL respectively.

The in�uence of harmonics of the grid voltage has also been experi-
mentally tested. When a 5th harmonic of 5% relative amplitude is su-
perimposed on the fundamental grid voltages, the conventional method
(Figure 7.31(a)) is a�ected by the resonance of the output �l ter and by
the harmonic present in the grid voltage and consequently inthe grid
virtual-�ux. These in�uences are clearly shown in the spectrum analysis
of Figure 7.32(a), which achieves aT HD = 12:4%. The resonance frac-
tion is reduced when the active damping is enabled (Figure 7.31(b)). But
on other hand since the active damping utilizes the capacitor current
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u Rg,

• •g, •  g,

i Rg,

(a) Conventional VF-DPC

u Rg,

• •g, • •g,

i Rg,

(b) VF-DPC with active damping

u Rg,

• •g, •  g,

i Rg,

(c) Extended VF-DPC

Figure 7.31: Experimental results when a 5th harmonic of 5% relative
amplitude is superimposed on the fundamental grid voltage. Grid phase
voltage ug;R , virtual-�ux  g;�� and phase current i g;R (a) for conven-
tional VF-DPC, (b) for adding the active damping and (c) for e nabling
the 5th harmonic control.
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(a) Conventional VF-DPC
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(b) VF-DPC with active damping
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(c) Extended VF-DPC

Figure 7.32: Experimental results when a 5th harmonic of 5% relative
amplitude is superimposed on fundamental grid voltage. Gri d phase volt-
age and current harmonic spectrum (a) with the conventional VF-DPC,
(b) adding the active damping and (c) enabling the 5th harmonic control.
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to damp the �lter resonance, the 5th harmonic present in this mea-
surement is signi�cantly ampli�ed as shown in the harmonic spectrum
of Figure 7.32(b). If the harmonic control is adjusted to individually
regulate the 5th harmonic, the extended VF-DPC is able to produce
nearly sinusoidal load currents (Figure 7.31(c)). The spectral analysis
of the extended control method (Figure 7.32(c)) proves thata low total
harmonic distortion can be achieved even under distorted grid voltages.

7.3 VF-DHC for Five-Level ANPC Inverter

The Virtual-Flux Decoupling Hysteresis Control operation with the �ve-
level ANPC inverter is a natural extension of the proposed three-level
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Figure 7.33: Virtual-Flux Decoupling Hysteresis Control for �ve-level
ANPC inverters.
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VF-DHC. The dashed area in the center of Figure 7.33 marks theblocks
which require special attention.

In order to permit the inverter to switch among �ve voltage le vels, the
hysteresis strategy is adapted including two extra hysteresis boundaries.
Moreover, the expression which determines the shape of the modulated
hysteresis has to be adjusted.

Due to a three-level characteristic of the input cell of the �ve-level
ANPC topology, the method presented for the three-level NPCinverter,
which balances the mid-point potential M by injecting an o�set I 0 into
the phase currents can also be employed. However, since the ANPC
inverter demands additional control of the �oating capacit ors, an extra
control block called modulator is included. It balances individually the
�oating capacitors according to the output currents direct ion.

7.3.1 Hysteresis Strategy

Since the shape of the modulated hysteresis band necessary to achieve
near constant switching frequency is highly in�uenced by the number
of voltage levels, the method applied for the calculation ofthe two and
three-levels system hysteresis boundaries must be reviewed. The �ve-
level inverter requests a slightly di�erent approach, since during the
positive cycle the inverter output voltage can switch either between
udc

4 and 0 or udc
2 and udc

4 according to the operating point. Hence, the
analysis shall be performed separately.

Within the �rst interval, the inverter switches to udc
4 allowing the

current to increase from the lower hysteresis limit (i g;ref � h1) to the
upper limit ( i g;ref + h1). In this case, equation (5.15) which calculates
the inverter output voltage reference value can be written as

uinv;M;ref �
udc

4
= L g

[i g;ref � (i g;ref + h1)] � [i g;ref � (i g;ref � h1)]
ton; 1

:

(7.5)

The time necessary to drive the current between the two limits is then
calculated by rearranging equation (7.5).

ton; 1 =
2L gh1

udc
4 � uinv;M;ref

: (7.6)
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When the current reaches the upper hysteresis limit, the controller
changes the switching state of the switching devices appropriately to
generate an output voltage equal to0. As consequence the load current
decreases from (i g;ref + h1) to ( i g;ref � h1).

uinv;M;ref � 0 = L g
[i g;ref � (i g;ref � h1)] � [i g;ref � (i g;ref + h1)]

tof f; 1
:

(7.7)

From (7.7), the o� time is determined as

tof f; 1 =
2L gh

uinv;M;ref
: (7.8)

Combining both switching times (ton; 1 and tof f; 1), the hysteresis en-
suring a nearly constant switching frequency in the interval where the
fundamental inverter output voltage is lower then udc

4 can be expressed
as

hi; 1 =
uinv;i

� udc
4 � uinv;i

�

2 � L g � f s � udc
4

: (7.9)

From the point where the inverter loses the capability to regulate the
output current by switching only between the two lower volta ge levels
(uinv;i > udc

4 ), the controller changes immediately to the next higher
level, selecting appropriately either udc

2 or udc
4 .

During this second period, to increase the current from the lower
to the upper hysteresis limit, the inverter generates an output voltage
equal to udc

2 . Therefore, we have

uinv;M;ref �
udc

2
= L g

[i g;ref � (i g;ref + h2)] � [i g;ref � (i g;ref � h2)]
ton; 2

:

(7.10)

Rearranging equation (7.10), the on time is calculated as

ton; 2 =
2L gh2

udc
2 � uinv;M;ref

: (7.11)

In order to bring the current back to the lower boundary, and to limit
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� u at the same time, the controller switches to next lower leveludc
4 .

uinv;M;ref �
udc

4
= L g

[i g;ref � (i g;ref � h2)] � [i g;ref � (i g;ref + h2)]
tof f; 2

:

(7.12)

The o�-time is then extracted from (7.12) and described as

tof f; 2 =
2L gh

uinv;M;ref � udc
4

: (7.13)

The combination of the on- and o�-times provides the switching pe-
riod and consequently the modulated hysteresis expression

hi; 2 =

� udc
2 � uinv;i

� �
uinv;i � udc

4

�

2 � L g � f s � udc
4

: (7.14)

Therefore, this analysis shows that depending on the amplitude of the
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Figure 7.34: Modulated hysteresis.

238



7.3. VF-DHC FOR FIVE-LEVEL ANPC INVERTER

fundamental inverter voltage, the hysteresis shape necessary to achieve
a constant switching frequency may change. The threshold for changing
to another hysteresis shape is the intermediary voltage level udc

4 .

The di�erence between the inverter fundamental voltage and the
threshold limit (7.15) indicates the beginning and end of the application
of the di�erent shapes

t12(t) = uinv;i (t) �
udc

4
(7.15)

Figure 7.34 illustrates the time behavior of both hysteresis limits h1

and h2, considering a sinusoidal fundamental inverter voltage. The tran-
sition between the two boundaries to build the complete hysteresish is
controlled by the function t12. During the interval where the inverter
fundamental voltage is lower then udc

4 (t12 < 0), the controller utilizes
h1, while h2 is selected fort12 > 0.

Although the shape of the hysteresis limit hi has changed in com-
parison to the three-level approach, the strategy is very similar (Fig-
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Figure 7.35: Hysteresis strategy.
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ure 7.35). The current error is maintained inside of the inner bands,
allowing the inverter to switch only between two consecutive levels. If
the state selected is not able to correct the current error, the controller
switches to the next upper (or lower) level when the error crosses the
second hysteresis boundary. This �nally forces the currenterror to op-
erate within the inner bands. Even though a double hysteresis band is
su�cient to achieve good steady-state performance, a four level hystere-
sis is applied to force the current error back into the inner bands as fast
as possible during transients by using extreme dc voltage levels.

7.3.2 Mid-Point and Floating Capacitor Balance

The hysteresis controller selects the correct output voltage level neces-
sary to regulate the output current. However, due to existing redundant
switching states to generate the levels� udc

4 and udc
4 , there exists a de-
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Figure 7.36: Balancing the �oating capacitors for voltage level - u dc
4 .
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gree of freedom to balance the �oating capacitors.

When the controller of phase i decides to apply an output voltage
level of � udc

4 , the inverter has two switching state alternatives, u2 and
u3, as previously mentioned. These states have opposite in�uence on the
�oating capacitor of the respective phase. For a positive output phase
current i inv;i , state u2 discharges the �oating capacitor (Figure 7.36(a)),
while state u3 charges (Figure 7.36(b)). For a negative current, the
e�ect on the �oating capacitor is reversed. Therefore, the modulator
block is in charge to select the proper state to balance the �oating
capacitor according to the output current direction i i (1 for positive and
0 for negative current), as illustrated in Figure 7.36(c). Additionally, a
hysteresis controller provides to the decision block, an input 1 when the
capacitor voltage deviation � uF C;i reaches the upper hysteresis limit
and 0 for reaching the negative. If the voltage of the �oating capacitor
uF C;i is below the referenceuF C;i;ref minus the limit allowed by the
hysteresis controller, i.e.� uF C;i = 1 , assuming a positive output phase
current, i.e. i i = 1 , the state u3 shall be selected to charge the capacitor.
On the other hand, for the same voltage condition but negative output
phase current, i i = 0 , u2 is the correct choice to balance the �oating
capacitor. This decision is performed by using an XOR binary logic
summarized in Table 7.6.

Table 7.6: XOR logic decision among redundant switching states to bala nce
the �oating capacitors.

� uF C;i i i C State

0 0 0 u3

0 1 1 u2

1 0 1 u2

1 1 0 u3

The same strategy is applied when the current controller selects the
voltage level udc

4 . To generate this level the modulator has two choices,
states u6 and u7. While the �rst state discharges the �oating capacitor,
considering a positive phase current (Figure 7.37(a)), thesecond state
increases the capacitor voltage (Figure 7.37(b)). A similar decision block
and logic strategy as shown in Figure 7.36(c) are used to choose among
these states, where stateu6 replacesu2, while u7 takes the position of
u3 (Figure 7.37(c)).
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Figure 7.37: Balancing the �oating capacitors for voltage level u dc
4 .

For balancing the dc-link voltages the �ve-level VF-DHC applies an
o�set current proportional to the lower capacitor voltage d eviation as
previously employed with the NPC inverter. A proportional c ontroller
G(s) generates the control voltageuM;ct , which is converted into the
current I 0 via the integrator (Figure 7.33). The o�set component I 0

is added to each measured phase current in order to manipulate the
resulting mid-point current i M and properly balanceM .

Nevertheless, the analysis presented in section 6.2.2 shows that the
controllability of such method becomes weaker as the phase shift be-
tween voltage and current is approaching to� = 90o.

This drawback can be avoided for the �ve-level VF-DHC by taking
advantage of redundant switching states. Besides distinctin�uence on
the �oating capacitors, the states u2 and u3 also a�ect di�erently the
mid-point potential. While state u3 connects the inverter output di-
rectly to M to generate the voltage level� udc

4 (Figure 7.36), state u2
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establishes a connection to the negative potential. As consequence, only
u3 in�uences the potential of M dependent on the output phase current.

The same situation occurs for the voltage leveludc
4 (Figure 7.37).

While u6 makes use ofM , u7 is connected to the positive potential.
To use the bene�ts of this extra degree of freedom, the modulator shall
select the switching state which either corrects the mid-point deviation
or does not in�uence M .

A similar strategy as applied for balancing the �oating capacitors may
be used to switch between the states according to the voltagedeviation
of the lower dc-link capacitor � uC l and the direction of current i i , as
illustrated in Figure 7.38. Considering that the lower dc-link capacitor
must be charged,� uC l = 1 , and the inverter is generating a positive
phase current, if state u3 is applied, the resulting positive i M would
continue to discharge the lower capacitor. Therefore, a reasonable alter-
native is to select stateu2 that although not correcting the deviation,
at least does not contribute negatively as stateu3.

,inv ii
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XOR

,lC refu

ii

(a) Decision between u2 and u3

,inv ii
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D
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,lC refu

ii

(b) Decision between u6 and u7

Figure 7.38: Balancing strategy to control the mid-point potential.

Table 7.7: XOR logic decision among redundant switching states to bala nce
the dc-link capacitor voltages.

� uC l ;i i i D � udc
4

udc
4

0 0 0 u2 u6

0 1 1 u3 u7

1 0 1 u3 u7

1 1 0 u2 u6
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This logic summarized in Table 7.7, is repeated for all di�erent com-
binations of � uC l ;i and i i , and is extended to the voltage leveludc

4 with
the switching states u6 and u7.

However, during normal operation the switching state selected to con-
trol the �oating capacitor might not be necessarily the prop er choice to
balance the dc-link voltage. Therefore, a method to switch between these
two controllers is required.

In the proposed approach, each control is selected every switching pe-
riod successively, as illustrated in Figure 7.39. Due to a nearly constant
switching frequency obtained with the �ve-level VF-DHC, bo th strate-
gies are applied practically over same interval of a fundamental cycle.
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Figure 7.39: Switching between �oating capacitors and mid-point con-
trol.

Figure 7.40 shows the function executed by the modulator to switch
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Figure 7.40: Switching between �oating capacitors and mid-point con-
trol.
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between the �oating capacitor and the mid-point voltages regulators.
Each control chooses the correct switching state based on voltage devia-
tion (�oating capacitor or lower dc-link capacitor) and cur rent direction.
The signal su fc ;u C l

then switches periodically among both controls.

7.3.3 Modulator

A modulator, illustrated in Figure 7.41 is in charge to decode the volt-
age level produced by the current hysteresis controller into a correct
switching state based on the actual conditions of the systemvariables.

Since the voltage level� udc
2 may only be performed by the switching

combination u1, this state is directly connected to the output of the
modulator if level � 2 is selected by the hysteresis current controller.
The same occurs for the voltage leveludc

2 and switching state u8.

As stated in the previous sections the levels� udc
4 and udc

4 may be
employed to balance the �oating capacitor and mid-point potential.
Therefore, the strategy shown in Figure 7.40 to decide amongstates
u2 and u3 is applied for level � 1 to select the correct state according to
� uF C , � uC l and i i . An analogue approach is used to decide between

,inv iu
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Figure 7.41: Modulator applied to select the correct switching state to
generate the voltage level requested by the hysteresis current controller.
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states u6 and u7 when level 1 is chosen by the current controller.

To generate a zero output voltage level, there exist two switching
combinations u4 and u5. Both have the same in�uence concerning mid-
point potential, however they di�er on the group of switchin g devices
controlled in the input cell. To limit the switching frequen cy of the input
cell to the fundamental frequency of the output voltage, the modulator
selects stateu5 when the fundamental inverter voltage uinv;i is positive
and u4 if uinv;i is negative.

Besides selecting the correct switching state, the modulator guaran-
tees that the same state is provided to the output as long as the cur-
rent controller does not require a modi�cation of the voltage level. This
avoids unnecessary changes of the switching state and/or consequent
increase of the switching frequency, due to modi�cations ofthe status
of the �oating capacitor or mid-point voltage controllers.

7.3.4 Experimental Veri�cation

The experimental veri�cation is performed using the 6kW �ve-level
ANPC prototype already presented in Figure 7.12. A10mH output �l-
ter connects a controlled 400V 3-phase AC power source to theinverter,
which is operating with a switching frequency of2:5kHz . The 800V dc
power is provided by two 10kW - 600V dc power supplies connected in
series. The controller is implemented fully digitally using an Analog De-
vices ADSP21991 16-bit160MHz DSP platform. The hysteresis current
controller is implemented in a fast loop with a sampling rateof 80kHz .
In the same loop, the algorithm calculates the decoupling term i 0 and
the virtual-�ux based on two measured phase currents. The modulator
updates at the end of the calculation a proper switching state selected
according to the voltage level chosen by the current controller and the
conditions of the �oating capacitors and dc-link voltages. These vari-
ables, namely three �oating capacitor voltages and the voltage across
the lower dc-link capacitor are measured at a rate of40kHz . The cur-
rent references are generated at the same sampling rate, as function of
the desired active and reactive powers.

Initially, the experimentation is focused on the e�ectiveness of the de-
coupling method when applied to a �ve-level ANPC inverter. Figure 7.42
shows the static performance concerning output phase current i g;R and
voltage uinv;R for the classical hysteresis approach (Figure 7.42(a)), the
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Figure 7.42: Hysteresis band hR , grid voltage ug;R , inverter output
voltage uinv;R and grid current i g;R , of �ve-level (a) VF-CHC, (b) VF-
DHC, and (c) VF-DHC with modulated hysteresis band.
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(c) VF-DHC with modulated hysteresis

Figure 7.43: Grid current spectrum of �ve-level (a) VF-CHC, (b) VF-
DHC, and (c) VF-DHC with modulated hysteresis band.
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decoupling method (Figure 7.42(b)) and the behavior of properly mod-
ulating the hysteresis boundarieshR (Figure 7.42(c)). One can note
that the inverter output voltage generated by the classical hysteresis
controller is very irregular with long intervals without an y action. The
performance is more consistent when the calculated zero sequence cur-
rent i 0 is added to the measured phase currents, enabling the decoupling
strategy. In this case, the inverter output voltage turns out to be more
regular, although there are still some gaps during transitions between
levels. Further improvement is achieved by varying the hysteresis limits
hi , where the hysteresis band shows a low width exactly in the moment
when the hysteresis controller demands a transition to the next higher
(or lower) level. This directly in�uences in the switching f requency which
becomes more constant as shown by the current spectrum analysis of
Figure 7.43. The inherent wide spread frequency spectrum generated
by the classic hysteresis approach is presented in Figure 7.43(a). It be-
comes more centered around the desired switching frequencywith the
decoupling method (Figure 7.43(b)) and nearly constant when the mod-
ulated hysteresis is enabled (Figure 7.43(c)). It is also important to note
that the �rst group of switching harmonics generated by the � ve-level
ANPC inverter is concentrated around the double of the commutation
frequency.

A closer investigation of the gate signals generated by the di�erent
methods, can also help to analyze the switching performance. For the
conventional hysteresis control (Figure 7.44(a)), one canobserve that
the frequencies of the gate signals applied to the switchingdevices of the
output stage (s1;R and s3;R ) are varying signi�cantly over a fundamental
cycle. The gate signals become more uniform in the decoupling method
(Figure 7.44(b)), and nearly constant with the modulated hysteresis
approach (Figure 7.44(c)). Another aspect is that due to the correct
operation of the modulator, especially concerning vectorsu4 and u5,
the switching frequency of the device of the input cell is limited to the
grid fundamental frequency for all three methods, (s5;R in Figure 7.44).

When plotting the instantaneous switching frequency of the output
cell switching devices over a fundamental cycle (Figure 7.45), the im-
provement of the switching frequency performance achievedwith the
decoupling method becomes even more clear. The switching frequency
generated by the VF-CHC can reach almost twice the average value as
illustrated in Figure 7.45(a)(b). The level of variation is reduced in the
VF-DHC (Figure 7.45(c)(d)) and further improved for the mod ulated
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Figure 7.44: Gate signals of switchess1;R , s3;R and s5;R and resulting
grid current i g;R generated by the �ve-level (a) VF-CHC (b) VF-DHC
(c) VF-DHC with modulated hysteresis band.
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hysteresis VF-DHC (Figure 7.45(e)(f)), where the switching frequency
deviation is limited to a narrow band.
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Figure 7.45: Experimental measurements of instantaneous switching
frequency over one fundamental grid cycle for switches s1;R and s3;R

generated by the �ve-level ANPC inverter with (a) VF-CHC, (b ) VF-
DHC, and (c) VF-DHC with modulated hysteresis band.

The di�erence in terms of switching performance can also be investi-
gated observing the time behavior of the current error, of the hysteresis
decision block and the resulting inverter output voltage. Figure 7.46
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Figure 7.46: Hysteresis current controller limiting the current error
� i g;R within the hysteresis boundaries h1;R and h2;R applied to the �ve-
level ANPC inverter with (a) VF-CHC, (b) VF-DHC and (c) VF-DH C
with modulated hysteresis band.
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shows that the dedicated hysteresis strategy implemented to allow the
inverter to switch among �ve distinct voltage levels is successfully ex-
ecuted. However, the interaction between phases inherent to the VF-
CHC causes irregular current error� i g;R and consequently a distorted
inverter output voltage uinv;R (Figure 7.46(a)). The decoupling method
eliminates the coupling of the phases, resulting in a more uniform cur-
rent error (Figure 7.46(b)). This permits the hysteresis controller to
generate a more regular inverter output voltage while the current er-
ror is maintained within the inner hysteresis limits h1;R . Nevertheless,
if the voltage level selected is not able to correct the current error,
the controller is designed to switch to the next higher (or lower) level
as soon as the error crosses the second hysteresis limith2;R . The pe-
riod between two consecutive boundaries may reduce the instantaneous
switching frequency, due to the distance necessary to avoidundesirable
switch action. Besides a nearly constant switching frequency achieved
while the current error is limited inside the inner band, the modulated
band allows a more smooth transition to a higher or lower voltage level
(Figure 7.46(c)).

A more detailed analysis of the hysteresis strategy is shownin Fig-
ure 7.47. One can note that two consecutive voltage levels are chosen
while the current error is maintained within the inner band h1;R . If the
selected voltage level is not anymore su�cient to control the current,
the error continues in the same direction until it crosses the upper band

h R2,

u Rinv,

i Rg,Dh R1,

Figure 7.47: Detailed analysis of the hysteresis control strategy based
on modulated boundaries h1;R and h2;R . Output phase current error
� i g;R and resulting inverter output phase voltage uinv;R .
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h2;R where the controller immediately switches to the next higher level.

Although static performance achieved with the �ve-level VF-DHC
di�ers signi�cantly from the two-level approach, the dynam ic perfor-
mance is practically the same (Figure 7.48), thanks to the hysteresis
characteristic of switching immediately to a correct state when the er-
ror crosses one of the boundaries. However, even though the current
error is operating normally inside the hysteresis bandsh1;i and h2;i ,
two additional boundaries have to be included to allow the hysteresis

p
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u Rg,

i Rg,

(a) Time scale - 5ms

p

q

pref

i Rg,

(b) Time scale - 500�s

Figure 7.48: Experimental results for a positive step of 40% in the
active power reference presented in (a) 5 ms time scale and (b) 500�s
time scale. Active power referencepref , actual active power p, grid phase
voltage ug;R and current i g;R .
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controller to switch immediately to higher voltage levels in case of a
transient, resulting in fast dynamic response.

The same principle is valid for a negative step of the active power
referencepref illustrated in Figure 7.49. Multiple boundaries permit
the controller to select rapidly a correct state to drive the actual active
power p to its new reference value.

pref

p

u Rg,

i Rg,

(a) Time scale - 5ms

pref

p

q

i Rg,

(b) Time scale - 500�s

Figure 7.49: Experimental results for a negative step of 40% in the
active power reference presented in (a) 5 ms time scale and (b) 500�s
time scale. Active power referencepref , actual active power p, grid phase
voltage ug;R and current i g;R .

Figure 7.50 proves the e�ectiveness of the strategy appliedto balance
the mid-point potential. The voltage of the lower dc-link capacitor, and
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consequently of the upper capacitor, are controlled toudc
2 or 400V, due

to the correct operation of the modulator selecting a properredundant
switching state. Additionally, an o�set I 0 calculated according to the
voltage deviation is added to the measured currents to in�uence the
resulting mid-point current. The hysteresis controller is used to allow a
ripple of the capacitor voltage (Figure 7.50(b)) where the hysteresis is
adjusted to � 5% of half of the dc-link voltage.

u uC

u lC

u Rg,

i Rg,

(a) DC analysis

u uC

u lC

u Rg,

i Rg,

(b) Ripple component of the dc-link capacitor
voltages

Figure 7.50: Experimental results of (a) dc and (b) ripple components
of the voltages uC;u and uC;l across the upper dc-link capacitors.

Thanks to redundant switching states, the controller is able to regu-
late the voltage of the �oating capacitors to udc

4 (Figure 7.51). The mod-
ulator has the possibility of choosing among two redundant states when
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u RFC,

u SFC,

u TFC,

i Rg,

(a) DC analysis

u RFC,

u SFC,

u TFC,

i Rg,

(b) Ripple component of the dc-link capacitor
voltages

Figure 7.51: Experimental results of (a) dc and (b) ripple components
of the voltage across the �oating capacitors.

the current controller decides to apply a voltage level� udc
4 and another

two states for the level udc
4 . This decision is based on voltage deviations,

which are limited by a � 10V hysteresis control (Figure 7.51(b)), and
on the direction of the respective output phase current.

7.3.5 Five-Level VF-DHC with LCL Filter

The proposed �ve-level VF-DHC has been also experimentallytested
with a third order LCL output �lter, since in the majority of the high
voltage applications, this would be the standard con�guration. To com-
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pensate the characteristics of theLCL �lter, outer loops previously
employed with others control methods are included into the conven-
tional approach (Figure 7.52). The active damping, harmonic control
and reactive power compensation act directly on the active and reactive
power references. The phase-locked loop is included in the virtual-�ux
calculation block to guarantee the correct estimation of the grid voltage.

To adapt the hardware setup for the test of the extended method, an
LCL �lter with L inv = 7 :9mH , L g = 3 :5mH and C = 14:1�F , replaces
the 10mH �rst order �lter. The remaining electrical speci�cations, such
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Figure 7.52: Extended �ve-level VF-DHC with third order LCL �lter.
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as dc-link voltage, switching frequency and grid voltages are maintained.
A signi�cant modi�cation is necessary for the DSP algorithm , since ad-
ditional routines have to be included. Due to these extra calculations,
the fast loop sampling rate is adjusted to75kHz , even though the core
of the controller is not a�ected. However, the control loop with 40kHz
sampling rate is extended to calculate the active damping components,
and an extra loop with 20kHz sampling frequency is created to calcu-
late the 5th harmonic control, reactive power compensation and PLL
routines.

u Rg,

u Rinv,

i Rg,

(a) Conventional �ve-level VF-DHC

u Rg,

u Rinv,

i Rg,

(b) Extended �ve-level VF-DHC

Figure 7.53: Experimental results of grid phase voltage ug;R , inverter
output voltage uinv;R and phase current i g;R (a) for the conventional
�ve-level VF-DHC and (b) the extended strategy including th e active
damping, harmonic control, PLL and reactive power compensa tion.
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Although the inverter output voltage uinv;R is not drastically af-
fected by the LCL �lter resonance for the conventional approach (Fig-
ure 7.53(a)), resonance oscillations are superimposed on the fundamen-
tal component of the grid phase current. The active damping included
in the extended method (Figure 7.53(b)) suppresses considerably these
disturbances, while the harmonic control regulates the in�uence of the
5th harmonic.

The positive e�ect of these two loops can also be seen in the cur-
rent spectrum shown in Figure 7.54. The active damping reduces the
level of the harmonics in the resonance frequency range (11th , 11th and
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Figure 7.54: Grid voltage and current harmonic spectrum (a) for the
conventional �ve-level VF-DHC and (b) extended approach.
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19th ), while the 5th harmonic is decreased due to an e�ective regula-
tion achieved with the 5th harmonic control. As consequence, the total
harmonic distortion is reduced from 9:1% to 4:1%.

Figure 7.55 shows that these extra control loops do not compromise
the e�ectiveness of the strategy introduced to balance the mid-point
and �oating capacitor voltages. The voltage of the dc-link capacitors is
controlled to 400V (Figure 7.55(a)), while the �oating capacitor voltages
are regulated to 200V (Figure 7.55(b)). In both cases a ripple of� 5%
is allowed by the hysteresis controllers.

u uC

u Rg,

i Rg,

u lC

(a) Dc-link capacitors

i Rg,

u RFC,

u SFC,

u TFC,

(b) Floating capacitors

Figure 7.55: Experimental results proving the e�ectiveness of the bal-
ancing strategy. Voltage across the (a) dc-link capacitors and (b) �oating
capacitors obtained for the extended �ve-level VF-DHC.
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The analysis described in Section 6.2.2 for the mid-point control for
a three-level NPC inverter, has shown that the in�uence of a current
o�set I 0 on the balancing process is limited. The balancing capability is
reduced if the phase shift of grid phase voltage and current approaches
90o. However, due to existence of redundant switching states ofthe
�ve-level ANPC inverter, this limitation is overcome. In th e proposed
method the modulator selects, besides the current o�setI 0, the correct
switching state to balance the mid-point according to the phase cur-
rent direction. This strategy allows the controller to balance the dc-link

u uC

u lC

u Rg,
i Rg,

045

(a) 45o phase-shift

u uC

u lC

u Rg, i Rg,

900

(b) 90o phase-shift

Figure 7.56: Experimental results of dc-link voltage balancing for (a)
45o and (b) 90o phase-shift between grid phase voltageug;R and current
i g;R .
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voltages for di�erent operating points as shown in Figure 7.56(a) for a
phase shift of45o and in Figure 7.56(b) for a phase shift of90o.

The performance of the extended method during transients isillus-
trated in Figure 7.57 and con�rms the e�ectiveness of extended method.
For the conventional �ve-level VF-DHC a step of 40%of the rated power
on the active power referencepref shows a strong in�uence of the res-
onance also during transients (Figure 7.57(a)). The oscillations of the
grid current i g;R are dramatically reduced for the extended method (Fig-

pref

p

u Rg,

i Rg,

(a) Conventional �ve-level VF-DHC

pref

p

u Rg,

i Rg,

(b) Extended �ve-level VF-DHC

Figure 7.57: Experimental results for a step of the active power ref-
erence of 40% with (a) the conventional �ve-level VF-DHC and (b) the
extended system. Active power referencepref , actual active power p, grid
phase voltage ug;R and current i g;R .
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ure 7.57(b)) mainly due to the correct operation of the active damping
controller.

Since, the extra loops act predominantly on the reference values of
the variables and not directly on the switching decision block, their in-
�uence on the dynamic response in terms of control time is minimum.
Figure 7.58 shows that the time of 500�s necessary to drive the in-
stantaneous active powerp to the new reference valuepref with the
conventional method is increase to800�s in the extended VF-DHC.

pref

p

q

i Rg,

(a) Conventional �ve-level VF-DHC

pref

q

p

i Rg,

(b) Extended �ve-level VF-DHC

Figure 7.58: Detailed rise time (a) for the conventional �ve-level VF-
DHC and (b) extended approach. Active power reference pref , actual
active power and reactive power p and q and current i g;R .

The proposed �ve-level VF-DHC is also experimentally tested un-
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der di�erent mains conditions, such as unbalanced and distorted grid
voltages.

Figure 7.59(a) demonstrates that for unbalanced grid voltages (phase
R with +10% and phaseS with � 10% amplitude deviation) the con-
ventional �ve-level VF-DHC generates distorted grid currents, caused
by erroneous estimation of the grid virtual-�ux as illustra ted in Fig-
ure 7.60(a). A phase-locked loop is employed in the extendedmethod
to correct the virtual-�ux estimation (Figure 7.60(b)) and consequently

u Rg, u Sg,
u Tg,

i Rg, i Sg,
i Tg,

(a) Conventional �ve-level VF-DHC

u Rg, u Sg,
u Tg,

i Rg, i Sg, i Tg,

(b) Extended �ve-level VF-DHC

Figure 7.59: Experimental results under unbalanced grid voltage (phase
R with +10%, phase S with -10% amplitude deviation and phase T
with 230V rms nominal voltage). Grid phase currents i g;i and grid phase
voltages ug;i (a) without PLL and (b) with PLL respectively.
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allows the inverter to generate a nearly sinusoidal grid current (Fig-
ure 7.59(b)).

u Rg, u Sg,
u Tg,

• •g, •  g,

(a) Conventional �ve-level VF-DHC

u Rg, u Sg,
u Tg,

• •g, •  g,

(b) Extended �ve-level VF-DHC

Figure 7.60: Experimental results under unbalanced grid voltage (phase
R with +10%, phase S with -10% amplitude deviation and phase T with
230V rms nominal voltage). Grid phase voltages ug;i and grid virtual-�ux
 g;�� (a) without PLL and (b) with PLL respectively.

The system performance for distorted grid voltages is veri�ed by su-
perimposing a �fth harmonic of 5% on the fundamental grid voltages. In
the classical approach, besides oscillations caused by the�lter resonance,
Figure 7.61(a) shows that the grid current su�ers from the 5th harmonic
present in the grid voltage. This in�uence is also clearly observed in the
current spectrum illustrated in Figure 7.62(a). As mentioned previously,
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u Rg,

i Rg,

• •g, •  g,

(a) Conventional VF-DHC

u Rg,

i Rg,

• •g, •  g,

(b) VF-DHC with active damping

u Rg,

i Rg,

• •g, •  g,

(c) Extended VF-DHC

Figure 7.61: Experimental results when a 5th harmonic of 5% is su-
perimposed on the fundamental grid voltage. Grid phase volt age ug;R ,
virtual-�ux  g;�� and phase current i g;R (a) with the conventional VF-
DHC, (b) for adding the active damping, and (c) for enabled 5th har-
monic control.
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(b) VF-DHC with active damping
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(c) Extended VF-DHC

Figure 7.62: Experimental results when a 5th harmonic of 5% is su-
perimposed on the fundamental grid voltage. Grid phase volt age and
current harmonic spectrum (a) with the conventional VF-DHC , (b) for
adding the active damping, and (c) for enabled the 5th harmonic control.
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the active damping has the ability to reduce the resonance oscillations,
but on the other hand it creates an undesirable path which ampli�es har-
monics in the grid currents (Figure 7.61(b) and Figure 7.62(b)). When
the extended method with the harmonic control harmonic is applied,
the distortion caused by the 5th harmonic is considerably reduced (Fig-
ure 7.61(c)), resulting in a low THD of 4:8% (Figure 7.62(c)).

7.4 Summary

The �ve-level ANPC demands a relatively complex technique to con-
trol its variables, but at the same time it provides extra degrees of
freedom for control actions due to the high number of switching pos-
sibilities. Five distinct voltage levels per phase may be generated with
eight switching combinations, what clearly indicates the existence of re-
dundant states. These states are characterized by producing the same
voltage level, nevertheless with di�erent switching states of the switch-
ing devices. In terms of three-phase analysis, besides the conventional
61 voltage vectors available in conventional �ve-level systems, the con-
troller has to be able to choose the correct state out of 343 options due
to existing redundant states of the ANPC.

To take advantage of this �exibility, the classical current controllers
have to be properly adapted. The VF-DPC previously presented for
two-level systems and later extended for the industry standard three-
level NPC requires additional modi�cations, mainly of the voltage vector
decision block. Furthermore, extra levels have to be added to the active
power hysteresis control to allow the controller to switch among �ve
voltage levels. To increase the accuracy of the vector decision, the space
vector plane is divided into 24 sectors instead of12 as for the classical
approach. Additionally, besides the necessity of balancing the mid-point
potential, the �ve-level VF-DPC must be able to regulate the voltage
across the �oating capacitors. This demands a dedicated strategy to
select the correct switching state based on the status of thedc-link
and �oating capacitor voltages and the direction of the output phase
currents.

Similar to the VF-DPC, the decoupling current control (VF-D HC)
to use for the �ve-level ANPC inverter is an extension of the method
described for the three-level NPC topology. Although the strategy to
decide among the output voltage levels is analogous to the method ap-
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plied for the three-level approach, additional hysteresisboundaries have
to be included to ensure a fast dynamic response. Furthermore, in order
to balance the mid-point potential and the �oating capacito r voltages,
a modulator is introduced to decode the level selected by thecurrent
controller into a correct switching state.

The static and dynamic performance of both methods have beenver-
i�ed using a 6kW �ve-level ANPC inverter prototype connected to a
400V 3-phase AC power source via a �rst orderL �lter. Both strategies
are also extended to high power applications, incorporating the loops
developed for two-level systems to compensate some characteristics of
LCL �lters. Once again, these loops have demonstrated to be immune
to changes of the topology or number of generated voltage levels.
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Chapter 8

Conclusion and Future
Works

This work discusses methods for controlling the �ow of energy between
renewable energy sources and the utility network. The emerging interest
in such technologies demands continuous research of new control con-
cepts, especially in the area of high voltage and high power applications.

There are several di�erent multilevel topologies suitablefor these ap-
plications, however the concepts di�er in terms of operating behavior
and/or strengths and weaknesses. The analysis presented inChapter
2 shows that although the Neutral-Point Clamped and Flying Capac-
itor three-level inverters have been accepted by the industry as stan-
dard topologies for a few decades, the di�culties to extend these struc-
tures to a higher number of levels, i.e. the necessity of series connec-
tion of clamping elements, have opened space to new topologies. The
clamping elements are avoided by series connection of single phase H-
Bridge inverters. On the other hand, the necessity of multiple isolated dc
sources makes the Cascaded H-Bridge topology suitable onlyfor a lim-
ited number of applications. A new approach, namely Hybrid Multilevel
inverters, combine the strengths of di�erent semiconductors and circuit
topologies into a new structure. One of the most promising multilevel
topologies, denominated Active Neutral-Point Clamped inverter, com-
bines the �exibility of the Flying Capacitor inverter to the robustness
of the Neutral-Point Clamped inverter.
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In terms of control techniques, the continuous developmentof faster
microprocessors has encouraged researchers to study new strategies which
demand high computational e�ort. The predictive controlle r is one of the
methods which is getting force proportionally to the speed and calcula-
tion power of new microprocessors. The optimum control action accord-
ing to given criteria is selected among all possibilities. Another control
scheme emerging in parallel, especially for grid connectedapplications,
is the Direct Power Control (DPC). It controls the instantan eous active
and reactive powers through hysteresis elements and an o�-line calcu-
lated switching table. Nevertheless, this concept has beentraditionally
used for low power applications with the conventional two-level topology
and �rst order L �lter.

The �rst step to adapt the DPC to high power applications was given
in Chapter 4, by adding a third order LCL �lter. This �lter con�gura-
tion allows to achieve higher attenuation with less total inductance, but
on the other hand creates extra di�culties to the controller , such as res-
onance. Therefore, in order to compensate this characteristic, new con-
trol blocks have been developed and incorporated into the main DPC.
An active damping based on power quantities, emulates a resistor in
parallel to the �lter capacitor to e�ectively damp the �lter resonance.
As a side e�ect, the harmonics present in the grid are fed backand
ampli�ed through this loop, since not only the resonance components
are extracted from the capacitor voltage but also any other low or-
der harmonics. In order to compensate these harmonics, an individual
harmonic control loop based on synchronous reference frametheory is
applied and appropriate power quantities are added to the active and re-
active power references. Additionally, a phase-locked loop and a reactive
power compensation are used to guarantee the correct synchronization
of the generated phase currents with the grid phase voltages. The ex-
perimental veri�cation performed with an 6kW prototype, has shown
that the negative e�ect caused by the �lter resonance is considerably re-
duced thanks to the active damping loop. In addition, the fast dynamic
performance inherent to the classical DPC is not signi�cantly a�ected.
Tests performed under unbalanced and distorted grid voltages proved
the e�ectiveness of the PLL and harmonic compensation blocks. In both
situations the extend approach showed results signi�cantly better then
the classical DPC.

Following the same basic idea of controlling the instantaneous ac-
tive and reactive powers via hysteresis regulators, a new voltage sen-
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sorless controller with near constant switching frequencywas developed
in Chapter 5. The Virtual-Flux Decoupling Hysteresis Contr ol is based
on the classical hysteresis current controller, however a decoupling net-
work calculates and adds a zero sequence current to each of the output
phase currents in order to eliminate the interference between phases.
The decoupling strategy allows to achieve an almost constant switch-
ing frequency if the hysteresis are properly modulated. Theinitial test
with a �rst order L �lter showed that the decoupling network makes the
switching action more uniform when compared to the conventional hys-
teresis method. A further improvement is achieved with the modulated
hysteresis bands. To extend the concept to higher power applications,
the outer control loops proposed for the VF-DPC are includedinto the
conventional VF-DHC to compensate the characteristics of the LCL
�lter. The experimental analysis demonstrates that the e�e ctiveness of
the active damping, harmonic control, PLL and reactive power compen-
sation loops is independent of the inner current control loop, since the
control action is directly on the power reference signals.

The next step to adapt the existing controllers to high power appli-
cations was presented in Chapter 6, when both concepts, VF-DPC and
VF-DHC, were extended to operate with a three-level NPC inverter.
Basically, the controllers were modi�ed to allow the inverter to select
three output voltage levels and to achieve the balancing of the dc-link
capacitors. The �rst condition was reached by adjusting the hysteresis
strategy, replacing the single band hysteresis controllerby a double band
method. Although the dc-link balancing of both concepts is indirectly
achieved by manipulating existing redundant vectors, the strategies are
di�erent. For the VF-DPC, the switching table is split into t wo parts
according to the ability of the vectors to charge or discharge the lower
dc-link capacitor. A prediction of the mid-point current an d the actual
state of the lower capacitor voltage are then used to select among the
two tables. For the VF-DHC, an o�set proportional to the volt age devi-
ation is added to the measured phase currents, to in�uence the average
mid-point current and consequently regulate the voltage ofthe dc-link
capacitors. Besides the independence of the outer controllers (active
damping, harmonic control, etc.) and the applied inner current regula-
tor, simulation results have shown that the concepts are also immune to
changes of the number of levels or of the topology. Simulation analysis
also proved the e�cacy of the balancing method of both concepts.

In order to further increase the application range, the VF-DPC and
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VF-DHC were adapted to operate with the �ve-level ANPC inver ter.
This topology creates extra degrees of freedom to control the instanta-
neous power, the dc-link and �oating capacitor voltages, due to a higher
number of voltage vectors and redundant switching states. For the VF-
DPC, the number of levels of the active power hysteresis was enlarged
to four, in order to allow the inverter to switch among �ve out put volt-
age levels. Additionally, the number of sectors in the spacevector plane
was increased from 12 to 24, to provide a more precise location of the
grid voltage vector to the switching table. A secondary table was im-
plemented to select correctly one of the redundant switching state to
balance at the same time the dc-link and �oating capacitor voltages.
For the VF-DHC, although the hysteresis strategy utilizes only the two
inner hysteresis boundaries similar to the three-level approach, extra
bands were added to allow a fast transient response. To balance the
dc-link and �oating capacitor voltages, a modulator chooses a proper
switching state based on the status of the lower dc-link capacitor and
the �oating capacitors and the direction of the output phase currents.
A prototype has been built to verify the performance of both concepts.

8.1 Comparative Analysis

To better compare the static performance and losses obtained with
both control techniques (VF-DPC and VF-DHC) for the three di �er-
ent topologies, simulations using the same electrical speci�cations for
all concepts were carried out. Basically, the speci�cations follow the
range applied in the6kW prototypes of the two and �ve-level inverters.
The dc-link is designed to800V, allowing to utilize a 1200V switching
devices (Semikron SK30GB123) for the two-level topology and a 600V
IGBT (Semikron SK25GB063) for the three-level NPC inverter. For the
�ve-level inverter, even though there exist no commercial300V IGBT,
the parameters of a virtual 300V IGBT were extracted by extrapolat-
ing the data of 600V, 1200V and 1700V IGBTs. The inverters operate
with an average switching frequency of3kHz and are connected to the
400V 3-phase AC line voltage via anLCL �lter with L inv = 7 :9mH ,
C = 14:1�F and L g = 3 :5mH . The controllers are split into di�erent
sampling frequency routines, with a fast loop calculating the core of the
controllers every100kHz , and another two loops for the active damping
with 40kHz and for the harmonic control and PLL with 25kHz .
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8.1. COMPARATIVE ANALYSIS
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Figure 8.1: On-state characteristic of (a) IGBT and (b) antiparallel
diode.

The semiconductor losses are separated into conduction andswitching
losses. For calculating the conduction losses the on-statecharacteristic
of the IGBT is modeled as a voltage source, known as on-state voltage
UCE (sat ) , and a on-resistanceRT . The values of these parameters are
extracted from the data-sheets of the 600V, 1200V and 1700V IGBTs
and plotted in Figure 8.1(a). For the virtual 300V IGBT, thes e parame-
ters are obtained via extrapolation of the data of higher voltages IGBTs.
Based on the average andrms collector current, the conduction loss can
be calculated as

Pcond;IGBT = UCE (sat ) � i IGBT;avg + RT � i 2
IGBT;rms : (8.1)
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The same procedure is used for the calculation of the conduction
losses of the antiparallel diodes, based on the forward voltageUF and
the on-resistanceRF illustrated in Figure 8.1(b).

Pcond;Diode = UF � i Diode;avg + RF � i 2
Diode;rms (8.2)

The switching losses are calculated based on measurements of volt-
age and current time behavior during turn-on and turn-o�. Th e voltage
across the switching devicesuIGBT is assumed to be constant according
to the dc-link voltage and topology structure. The in�uence of the in-
stantaneous collector currenti c on the switching losses is obtained from
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Figure 8.2: (a) Turn-on and (b) turn-o� energies as function of the
collector current i c for uCE = 600V .
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the turn-on and turn-of energies graphics provided in the data-sheets of
the semiconductors. Figure 8.2 shows the numbers extractedfrom the
data-sheets of the 600V, 1200V and 1700V IGBTs for a collector cur-
rent in the range of 5-25A and with uCE = 600V. These data are used
to estimate the turn-on and turn-o� energies of a 300V IGBT. T hese
curves are approximated by a polynomial expression according to

Eon;of f = ( a � i 2
c + b� i c + c)

uIGBT

uCE
(8.3)

where the voltageuCE is the reference value for which the coe�cients
a, b, and c are determined.

Table 8.1 and Figure 8.3 show the total harmonic distortion and losses
on the semiconductors generated by the VF-DPC and VF-DHC when
operating with the two-level six-switch, three-level NPC and �ve-level
ANPC topologies. One can note that the decoupling method achieves
better performance for all three topologies, due to a nearlyconstant
switching frequency reached with this approach in comparison to the
variable switching pattern produced by the VF-DPC. Another fact is
the reduction of the THD as the number of voltage levels increases. This
improvement occurs since the synthesized output waveform adds more
steps as the number of levels increases, producing a staircase waveform
which approaches the sinusoidal shape. On the other hand, although
the switching losses are reduced as the number of levels increases, the
conduction losses increase drastically due to a higher number of semi-
conductors connected in series, resulting in higher total losses.

Table 8.1: Comparative analysis of T HD and losses on the semiconductors
generated by the VF-DPC and VF-DHC methods for the two-, thre e- and
�ve-level topology operating with the same switching frequ ency 3kHz .

2-Level 3-Level 5-Level
DPC DHC DPC DHC DPC DHC

T HD % 4.5 2.6 3.3 1.7 2.6 1.1
Psw (W ) 36.3 37.3 16.1 16.5 5.6 5.1

Pcond (W ) 56.7 57.5 84.2 86.4 148.9 150.8

Psemicon (W ) 93.0 94.8 100.3 102.9 154.5 155.9
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Figure 8.3: Graphical representation of the static performance and
semiconductors lossesPsemicon generated by (a) VF-DPC and (b) VF-
DHC for the two-, three- and �ve-levels topologies operatin g with the
same switching frequency.

Besides the losses in the semiconductors, the losses in the passive
components may also play an important role, and therefore must be
taken into account. The passive losses can be split into core(PL;Core )
and conduction (PL;Cu ) losses of the output �lter inductors and the loss
of the equivalent series resistance of the �lter capacitor (PC;ESR ).

A widely used method for calculating the core losses is basedon the
power law equation
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PL;Core (t) = kf � B̂ � ; (8.4)

where PL;Core is the time average power loss per unit volume,̂B is the
peak �ux amplitude, f is the frequency of the excitation andk,� and �
are empirical constants depending to the core material found by curve
�tting.

The conduction or copper loss is determined according to thewire
resistance, which can be expressed based on the length (lw ), area (Aw )
and the resistivity � w of the conductor,

Rw =
lw � � w

Aw
(8.5)

or

Rw =
4lw � w

�� 2
w

(8.6)

where � w is the diameter of the conductor.

However, the tendency of ac currents to circulate on the surface of
the conductor due to the skin depth, modify the copper area used by
the current.

Using the de�nition of skin depth

� =
1

p
�f � w � w

; (8.7)

the conductor resistance for ac currents can be rewritten as

Rw;ac =
lw � w

� (�� � � 2)
; (8.8)

where � w and � w (� w = 1
� w

) are the permeability and conductivity of
the conductor.

Based on the resistance ac of the conductor, the copper loss can be
calculated using
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PL;Cu = Rw;ac � i 2
cond;rms : (8.9)

The losses in the �lter capacitor are caused mainly by the equivalent
series resistanceESR. It varies with the operating frequency and can be
estimated using the dissipation factor tan� o provided by the capacitor
manufacturers.

tan� =
�

tan� o if f � 1kHz
tan� o + 4 :8 � 10e� 9(f � 103Hz) if f > 1kHz

(8.10)

The series resistance can be then determined for each frequency f k ,

ESRk =
tan� k

2�f k C
; (8.11)

and multiplied by the rms capacitor current in the same frequencyk
(after FFT) for calculating the total capacitor loss,

PC;ESR =
nX

k=1

ESRk � i 2
Cap;rms;k : (8.12)

The parameters of the magnetics used in the inverter and gridside
inductors are shown in Table 8.2. For the output �lter capaci tor, three
4:7�F EPCOS B32924 capacitors are connected in parallel to reach
14:1�F per phase.

Table 8.2: Design details of the inverter L inv and grid L g side inductors.

Inductance Core (Micrometals) Turns Wire

L inv 7:9mH T300-26D 223 12AWG
L g 3:5mH T300-26D 210 12AWG

The passive losses summarized in Table 8.3 and graphically illustrated
in Figure 8.4, show that the largest variation among the topologies oc-
curs in the core loss of the inverter side inductorPL inv ;Core . The syn-
thesized output voltage generated by the multilevel inverters (three and

280



8.1. COMPARATIVE ANALYSIS

�ve-level) reduces the voltage variation across the inverter side induc-
tors, decreasing consequently the delta �ux and losses. Thevoltage rip-
ple and consequent loss of the grid side inductorL g are even smaller, due
to a high attenuation factor achieved by the three stage �lter. A similar
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Figure 8.4: Graphical representation of the inverter (L inv ) and grid
side (L g ) inductors core PL;Core and copper PL;Cu losses, and the ESR
capacitor lossPC;ESR generated by (a) VF-DPC and (b) VF-DHC for the
two-, three- and �ve-levels topologies operating with the s ame switching
frequency.
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phenomenon is observed in the capacitor losses, however itse�ect on the
overall loss is minimum compared to the inductor losses. Concerning the
conduction losses, it is clear that the e�ect caused by the inverter and
grid side inductors are similar for the three structures, since the rms
current and wire ac resistance are approximately the same.

Table 8.3: Comparative analysis of inductors (core and copper) and capacitor
(ESR) losses generated by the VF-DPC and VF-DHC methods for t he two-,
three- and �ve-levels topologies.

2-Level 3-Level 5-Level
DPC DHC DPC DHC DPC DHC

PL inv ;Core (W ) 51.92 54.96 4.29 6.33 1.47 1.89
PL inv ;Cu (W ) 36.34 35.49 35.73 34.68 35.34 35.91
PL g ;Core (W ) 0.01 0.01 0.01 0.01 0.01 0.01
PL g ;Cu (W ) 34.53 33.31 33.69 35.12 32.49 33.60
PC;ESR (W ) 1.42 0.83 0.34 0.19 0.13 0.05

Ppassive (W ) 124.22 124.60 74.06 76.33 69.44 71.46

Combining semiconductor and passive losses in Table 8.4 andFig-
ure 8.5, one can note that the classical two-level and the �ve-level ANPC
inverters produce nearly the same total lossesPlosses . In addition, one
can see that the low losses generated in the passive components Ppassive

of the �ve-level topology compensate partially the high semiconductors
lossesPsemicon caused by a high number of devices. However, the �ve-
level topology still win the race since it generates an output current
with lower total harmonic distortion. Continuing with the c omparison,
the three-level NPC topology appears in an intermediary position with
the lowest total losses, however withT HD higher then the �ve-level
ANPC.

Assuming the losses as one of the most critical parameters during the
design process, a further investigation in terms of harmonic distortion
can be performed forcing the two and three level systems to generate
the same total lossesPlosses of the �ve-level VF-DPC and VF-DHC
methods. Since the semiconductor and passive conduction losses are
mainly dependent on the current ratings, the only degree of freedom for
increasing the total losses is to adjust the switching frequency and/or
to increase the switching and core losses. For the two-leveltopology,
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Table 8.4: Comparative analysis of THD and total losses Plosses (split into
semiconductors Psemicon and passive Ppassive losses) generated by the VF-
DPC and VF-DHC methods for the two, three and �ve levels topol ogies op-
erating with the same switching frequency.

2-Level 3-Level 5-Level
DPC DHC DPC DHC DPC DHC

f sw (kHz ) 3.0 3.0 3.0 3.0 3.0 3.0
T HD % 4.5 2.6 3.3 1.7 2.6 1.1

Psemicon (W ) 93.0 94.8 100.3 102.9 154.5 155.9
Ppassive (W ) 124.2 124.5 74.1 76.3 69.4 71.5

Plosses (W ) 217.2 219.3 174.4 179.2 223.9 227.3

the switching frequency is increased by a factor of 1.1 (Table 8.5 and
Figure 8.6)to generate the same total losses of224W . Consequently, the
total harmonic distortion are slightly decreased to 4:2% and 2:3% for
the DPC and DHC respectively. An even better performance is achieved
with the three-level NPC inverter. The inverter may operate with a
switching frequency of 7:4kHz for the VF-DPC and 7:7kHz for the
VF-DHC to produce the same total losses as the �ve-level topology. As
consequence, the total harmonic distortion achieves levels very similar
as the �ve-level topology.

Table 8.5: Comparative analysis of THD generated by the VF-DPC and
VF-DHC when the total loss Plosses of the three topologies are forced to be
equivalent by adjusting the switching frequency.

2-Level 3-Level 5-Level
DPC DHC DPC DHC DPC DHC

f sw (kHz ) 3.3 3.4 7.4 7.7 3.0 3.0
T HD % 4.2 2.3 2.5 1.2 2.6 1.1

Psemicon (W ) 96.3 98.4 135.6 138.5 154.5 155.9
Ppassive (W ) 128.4 129.5 87.4 89.7 69.4 71.5

Plosses (W ) 224.7 227.9 223.0 228.2 223.9 227.3
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Figure 8.5: Graphical representation of the static performance T HD
and total losses generated by (a) VF-DPC and (b) VF-DHC for th e
two-, three- and �ve-levels topologies operating with the s ame switching
frequency.

This analysis shows that although at a �rst impression the �v e-level
topology might represent the best choice in terms of harmonic distor-
tion, its e�ciency is not optimum due to higher number of semi conduc-
tors and consequently, higher conduction losses. The three-level NPC
inverter operating with higher switching frequency, showed similar per-
formance in terms of distortion and losses, however with theadvantage
of lower complexity and component count. Therefore, the selection of
the optimum control technique and topology is highly dependent on the
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Figure 8.6: Analysis of the static performance T HD when the switching
frequency is adjusted in order to force the (a) VF-DPC and (b) VF-DHC
to generate equivalent total losses in the three topologies.

voltage and current speci�cations.

In order to cover a wide range of applications, this thesis has pro-
posed two control techniques which may be suitable for di�erent voltage
and power ratings and applications, where the two-, three- or �ve-levels
topologies are advantageous.
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8.2 Future Works

This work has successfully demonstrated the potential of two new con-
trol techniques, namely Virtual-Flux Direct Power Control and Virtual-
Flux Decoupling Hysteresis Control for high voltage and high power grid
connected applications. Therefore, it creates space for further investiga-
tions.

Although the controllers have been proposed and tested for three
di�erent multilevel topologies, it might be interesting to expand them
either to structures with higher number of output voltage levels or even
to others three- or �ve-levels inverter topologies.

Another topic to be investigated is the utilization of both c ontrol
techniques to stand-alone applications. In this case, the utility network
voltage existing as reference to control the power �ow is missing and
has to be replaced by proper control.

The switching losses can be assumed as an extra control variable in
order to allow the controller to select a proper switching state which
results in a minimum number of commutations.

The last and longer term challenge is to combine all variables involved
in the design process of the complete system (topology, EMI �lter and
control scheme) into a common simulation platform. Such tool could be
employed to analyze and determine the optimum concept considering
losses, thermal management, total harmonic current distortion, costs
and volume.
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