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Abstract

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

This thesis investigates and proposes new control techniges to prop-
erly regulate the power ow between renewable source and theitility
network. Special attention is given to systems which demanda third
order LCL lter as interface between converter and grid. This Iter
con guration is widely employed in high power systems, in whch the
switching frequency is typically limited by the switching devices. The
LCL lIter has the ability to reduce the level of harmonic distort ion with
less inductance, when compared to the rst orderL Iter. On the other
hand, it introduces undesirable characteristics, such aseasonance, 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 order L Iter
con guration, is initially adapted to take advantages of th e third order
Iter. 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 hanonics on
the grid.

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

Additional improvements in the area of high voltage systemsare
achieved with newly proposed control concepts, which exteth 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-I 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 exp@&mnentally
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 6kologische und 6ékonomische Druck aufgrund der herrsemden
Krise um fossile Brennsto e hat Regierungen und die Geseltshaft dazu
bewegt, in die Erforschung umweltvertraglicher Alternativen zu investie-
ren. Der Fokus der Forschung lag hierbei hauptséachlich auf auberen
erneuerbaren Energiequellen. Die Wachstumsrate der Neugtallatio-
nen von Konvertern im Bereich erneuerbarer Energien hat in @én let-
zten Jahren die unglaubliche jahrliche Marke von 30% erreigt. De-
mentsprechend haben sich die Investitionen in Forschung uh Entwick-
lung im Bereich der Leistungselektronik proportional erhéht, insbeson-
dere bei Hochspannungs- und Hochleistungssystemen am Netz

Diese Dissertation untersucht und erstellt neue Regeltechiken, um
den Leistungs uss zwischen den erneuerbaren Energiequelt und dem
Netz genau zu regulieren. Besondere Aufmerksamkeit gilt leirbei Sys-
temen, die ein LCL-Filter dritter Ordnung als Schnittstell e zwischen
Konverter und Netz bendtigen. Diese Filterkon guration ist im Bereich
der Hochleistungssysteme weit verbreitet, wobei die Schtequenz typ-
ischerweise durch die Ventilbauelemente limitiert ist. Das LCL-Filter ist
im Vergleich zu einemL Filter erster Ordnung einerseits in der Lage,
die H6he der harmonischen Stérungen mit weniger Induktiviéit zu re-
duzieren. Andererseits werden durch das Filter unerwiinsdie Charak-
teristiken eingefuihrt, wie zum Beispiel Resonanzen, die dan durch den
Regler kompensiert werden mussen.

Einleitend wird die Virtual-Flux Direct Power Regelung (VF -DPC),
welche konventionell fur klassische Zwei-Level Inverter rit Filtern erster
Ordnung implementiert wurde, angepasst, um von den Vorteien der Fil-
ter dritter Ordnung zu pro tieren. Die neue aktive leistung sabhéngige
Dampfung und die neuen Reglerschleifen fur die einzelnen Honis-
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chen wirken direkt auf die Leistungssollsignale, um die Filerresonanzen
zu unterdriicken bzw. um den Ein uss der vorhandenen Netzhamonis-
chen zu kompensieren.

Die vorliegende Dissertation stellt eine neuartige Reglestrategie ohne
Netzspannungssensoren vor, welche als Virtual-Flux Decaqling Hys-
teresis Control (VF-DHC) bezeichnet wird. Das Reglerschem basiert
auf der klassischen Hystereseregelung, allerdings wird gétzlich ein En-
tkoppelnetzwerk beigefiigt, um die Stérungen zwischen den frasen, wie
sie bei drei-phasigen Systemen mit isoliertem Neutralle#r auftreten,
zu vermeiden. Mit dem Entkoppelnetzwerk kann eine anndherd kon-
stante Schaltfrequenz erreicht werden, wenn die Hysteregeenzen tber
eine Netzperiode entsprechend moduliert werden.

Ein weiterer Fortschritt im Bereich der Hochspannungssyseme wird
durch die vorgestellten neuen Regel konzepte erzielt, wele die VF-
DPC und VF-DHC erweitern, um so den Betrieb mit dem Industries-
tandard der Drei-Level NPC Topologie und der kirzlich vorgestellten
Flnf-Level ANPC Topologie zu ermdglichen. Die Vorteile beder Struk-
turen sind nur dann zu erreichen, wenn die Zwischenkreiskatensatoren
des Drei-Level Inverters und die Spannungen der erdfreien &nden-
satoren des Funf-Level Inverters genau abgeglichen werdeZusétzlich
soll der Regler in der Lage sein, dem Inverter das Umschaltemwischen
allen Spannungsebenen der Multi-Level Struktur zu ermégkhen.

Die Leistungsfahigkeit beider Reglertechniken wird unterverschiede-
nen Netzbedingungen fir den Zwei-Level und den Funf-Level Asatz
experimentell Uberprift, die Drei-Level NPC Topologie wird mittels
Simulation evaluiert.
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Notation

Symbols
conductor skin depth
Uc1 voltage variation across the capacitorC;
ig grid current error vector
ig;i grid current error of phasei
p instantaneous active power error
q instantaneous reactive power error
t switching time interval
uc, dc-link lower capacitor voltage error
Urc:i oating capacitor voltage error of phasei
n grid virtual- ux sector
g grid virtual- ux vector
q; 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
Ay conduction area of the wire
Ci capacitor
d;q direct and quadrature rotational axis
dpg active and reactive power hysteresis output
D; diode
ESRk capacitor equivalent series resistance in the harmoni&
fsw switching frequency
h hysteresis tolerance band
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io zero sequence current

ic: stationary components of capacitor current

iFCi oating capacitor current of phase i

iy grid current vector

Tg.ref grid current vector reference

ig: stationary components of the grid current

igh harmonic h component of the grid current

igP,{ PI controller output of the harmonic rejection loop
ig: grid current of phasei

i giicref grid current reference of phasé

I g:dq direct and quadrature components of the grid current
inv: stationary components of the inverter current

Finv:i inverter current of phasei

im mid-point current

Kqg damping factor

lw conductor length

L inductor

Lg;i grid side inductor of phasei

Linv:i inverter side inductor of phasei

m number of output voltage levels

M mid-point of the dc-link

p instantaneous active power

Pq active power component of the active damping loop
Pn active power component of the harmonic loop
Pret instantaneous active power reference

Pcapacitor total losses of the lter capacitor

Pcond:biode Diode conduction loss
Pcond:1GBT IGBT conduction loss

PcEsr loss of the equivalent series resistance of the capacitor
Pinductor total losses of the Iter inductor

Plosses total losses, semiconductor plus passive components
PL.core core loss of the Iter inductor

PL.cu conduction loss of the Iter inductor

Ppassive losses of the passive components of the output Iter
Psw semiconductors switching loss

Psemicon semiconductors total losses (conduction + switching)
q instantaneous reactive power

(08 reactive power compensation feedback

(o] reactive power component of the active damping loop
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Rw;ac
Si

Si

ton
toff
Ts
Uszh
Uc
Uc,
uCI;ref
tc
Ucarrier
Udc
Udc;ref
Urc;i
Ug

Ug;
Ugi
Ug:dq
Uiny

Uinv;
Uinv;i
Uinv;dg
uc

UmnN

Uk

Uck (sat)
Ur

reactive power component of the harmonic loop
instantaneous reactive power reference

resistor

wire resistance

wire ac resistance

switching state of phasei

switch

switch on time

switch o time

sample period

common mode third harmonic component
capacitor voltage

dc-link lower capacitor voltage

dc-link lower capacitor voltage reference
resonance component of the capacitor voltage
modulator (carrier) voltage

dc-link voltage

dc-link voltage reference

oating capacitor voltage of phasei

grid voltage vector

stationary components the of grid voltage

grid voltage of phasei

direct and quadrature components of the grid voltage
inverter output voltage vector

stationary components of the inverter output voltage
inverter output voltage of phasei

direct and quadrature components of the inverter voltage
inductor voltage vector

zero sequence voltage

inverter output voltage space vector

IGBT breakdown voltage

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, theuslight
to heat water for domestic use, and wind to sail ships and to pwer mills
for grinding grains (Figure 1.1).

Figure 1.1:  Windmill built in Sweden in 1870.



CHAPTER 1. INTRODUCTION

As the energy demand drastically increased in the20" century, fossil
fuels quickly became the main source of energy due to convearice and
low prices. The immediate need for further development of reewable
energy techniques was thus avoided. Nevertheless, over thesars, the
price of the oil and problems caused by pollution have incresed consid-
erably, putting pressure on the society to provide sustainale solutions.
Consequently, interest in clean and green energy providedybrenewable
sources is getting force again, especially in the eld of hycbpower, solar,
wind, geothermal and biomass.

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

n 1997-2010
160.000

308 009 K10
*\32636‘0“ ?
9

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 200G&he
strongest increase in installed capacity with new 2,500MW pwer plants,
which represents an amount27% higher compared to the year before.



Canada also had a record year, raising the installed capagitby 113%
achieving a total of 1,459MW.

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

Although in smaller absolute amount but following a similar tendency,
many countries have more then doubled their installed capaity, 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 installeccapacity of
wind power plants expected for the next several years. The Widd Wind
Energy Association (WWEA) predicts that the cumulative cap acity of
wind energy will reach 160,000MW in 2010, increasing the ovall ca-
pacity by a factor of two compared to the actual situation (Figure 1.2).

This optimistic forecast is supported by strategies and tagets adopted
by governments. The European Council has established in théegin-
ning of 2007 a new goal to the European Union countries. The ai is to
increase the proportion of electricity produced from renevable energy
sources t020% 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 205.
The Chinese government has even more ambitious plans. Theabjective
is to achieve 30,000 MW in 2020, which means an annual instaltion
level of 2,500 MW. In Brazil, a dedicated department called FROINFA
has been created to stimulate the development of renewablenergy sup-
plies in order to increase its share t010% of annual electricity within
20 years.

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

This continuous growth of renewable energy's market share W de-
mand new technologies in the area of power electronics, esgally in
grid connected systems where the bene ts of green and cleamergy
may be reached using three di erent methods. The most convetional
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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 sousceombined
with either batteries or generators for backup. A new trend is the hy-
brid system, where conventional energy is combined with sni&scale
renewable energy sources. When the energy provided by the gerators
is greater than the user demand, the excess is fed back into éutility
network. In the event that renewable energy source is not atd to de-
liver the necessary amount of energy, the conventional grigupplies the
di erence.

The classic con guration of a grid connected renewable engly system
consists basically of two parts. The rst stage is the energysupply,
represented in Figure 1.3(a) by a photovoltaic array and in Hgure 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 stge, an
inverter is used to convert and adapt the energy accumulatedin an

PV Array
I dc-dc Inverter

L — Grid
dc-link
PV —dc-dc Inverter - Grid
(a) Solar Power
Turbine
Rectifier Inverter
Gear  Generator _ Grid
C G %
dc-link
Generator - Rectifier Inverter - Grid

(b) wind Power

Figure 1.3: Typical con guration of (a) solar and (b)wind energy sys-
tems connected to the grid.



intermediate storage element (dc-link capacitor), to be casistent with
the voltage and power quality requirements of the utility grid. Although
the con guration of the rst stage depends on the type of renewable
energy interface source, the output stage is essentially #h same.

Regardless of the interface con guration, the correct ow of energy
from the generator to the grid or vice-versa must be guaranted. 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 bpologies,
semiconductor devices and control techniques.

For low power photovoltaic systems, the classical two-levkeinverter is
typically employed as the interface between dc-link and gril. However,
modern wind turbines, which range from hundreds of kilowatts up to
a few megawatts, demand special converter structures. Oneltarnative
is to connect switching devices in series to cope with the hig volt-
age stress. However, this technique requires a precise meith to ensure
the voltage share between the devices in dynamic and staticitsiations.
Another method that has been well accepted by the industry, ad is
emerging as the standard solution for high power medium volge ap-
plications, is the Multilevel Converter. These structures have the ability
to synthesize the output waveform from several levels of vaages, im-
proving the spectrum quality when compared with the classi@l two-level
topology. Furthermore, it permits the use of power devices \ith lower
voltage rates and reduces electromagnetic compatibility oncerns, 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 cafiacs. The volt-
age across the switching devices is limited to half of the ddink voltage,
due to the connection of the clamping diodes. Using the samermciple,
but with dierent clamping elements, the Flying Capacitor t opology
makes use of capacitors to limit the voltage across the nonemducting
switches. Both structures have been extended to higher levg, and have
been accepted as industry standard converters for severalears. How-
ever, limitations emerge when increasing the number of leus, since
the number of requested clamping elements raises considdaig. Mul-
tiple voltage levels may also be achieved without the use oflamping
elements by connecting in series single phase H-Bridge inders with
isolated dc supply. However, the utilization of such techngque, known
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as Cascaded H-Bridge inverter, is limited to certain appli@ations due to
the high number of isolated dc sources required.

Recently, many variations and combinations of these topolgies have
been presented, giving rise to a new type of multilevel topalgies called
Hybrid Multilevel Converters. This new group is characterized by ex-
tracting advantages of distinct topologies and semicondutrs 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 semicondiors and
either multiple isolated dc sources or a bank of series conoeed capaci-
tors. Consequently, the control complexity increases coriderably, since
more switching devices normally result in a higher number ofpossible
combinations and the balance of the capacitors has to be guanteed.

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

Several control techniques have been proposed for grid cornted 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 hystresis 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 threphase sys-
tems. These weaknesses are overcome with the voltage-oried control
method, which achieves constant switching frequency and asequently
a well-de ned harmonic spectrum by controlling the load currents which
are split into dg-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 developnm of pow-
erful microprocessors has been opening space for a new clagsontrol
techniques, due to advantages of exibility and the ability to process
complex on-line calculations. The predictive control technique makes
use of these benets 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 paramers. An-
other emerging control method, known as Direct Power Contrd, utilizes
on-line estimations of control variables and a switching tdle to select
the proper switching state. This technique has been shown tde very



suitable for grid connected applications, since it regulaés directly the
instantaneous active and reactive powers.

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

Another important point to be considered during the design d grid
connected systems, is the susceptibility of the controlleto harmonics
present on the grid voltages. In order to respect the limits stablished
by standards, the controller should be able to generate outpt voltages
and currents with low levels of harmonic distortion, independent of the
grid voltage condition, even though the grid voltages are ado 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 votage levels
and topology con guration, the balance of the dc-link voltages is almost
always an issue. If the balance of the capacitors' voltagessinot guar-
anteed, a group of switching devices experiences a highertage across
their terminals and extra distortion may occurs in the load voltages
and currents. Independent of the balancing method chosen,he strat-
egy always relies on some method of manipulating redundantvgitching
states, which produce the same output voltage level, howevewith 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 vectoravailable
in multilevel structures.



CHAPTER 1. INTRODUCTION

1.1 Organization of the Thesis

This research expands conventional controllers traditiorally applied to
the classical two-level inverter and rst order L Iter 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 NFZC and ve-
level ANPC inverters. In order to present the thesis in a logcal manner,
it is structured as follows:

An overview of existing multilevel topologies with their respective
strengths and weaknesses is presented @hapter 2 . The systems are
classi ed into four groups according to their topological characteris-
tics. The pioneer and probably the most studied is the Neutrd-Point-
Clamped inverter. The second inverter, based on the same basprinci-
ple, but using capacitors as clamping elements is the FlyingCapacitor
topology. The next group uses a di erent concept of series amection of
single phase inverters, based on the Cascaded H-bridge tology. 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 cksical ramp-
comparison and hysteresis controllers, with their respedte advantages
and limitations. The basic principle of the voltage oriented control which
has been proposed to overcome some of the disadvantages oé ttlassical
methods is presented, followed by the last two emerging mettds, 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 Iter in Chapter 4 , in an attempt to adapt
the control scheme to high voltage and high power systems. Téchapter
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 analyed in order to
build the correct switching table. External loops proposedto damp the
Iter resonance and to regulate the harmonics individually are included
into the conventional VF-DPC in order to compensate inherert charac-
teristic of LCL Iters. Both are based on power quantities and directly
alter the reference values. In addition, the controller conpensates for
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the reactive power of the Iter capacitors, since the activeand reactive
powers are regulated at the inverter side. A phase-locked lap is also
added to guarantee correct synchronization with the grid vdtage. A
6kW prototype is used to verify experimentally the conventiond and
the extended LCL approaches.

A grid voltage sensorless control scheme is proposed Bhapter 5 .
The Virtual-Flux Decoupling Hysteresis Control (VF-DHC) ¢ ombines
the simplicity of the classical hysteresis control method vith the exi-
bility of the virtual- ux and power references. In addition , a decoupling
network is implemented to avoid interference between phasethat is in-
herent in isolated neutral three-phases systems. The decpling method
allows a near constant switching frequency to be achieved bynodulat-
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, reagive 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 aailable
voltage vectors, the active and reactive powers hysteresistrategies are
modi ed. Additionally, a method to balance the dc-link volt ages by ap-
plying available redundant vectors is implemented, based o the actual
condition of the voltage across the lower dc-link capacitorand output
phase currents direction. A similar procedure is followed ¢ 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 bgdjusting
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 three-level
approaches. However, the hysteresis strategies used in botoncepts
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 ANP C inverter
creates an extra degree of freedom due to existing redundamswitching
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states, which produce the same output phase voltage level uwith
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 resedrcand
presents a comparative analysis of both control methods (VFDPC
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:

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

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

A new power based active damping which emulates a resistomi
parallel to the lter capacitor;

Modi ed power based individual harmonics control;

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

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

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

~ Adaptation of VF-DPC and VF-DHC to control the ve-level

ANPC, including dedicated strategies to balance the dc-lirk volt-
ages and oating capacitors;

10
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Chapter 2

Multilevel Inverters

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

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

Basically, the synthesized output is achieved by dividing tie dc-link
potential into multiple sections, so that each phase leg carswitch be-
tween multiple voltage levels, as shown in Figure 2.1. A twdevel in-
verter (Figure 2.1(a)), for example, generates two output wltage 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 generalizedh-level inverter
(Figure 2.1(e)) is able to switch amongn voltage levels (Figure 2.1(f)).

Earliest interest in multilevel power conversion technolay was pre-
sented by Nabae et al. [5] in 1980s by introducing the so-cadd Neutral-
Point-Clamped (NPC) inverter topology. It guarantees that the voltage
across the non-conducting switches is clamped by diodes aralstring of
series connected capacitors. This topology prevailed in th 1980s mainly

13
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due to the capacity to e ectively double the device voltage kevel without

requiring precise voltage matching, and to perform a betterwaveform
quality compared to the conventional two-level VSI. Subsegently, di-

rect extensions of the original NPC with higher number of lewels were
presented in [6], [7].

Despite all the advantages mentioned, the NPC inverter has aharac-
teristic which usually limits the use of such structure with more then ve
levels. Although each active switching device is only requid to block
a voltage level of nﬁdcl), where m is the number of levels, the necessary
reverse voltage blockmg 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 aaplicates 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 wa proposed
by Meynard and Foch in 1992 [8]. It naturally creates a degreef free-
dom to balance the ying capacitor by using redundant states where
the same output voltage level can be achieved by two or more stehing
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 dide equally
the voltage stress across each capacitor.

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

Further research [11] on cascaded H-bridge inverters corss 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 outg voltage
waveform with a larger number of levels without increasing tie number
of power devices.

15
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Recently a method which allows the asymmetric cascaded H-lixige
inverter to be performed using a single dc power source withtte remain-
ing n 1 dc sources being capacitors, was introduced in [12], [13].hE
main issue on this technique is to maintain the voltage balace across
each capacitor while simultaneously producing a nearly siasoidal out-
put voltage.

Moreover, due to the fact that for the asymmetric cascaded Hbridge
approach di erent dc voltage sources with diverse values a used, the
power devices of di erent cells are subjected to distinct vdtage levels.
This property creates a degree of freedom to utilize switch dvices with
distinct characteristics concerning switching speed and woltage block-
ing, as introduced in [14], [15]. The proposed concept, catl Hybrid
Multilevel Inverter, combines the fast switching ability o f IGBTs to the
large voltage blocking capability of GTOs. However, a spe@l 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 indivilual qualities
and strengths. For example, Suh et al. [16] and later, Mariehoz and
Rufer [17] have presented a hybrid multilevel inverter whid takes the
benet of a single dc source for three phases of the conventi@l two-
level six-switches inverter and combines to the modular cheacteristic
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 GCT inverter
with a single-phase two-level IGBT inverter in series with each phase.

Research on hybrid multilevel has growing on the last few yess,
when promising new concepts have been proposed. Recently &esa
et al. [20], [21] introduced the so called Active Neutral-Pant-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 arcommonly
referred to as diode-clamped, ying capacitor, cascaded Hridge and
hybrid multilevel inverters. Further details concerning di erent topolo-
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gies, advantages, disadvantages and operation of each ofdbe 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 andh 1 dc link
capacitors charged with a voltage equal to*;. 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 switctdiode
con guration and share the same dc-link source. The input vdtage ugc
is equally divided by the dc link capacitors C; and C,. The common
terminal of both capacitors (M point) represents the mid-point termi-
nal with respect to the input voltage. This topology uses the capacitor
voltagesuc1 and uc; to produce three di erent levels on its output ter-
minal referred to the mid-point M: %%, 0 and “4. A positive “4 is

e
=]
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Clézlum st} 1
D:A o L o,
i 2
udc M —RP—E U M
0. A c =
S 4
\4 +
CzEE’luCZ
S‘L,K'} ==
S
(a) Three-level NPC (b) Five-level NPC

Figure 2.2: Neutral-Point Clamped (a) Three-level and (b) Five-level
topology.
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performed by turning on the switchesS; and S,. For an output voltage
equal to 0 the switchesS, and Sz are turned on, while the switchesSz
and S, are commanded to generate an output voltage equal to “g=.
From Table 2.1, which summarizes the NPC switching states,tican be
seen that switch S; conducts only during ury = &, while switch S,
is used to change betweerfs- and 0. The same logic is employed on
the negative and null output voltages ( “% and 0) with the switches

S; and S;.

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

Output | Switching States
Level ST S S35 Sy

-5 1 1 0 O
0 O 1 1 o0
Ude

dc
£ 10 0 1 1

Ud

When both S; and S, turn on, for example, the clamping diode D,
balances the voltage sharing betweers; and S, with Sz blocking the
voltage acrossC; and S, the voltage acrossC,. Therefore, the blocking
voltage is half of the dc voltage sourceuq.. However, unbalance in the
dc-link capacitors voltage may produce excessively largeoltage in the
respective switching devices, and in consequence a failureay occur.
Therefore, a well performed control of these two voltages iextremely
important.

For the ve-level topology (Figure 2.2(b)), the dc bus is divided into
four capacitors, that allows the inverter to perform an output voltage
with ve levels and limits the blocking voltage of each switch to 4.
The ve di erent output voltage levels can be synthesized acdossR and
M by using the switch combinations presented in Table 2.2.

Although the NPC topology owns diverse advantages, it revebs 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-S;) are turned on, D, needs to block three
capacitors voltage or 3%¢. Similarly, D3 and D4 need to block 244
and Ds needs to block3“<. 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
Llevel [S1 S, S3 Si S5 Se S1 Ss
%= |1 1 1 1 0 0 0 O
% 10 1 1 1 1 0 0 O
0 o 0 1 1 1 1 0 0
% 10 0 0 1 1 1 1 0
%= /0 0 0 O 1 1 1 1

voltage rating, several diodes have to be placed in series #histrated in
Figure 2.2(b). The total number of diodes required for each pase leg is
equalto(m 1) (m 2). Thislarge number of diodes causes a limitation
in the number of converter levels. More than ve diodes mightbecome
impractical to implement because of the diode reverse recavy.

Another major disadvantage of this topology is the unequal bad dis-
tribution among the semiconductors. Bricker [22] [23] showd that the
most critical operating points with respect to the NPC therm al design
are located at the four operating point boundaries, as shownn 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 - $; and Sy)
Case 2 1 (inverter) 0 NPC diodes - D; and D3)
Case 3 -1 (rectier) 1.15 sJS’EﬁEE .dlq(:))ds(jsa?]f dOEL)JtSe‘;r)
Case 4 -1 (rectier) 0 Inner switches - (S; and S3)
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ble 2.3. For high modulation depth and inverter operation mode, for
example, the outer switches §; and S;) conduct during the majority of
the fundamental cycle, while the inner devices are carryingurrent only
for a short time. In these cases some devices become hot, whibthers
stay cooler at the same time. Therefore, the losses in the mbstressed
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 semconductor
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 actve switches
in antiparallel to the NPC diodes, as shown in the one-leg repesentation
of Figure 2.3. These additional switches allow the converteto create
new switch states, commutations and consequently proper seiconduc-
tors losses balancing [23].

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

To realize the zero level, a positive output current, for exanple, can
either ow through D41 and S, like for the conventional NPC inverter,

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 |S; S S3 S5 Sai Sa2
%= /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

< |0 0 1 1 1 o

or through the new active switch S;2 and the antiparallel diode of Ss.
A similar behavior is observed for negative current, it can ke conducted
through the upper path or lower path with respect to the neutral point.
Due to this degree of freedom, the semiconductors losses cée 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 aim-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 yingapacitor.

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: =5 Ugc; =25 Udc; 11 ;Ude.

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 swith of each
cell. Nevertheless, both switches of one cell (e.@/l ; and S}, ;) must
never be on simultaneously, otherwise two consecutive capéors with
di erent voltage values would be connected in parallel, resilting in a
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Figure 2.4:

Flying-capacitor topology - multicell representation.

short-circuit.

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

m 2 1
Ush = Udc mudc = mudci (2.1)

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

35(’} cell,,

fn-2

+ m-2
Uge Ci = m- l”a{;‘

Figure 2.5: One phase-leg of anm-level Flying-capacitor VSI.
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states. These redundant states produce the same output vadtge, how-
ever result in opposite e ect (charge and discharge) of the gltage across
the ying capacitors. Considering only the last two cells of the struc-
ture presented in Figure 2.4, the output voltage equal toﬁudC with
respect to the negative potential of C;,, can be generated either by
turning on the switches S§ and S :

2 1 1
UR = ————Udc ——Ude = 7 Udc (2.2)
or through the switches S} and S}
1 1
= + = )
Ur =0+ ———Ude = ———Udc (2.3)

However, the current through the capacitor ows in the contrary di-
rection. Hence, by choosing a suitable state according to t& 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 ih = 3), shown in
Figure 2.6(a), the inverter produces a three-level output wltage referred
to the dc-link mid-point M. The switches S} and S} need to be turned
on for a voltage level “¢. For the negative output voltage level 44,

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 | SF s s, s | '°ft
“e 11 1 0 0| O
0 1 0 1 0 iR
0 0 1 0 1| ig
= 0 0 1 1
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u(k

(a) Three-level Flying Ca- (b) Five-level Flying Capaci-
pacitor tor

Figure 2.6: Flying Capacitor (a) Three and (b) Five-level topologies.

switches S| and S} are turned on. And to perform the output level 0,
either pair S!' and S} or S and S| must be turned on. This redundancy
is used to balance the oating capacitorC;s 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 produes 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 statesAn output
voltage with respect to the dc-link mid-point (M), can be synthesized
by the following switching states:

u H h h.
==, turn on all upper switches - S, St;

1. For voltage levelugrm
2. For voltage levelugy = “i=, there are four combinations:
" S, Sh, SpandS) -ugw = Y& U
~ gh h h | _ u 3u
S3182,Sl andS4-uRM = %4.%
- ~ . ,
S, Sy, shand Sh - ugw = Uge Sl 4 g

~ h h h | — Uy, 2ug4 U
S;, 83,5 and S, - urm = = T+
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2.3. CASCADED H-BRIDGE

3. For voltage levelugy =0, there are six combinations:

c
o

~ Sk, sP, Sl and S} - ugwm g U
“SQ,S“,SgandSL—uRM: %_'_u%

~ h h | | - u 3u 2u u
84’ 82, Sl aﬂd 83 - URM - de 4dc + 4dc %

c

2
~Sh,Sh,Shand S - upm = Y e 4 U
" Sh,Shsband S| - upy = Y+ e 2 4 U
~Sh,Sh, sl and S - ugm =Yg+ e Uk
4. For voltage levelugy = ”%, there are four combinations:

~ 3
SE, SI, S|2 and SI3 URMm u% —u4dc

" sh, sh,stand S} - ury = Ugc + ugc
© Sh, Sl SiandS) -upy = Y+ R Yo
B SQ, S:IL, S|2 and S[Il -Urm = U% + 3U4uc 2u4dc
5. For voltage levelugy = Y&, turn on all lower switches - S}, S};

Table 2.6 shows the possible switch combinations to generatthe ve-
level output waveform and the respective oating capacitor currents. A
positive current charges and negative current dischargeshte 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 fothe main
power switches, anm-level inverter will require a total of ("-2.(" 2
clamping capacitors per phase leg, in addition to(m 1) main dc-link
capacitors. Therefore, like the diode-clamped topology, e 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 series will
be required, as shown in the ve-level approach of Figure 2.@).

2.3 Cascaded H-bridge
This topology [9] [10] is based on the series connection of individual
cells, consisting of a single-phase H-bridge inverter witta dedicated dc

source. The number of levelsn is proportional to the number of isolated
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Table 2.6: Five-level Flying-Capacitor inverter output voltage leve Is, respec-
tive switching states and resulting ying capacitor curren ts.

Output Switching States : . :
Level | S§ S Sb Sp sl sp oL g | 'cft |z fers
e 11 1 1 0 0 0 0| O 0 0
1 1 1 0 1 0 0 0] ig 0 0
g 01 1 1 0 0 0 1| 0 0 iR
4 1 0 1 1 0 0 1 0| O ir | ir
1 1 0 1 0 1 0 0| ig/| ir 0

1 1. 0 0 1 1 0 0| O iR 0

0 01 1 0 0 1 1| 0 iR | O
1 0 1 0 1 0 1 0] ig ir | ir
0 1 0 0 1 0 1 1 0} ig 0 iR
01 0 1 0 1 0 1| ir| ir ir
0 1. 1 0 1 0 0 1| ir 0 iR
1 0 0 0 1 1 1 0| O 0 iR
e |0 0 0 1 0 1 1 1| ig 0 0
410 0 1 0 1 0 1 1] ig ir | O
01 0 0 1 1 0 1| 0 ir ir
=10 0 0 0O 1 1 1 1| O 0 0

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

Each single-phase H-bridge generates three-voltage legeht the out-
put, according to the switch combinations. To produce a podiive ugc,
switchesS; and Sy are turned on. For an output voltage equal to  ugc
switches S, and S; are turned on, while an output voltage of 0 is per-
formed by switching either S; and S, or Sz and S;.

The resulting output voltage is then synthesized by the sum & n
single-phase H-bridge output voltagesurn = Uge1 + Ugez + @10+ Ugen -
Figure 2.7(a) shows two single-phase H-bridge inverters emected in
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RN

5. s 2U4
Ir R Uy
| = dg iudq — t
s, s,J

Uy

c

udc
J:L:rt
- Uge

(a) Series cascaded H-bridges (b) Five-level output wave-
form

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-bridgmverter. The
remaining two phases have the same switch con guration andespective
dedicated dc voltage source. The synthesized ve-level opiut phase
voltage ( 2uqe, Ugc and 0) is generated by the addition of the two
H-bridge inverters output voltages ury =  (Ugc1 + Ugc2), as shown in
Figure 2.7(b).

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

However, besides all the advantages mentioned, the necetysof 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, th&olution tends
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to make the circuit rather complex.

Another solution which has been considered for electric vehle appli-
cations, is the utilization of renewable energy sources sticas 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 genatting the

same number of levels is achieved by using unequal dc voltag®urces
[11]. This new class of inverters, called asymmetric cascad multilevel

inverters, have exactly the same circuit topology as symmeic cascaded
inverters, however di er on the employed dc voltage supply evels.

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

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

Basically, a seven-level output waveform can be achieved ugy 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 ugc1 can be made equal tot uge, 0 and  ugc, while the output
voltage ugc2 can achieve+2uge, 0 and  2ugc. Therefore, the sum of the
two cascaded inverters output voltages gy = Ugc1 + Ugc2) can produce
seven distinct output voltage levels: 3uqc, 2Ugc, Ugc and 0.

The two possible combinations represented in Figure 2.8(band (c)
used to generate seven output voltage levels, are summaridein Ta-
ble 2.7. Due to the symmetry of the switching patterns, only the rst
quarter of the fundamental cycle is considered. Both sequases are sim-
ilar, except by the existing redundancy on the levelug.. It can be
generated using two di erent combinations: Ury = Uge + 2Uqc (Fig-
ure 2.8(b)) or ugn = ugc +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 czaded
inverters creates a degree of freedom that allows reducinghe number
of required isolated dc power supplies. In [12] a scheme witicuses 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
Udc Udc 2Uqc Udc 0
2Ugc 0 2U4c 0 2Udc
3Udc Udc 2Udc Udc 2udc

single power supply as the rst dc source with the remainingn

1dc

sources being replaced by dc-link capacitors is proposed.dwever, it
demands a special control strategy to guarantee the balancef the dc
voltage level of each capacitor.

A seven-level cascaded inverter with a single dc power supplis pre-
sented in Figure 2.9. The bottom H-bridge inverter is supplied with 2ugc
by a dc power source, while the top H-bridge is composed by a dink

sJ

ey

R

iuc,

Figure 2.9:
H-bridge.

2udc‘ =

One phase-leg of an asymmetric single dc-supply cascaded

remmpvhn R pvh puy

saiﬁ }
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2.4. HYBRID ASYMMETRIC

capacitor with a controlled average voltage equal tougc.

For the asymmetric seven-level cascaded topology, it has lea shown
that an output voltage level equal to ug: can be generated by applying
either +ugc or ugc by the top H-bridge inverter. This characteristic
permits to charge or discharge the dc-link capacitorC; according to the
direction of the output current ig.

Thus, an appropriate switching sequence which is able to ragate
the voltage acrossC; can be selected according to the capacitor voltage
deviation ( uci = ugc Uc1) and the output current direction (pos-
itive or negative), as summarized in the Table 2.8. A negatie signal
means that the capacitor must be discharged and the current ows into
the inverter, while a positive signal shows that the capacibr 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.

Uci | iR | Uder | Uci | Urn = Uge1+ Uci

- - Ude | +2Udc | Udc = Udc + 2Ugc
- + Udc 0 Udge = Uge +0
+ - Udc 0 Udc = Ugc +0
+ + Ude | +2Uge | Udc = Udc +2Ugc

For example, if the capacitor voltage uci is lower than the desired
value ( uci =+ ) and the current is owing out of the inverter ( ir =
+), the modulator must combine the output voltage of the top H-bridge
equal to ugc to the bottom H-bridge ugc = +2 ugc, in order to build
an output voltage ugry = Uqc, and at the same time charge the dc-link
capacitor Cj.

2.4 Hybrid Asymmetric

A new branch of multilevel topologies, known as hybrid asymnetric
multilevel inverters, came up inspired on the unequal dc sotce char-
acteristics of the asymmetric cascaded converters. Due tohat, power
devices of di erent cells are subjected to distinct voltagelevels, conse-
qguently semiconductors with di erent voltage blocking characteristics
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may be used. In [14] a new approach is proposed to combine thadt
switching frequency ability of Insulated Gate Bipolar Tran sistors (IG-
BTs) to the high voltage blocking capability of slow semicorductors
devices like Gate Turn-O (GTOSs) 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 semiconductes has
been extended to the eld of topologies. Structures with di erent char-
acteristics have been combined in order to realize a multileel converter
which extracts qualities and strengths of each individual pology.

Steimer and Manjrekar [14] proposed to reduce the number ofequired
isolated dc sources on the cascaded approach by replacingrée-phase
high voltage cells by a conventional Neutral-Point Clampedconverter.
With the same purpose, and additionally exploring even numters of
output voltage levels, Suh et al. [16] proposed to use the trditional
two-level six switch inverters instead of high voltage sindge-phase cells.
Recently, another approach based on the combination of the eutral-
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 generatedubput
voltage levels, when compared to the conventional cascaded-bridge,
by using isolated dc sources with distinct voltage levels. @e 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 higheraltage cells
will be required to have a higher voltage blocking capabiliyy than those
of the lower voltage cells. This characteristic creates a dgree of freedom
for using di erent semiconductors, allowing to exploit their individual
advantages and strengths.

Moreover, recent researches in the eld of semiconductor tehnology
indicate a trade-o in the selection of power devices in terns of switching
frequency and blocking voltage capability. Usually, semionductors with
high voltage blocking capability like Gate Turn-O (GTO) th yristors
have the switching speed somehow limited; on the other handfaster
devices such as Insulated Gate Bipolar Transistor (IGBT) ar 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 advantagef di erent
semiconductor devices, a seven-level hybrid cascaded tolpgy combin-
ing a GTO H-bridge inverter with 3kV dc bus and a IGBT inverter with
Ugc = 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 inverter 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 cercome some
limitations of the existing structures.

One of the largest disadvantage of the cascaded H-bridge ievter
is the high number of required isolated dc power sources. A wlely
employed solution, as already mentioned, is to use unequalodsources.
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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 nverters.

However, the remaining number of isolated dc sources may dtiimit the
use of such topology in some applications. Therefore, in okt to further
reduce the number of required dc sources, Steimer and Manjkar [18]
have proposed a hybrid cascaded multilevel inverter which embines the
conventional neutral-point clamped three-level inverter (NPC) and the
single-phase H-bridge inverter, as illustrated in Figure 211.

The NPC inverter can generate the same number of output voltge
levels as the single-phase H-bridge topology, however it lsathe advan-
tage of using only one common intermediate circuit for all three-phases,
instead of separate ones for each H-bridge it replaces. Thigads to a
reduction of the required number of dc sources, from six to far, for the
nine-level asymmetric cascaded inverter shown in Figure 21.

The dc-link voltages of the proposed asymmetric hybrid inveter 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 makesise 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 hemonic 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 symmatric
or asymmetric cascaded inverters is limited to odd numbersHowever,
certain applications require even numbers of generated oput voltage
levels for optimum power devices utilization. In some casea three-level
approach would be insu cient and a ve-level inverter would result in
an over speci cation of the components. Therefore, a fourével inverter
circuit would the be the most suitable approach.

In order to achieve an even number of output voltage levels wite
keeping the inherent advantages of cascaded inverter, a Ses connection
of the conventional three-phase six-switch voltage sourcéverter with

a single-phase H-bridge (one per phase), as shown in Figurel2, was
presented in [16], [17].

Additionally, the presented approach allows to reduce the mmber of

5 %J@.
Ir R

3 o

1*

C

s,J s |

FeRreIe

SCRTCRNE

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.
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needed isolated dc sources when compared to the conventidraascaded
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 modile, while
the voltage across the oating capacitors are controlled baed on exist-
ing redundant switching states. It therefore represents anadvantage
over the cascaded approach with multiples isolated dc souss.

One phase leg of the so called Active Neutral-Point inverteris shown
in Figure 2.13. In order to maintain the voltage stress equalto “4- (uqc
is half of the dc link) for all switches, a series connectionj.e. Ss and
Se, IS required.

s
gl
¥

S

#

Figure 2.13: One-phase leg of a ve-level ANPC inverter.

The number of levels can be increased by adding switches iniges and
by increasing the number of cascaded two-level inverters, sillustrated
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 linked to the

application and the list of speci cations, in order to minim ize losses,
volume and costs, usually the number of components plays thenost

important role. Therefore, in order to provide some guidelnes for select-
ing the proper multilevel topology, Table 2.9 summarizes the number of
semiconductors and passive components required by the mogiromis-

ing topologies. In this analysis, the asymmetric cascaded aitilevel and

the cascaded three-phase NPC and cascaded single-phase Hege con-
verters are not included, since they are employed in applicgons with a

high number of levelsm 7.

For a three-level approach, the analysis shows that the Neutl-Point
Clamped (NPC), Flying Capacitor (FC) and Symmetric Cascaded H-
Bridge converters require the same number of switches (12}owever
they di er on the clamping elements and number of dc sources eeded.
For applications where only one dc source is available, the RC and FC
topologies have advantageous against the Cascaded H-Bridgsystem,
which requires a complex transformer to provide the variousindepen-
dent dc sources. On the other hand, when multiple dc sourcesra avail-
able the Cascaded H-Bridge topology might be considered a asonable
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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FC converters to more then three levels. For the ve-level aproach,
even though the number of switches used by the Active-Neutr&Point
Clamped converter is higher, it appears as good alternativesince it
does not require any clamping diodes and utilizes only threeoating
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 Isolated
Topology levels | Switches Diodes? Capacitors Capacitors dc sources
Neutral-Point 3 12 6 0 2 1
Clamped 5 24 36 0 4 1
m 6(m 1) 3(m 1(m 2) 0 m 1 1
Flying 3 12 0 3 2 1
Capacitor 5 24 0 18 4 1
m 6(m 1) 0 3(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 3m 1) 3(m 1)
Active 3 - - - - -
Neutral-Point 5 36 0 3 2 1
Clamped m 9m 1) 0 3(m 3) 2 1
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2.6 Summary

Due to the ability of using more than two voltage levels to syrthe-
size a sinusoidal output voltage, the use of multilevel inveters has
been expanded by industry since the introduction of the Neutal-Point
Clamped three-level inverter. Besides improving the specum quality
when compared to the conventional two-level topology, multlevel in-
verters permit to employ power devices with lower voltage raing and
lead to reduced switching losses and electromagnetic intégrence e ects.
Among the multilevel topologies mentioned, Neutral-Point Camped and
Flying-Capacitors structures utilize the same basic concpt of clamp-
ing the voltage across the power switches through clampinglements,
diodes and capacitors respectively. However, although thee concepts
have been extensively used by industry, the practical numbeof levels is
limited by the required number of series connected clampinglements.
Approaches which eliminate the need of clamping elements we emerg-
ing in the last few years. The Cascaded H-bridge converter dgeves
multilevel output voltage by series connection of single-pase H-bridge
inverters. However, it requires an isolated dc source for ez single-phase
cell, which may limit the use of such topology in certain appications.
Some strategies have been presented to overcome this limttan. The
asymmetric cascaded H-bridge generates a higher number afels 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 topalgies in
which advantages and strengths of di erent topologies are gtracted by
combining them into one multilevel structure. Although the majority of
the multilevel topologies presented so far di ers on the cicuit 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 topola@y to be
used in this work, this chapter brings a comparison of the muiilevel
topologies in terms of numbers of components and isolated dsources.

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 ofigtches,
however the they dier on the clamping elements and number ofdc
sources needed. The Cascaded solution has a disadvantagereuiring
two isolated dc sources, against a single supply demanded kifie NPC
and Flying Capacitor topologies. Among these two, the Flying Capac-
itor inverter has a drawback of requiring a speci ¢ 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 elemés There-
fore, for applications with unique dc source, the ANPC emerg as a good
solution since it utilizes only three oating capacitors and the dc-link is
split into only two capacitors, reducing the balancing comgexity.

Based on this analysis in this work the classical six-switchwo 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 curent 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 | basic requirements, such as low hamonic dis-
tortion of the output current, high dynamic response, regulation of the
dc-link voltage and, in a number of cases, provide bi-diregbnal power-
ow [26].

The desire to propose a current control strategy which combies most
of these requirements has encouraged many researches in tteest two
decades [27] [28]. A large number of current controller teahiques have
been described for di erent applications [29] [30] [31], nmely ac drives,
active lters, uninterruptible power supplies (UPS), ac-dc converters,
etc. These control strategies achieve the same basic steadyate goal of
controlling the fundamental input or output current wavefo rm; however
they dier on the implementation complexity, dynamic response and
output current harmonic contents.

Although the existing current control techniques vary from very sim-
ple hysteresis methods to complex analytical approacheshey are all
based on the same basic principle. The load current is contited by cor-
rectly modulating the converter input/output voltage. Thi s basic con-
cept is better explained by analyzing the simpli ed scheme 6 a three-

43



CHAPTER 3. CURRENT CONTROL TECHNIQUES
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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 Iter
shown in Figure 3.1.

The general phase voltage equation is expressed in (3.1), Wheuiy:im
represents the inverter output voltage referred to the midpoint M, R
and L the output lter parameters, while ug; and ig; symbolize the
grid voltage and current quantities. The coe cient i represents the three
phasesR,Sand T.

at

Neglecting the Iter series resistanceR the equation can be rewritten
as follows:

dig;
L% = uinv;iM UQ'| . (3.2)
Considering the grid phase voltageug; constant over one switching

frequency, equation (3.2) shows that the phase output currat ig; can
be controlled by adjusting the inverter output phase voltage Uiny: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 coveredn more
detail in the next chapters.

The current control concept can also be explained using phas repre-
sentation of the voltage and current fundamentals as illustated 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' 2, the system works as an inverter with
the resulting current in phase with the grid voltage. Howeve, if the
magnitude of the inverter output voltage vector is maintained but the
angle converted to negative {?P = ' @), the resulting current would
lie in the opposite direction and consequently the system wold 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 current; to the de-
sired referenceg;rer as illustrated in Figure 3.3. The error signal ig;
is used by the current controller to either provide the control signals
(uc;i) to the modulator or directly generating the switching stat ess; for
the converter power devices. In the last case, the current agroller and
modulator are assumed to be a single block.

Udc% ) 3~

Current
Controller

Figure 3.3: Basic current control scheme.
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One of the earliest introduced current control approaches hsed on
this comparison technique is the ramp-comparison controbr [32] [33]. It
compares the control signal generated according to the cuent error to a
triangular carrier waveform, to generate the switching staes. 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 carier wave-
form. However, the system response is a ected by stability equirements
of the feedback loop, which also depends to load parameterdloreover,
it performs an inherent phase and amplitude error even in stady-state
operation. The dependency of load parameters is eliminatedor the
hysteresis control approach which uses hysteresis compauoas to select
the proper switching states based on the comparison of the erent error
with switching boundaries de ning a hysteresis band [27] [3]. Although
simple and extremely robust, this control technique exhibts several un-
satisfactory features such as varying modulation frequeng over a fun-
damental period. A good performance concerning steady-sta accuracy
is obtained using synchronous reference frame transforman [34] [35].
Using rotating dg-reference frame theory, ac values become dc quanti-
ties and can be easily regulated using PI controllers. Howear, stability
and dynamic performance are again in uenced by load paramedrs.

A new tendency of implementing current control techniques nto di-
rect digital controllers using microprocessors has been oparticular
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 releasedith higher
processing capability and with additional number of peripherics. This
trend has boosted the utilization of control schemes that denand com-
plex on-line processing and stored elements. The Direct Posv Control
(DPC) [36] [37] concept ts into these characteristics, sirce it requires
an instantaneous calculation of the active and reactive powrs that are
compared to the desired references. The error signals areecs to select
from a stored switching table the optimum switching state. Another
approach which is increasing force with the development ofdster DSP
devices is the predictive control [38] [39] [40] [41]. It calulates the opti-
mum inverter voltage required to drive the actual currents according to
the reference values. Although it gives optimum performane in terms of
both response time and accuracy, it takes more calculationand requires
a good knowledge of the load parameters.

Each of the existing current control techniques has its own harac-
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3.1. RAMP-COMPARISON CONTROL

teristics and strengths, which makes it suitable for specic applications.
Furthermore, properties associated to switching frequeny load current
distortion and dynamic behavior usually contradict each other. There-
fore, the choice of the most appropriate current control mehod means
searching for the best compromise between these charactstics and the
nature of the application.

3.1 Ramp-Comparison Control

The ramp-comparison current controller uses proportionatintegral (PI)

error compensators and a xed frequency triangular carrierto generate
the gate signals of the converter power switches [32] [33].&ed on the
phase current error ( ig;i) the Pl controller derives the modulating
signals (uci) to be compared to the pulsewidth modulator (triangular
carrier) as shown in Figure 3.4.

j 3 Lgi o
+ ’
Upm | N\ ()
= _ 3
+ uc,i g,i + Ig,i,ref

I ucarrier

Figure 3.4: Ramp-comparison current control scheme.

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

Figure 3.5 illustrates the inverter output voltage resulting for the
comparison between the control signaluc; and the triangular carrier
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1 ucamer

Inverter Voltage [V] Ramp Comparison [\

Time

Figure 3.5: Inverter output voltage achieved with the comparison be-
tween the control signal uc; and the triangular carrier Ucarrier

Ucarrier - If the control signal is higher than the triangular waveform, the
switches are activated to applyugc to the output. On the other hand, if
the control signal is lower than the triangular carrier, an output voltage
equal to ugc is produced.

Additionally, the points of intersection de ne the switchi ng instants
of the power switches. This maintains the switching frequegy constant,
since the triangular carrier is operated with a xed frequency. However,
despite this main advantage, the control concept has an inhent 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 paraneters.

3.2 Hysteresis Control

The basic concept of the hysteresis current control is to svich the out-
put voltage level (+ug. to ugc for a two-level system) appropriately
whenever the measured current goes above or below a given éoance
boundary [33] [27]. The current errors resulting from the canparison
between measured currents and respective phase current egences are
controlled using three independent hysteresis comparat@r as illustrated
in Figure 3.6 by the simpli ed diagram of a typical three-phase hystere-
sis current controller.

Since the switching signalss; (i = R;S;T) are produced directly

48



3.2. HYSTERESIS CONTROL

Figure 3.6: Hysteresis current control scheme.

based on the hysteresis comparison of the three phase curtearrors,
the hysteresis current control approach provides excelledrdynamic per-
formance, limited only by the switching speed and load time onstant.
Additionally, independence of load parameters concerningtability, ro-
bustness and very simple implementation make the hysteresiapproach
the current control method of choice for diverse types of apfications.

However, the classical hysteresis current controller withxed hystere-
sis band has the disadvantage that the modulation frequencyaries over
a fundamental inverter period [42]. That is mainly caused beause the
switching frequency is not only dependent on constant pararaters such
as the output Iter 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).

_ uinv;i ug;i

fowi = 3 (3.3)

g

This variable switching frequency results in an undesirabé spread of
the ripple current harmonics, which complicate the design 6 the output
Iter and may generate unwanted resonances on the utility gid.

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

Furthermore, due to this interaction between the phases thanstanta-
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 given toler-
ance band, this transition can be made impossible by the swithing state
of the other two phase controllers. Therefore, the current eror contin-
ues to increase until it reaches twice the band width where a\sitching
action is enforced in another phase according tog + is + it =0.

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

This representation is extended to the other two phases in te Fig-
ure 3.7(b), considering now a three-phase system with insated neutral.
In the moment the projected current error  igr 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 he
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interaction between phases the correct action is complete@dnly when
the current error reaches another phase switching boundaryresulting
in the worst case in a current control error of twice the hysteesis band.

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

However, although the inclusion of new concepts into the clasical
hysteresis control increase the level of complexity, they d not a ect
dynamic response and stability issues. Therefore, constarswitching
frequency hysteresis control emerges as a well suited apgch for high
performance high-speed applications.

3.3 \oltage-Oriented Control

Voltage-Oriented Control (VOC) scheme uses the rotatingdqg 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 he Pl 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 trasfor-
mation is oriented such that the d-axis is aligned to the grid voltage
vector as shown in Figure 3.8. The load current vectorig, is divided
into rectangular components, where the componentgyq determines the
active power whereas 4, controls the reactive power ow.

9.9

v

Figure 3.8: Synchronousdq transformation oriented on the grid voltage
vector.
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Figure 3.9: Voltage-Oriented Control scheme.

Figure 3.9 illustrates the VOC principle involving the use of rotating
synchronous rectangular coordinates. The three measuredutput phase
currents are converted to dg components using synchronous reference
frame transformation and compared to the respective refenece values
(ig:dqret )- Two PI regulators compensate any existing error by gener-
ating appropriate control voltages uc.q and ucq, which are transformed
back to phase quantities and used as inputs by the pulse-widt mod-
ulation (PWM) block to generate the command signals to the pover
devices.

Although, the described approach allows e cient regulation of active
and reactive power ow using two distinct loops (ig.q and igyq), the
control of these variables are not performed completely indpendent.
Equation (3.4) shows how in the dg-frame the dq voltage equations of
the three-phase grid connected VSI (Figure 3.1) are dependeé due to
the cross-coupling termslL  iq and IL  iq.

Unvd = R iga + Ldid%;d‘* Uga ! L ligq
(3.4)

dig:q 1
G-t Uggt! L lgd

uinv;q = R |g’q + L

In order to apply independent controllers for the two coordinates the
in uence of the g-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;,q and ugq) 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 ofig to uc is given by:

ig(s) _ 1
u(s) L s+R

(3.5)

Therefore, the parameters of the two Pl regulators can be ealy calcu-
lated based on classical design methods. Poles and zeros bétcompen-
sator should be located with the intention to achieve good satic and
dynamic performance of the system, and at the same time proding
su cient stability margins.

Although giving very good performance concerning steadyiate ac-
curacy, the voltage oriented control approach is still sengive to load
parameters, which may in uence the dynamic response and theystem
stability.

However, it has the particular advantage of independent cotrol of the
active and reactive current components, which translates d@ectly 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 &. al
[37] slightly di ers from the other current control techniq ues which use
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Estimation

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 cuents 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 manne analogous
to torque and ux control in motor drives applications.

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

Two hysteresis controllers based orp and g 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 vectoof the
converter. The in uence of each vector on the instantaneouseal and
imaginary powers is diverse and results in di erent control dynamics.
The impact of each vector is analyzed o -line and properly sbred 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 pavers. It can
be performed either based on three-phase quantities,
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p(t) = Ugr igr * Ugs ligs *+ UgT lgT

oqt) = P5[(ugr  Ugs)igr +(Ugs  UgT)igr +(UgT  Ugr)igsl;
(3.6)
or using stationary coordinates:

p(t) = ug, g + Ug g
3.7)
q(t) = ug; g Ug: g °

Therefore, it excludes the necessity of synchronous refanee 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 cortrollers are
disadvantageous.

These drawbacks can be eliminated by replacing the hysteréscom-
parators and the switching table by PI controllers and spacevector

Power and Voltag
Estimation

+

+ p

Pet Opet

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 useddy the space
vector modulator to generate the switching commands. Howesr, a syn-
chronous reference frame transformation is required to corert the Pl
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 poweful and
fast microprocessors, the interest in current control tectmiques which
demand high computational e ort is increasing. The performance of this
type of controllers is rising proportionally to the speed ard 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 contol action
among all possibilities, to ful | a certain prede ned crite ria [40]. This
decision is based on the knowledge of actual variable measments 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 actuestates and
references, the optimum switching state is selected accoing to the de-
cided criteria, which can be for example minimum switching fequency,
minimum response time or minimum current distortion.

[
giref |prediction and
——| Decision

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 varig of
di erent predictive control techniques has been presented One of the
rst introduced predictive control approaches was proposel by Holtz
and Stadtfeld in 1983 [38]. The method controls the current ector tra-
jectory in the complex plane such that a minimum spatial error with
respect to the reference vector is maintained. Due to this ited spa-
tial error this approach is commonly called "Hysteresis basd Predictive
Control".

The location of the current error tolerance area is determired by the
current reference vectoriger , as illustrated in Figure 3.14(a). When the
current vector ig intersects the boundary line, the spatial error limit
is exceeded. Therefore, at this point a new switching state &s to be
selected in order keep the error within the desired level. Tk trajectory
of the current vector for each possible switching state is cmputed and
predictions are made in order to select the switching state Wwich keeps
the current within the boundary area and at the same time ensues,
that the next error boundary is reached only after a maximum -
time. Therefore, it respects the second selected criteriafaminimizing
the switching frequency.

A time representation of the error function related to the tr ajectory
behavior of each possible candidate (Figure 3.14(b)) givea clear idea of
the selection process. According to Figure 3.14(b) the swithing 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-tira, however
the required number of commutations in the three phases mayncrease
the average switching frequency. This would force the optinzation 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 ltage
vector that minimizes a quality function [40] [41]. Typically, this qual-
ity function measures the error of the load current at the nex sampling
instant (k +1).

g = jig;ref ig: J+ Jig; ref ig: ] (3.8)

There, the reali ,¢f and imaginary i e components of the future
reference current are determined via a second order extrapation 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.

igret (K+1)=3 igret (K) 3 igrer (K 1)+ igrer (kK 2) (3.9)

A discrete representation of the voltage loop equation (3.Lfor 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 k" sample time and the Iter parameters (L and R). The
inverter voltage ujpy and grid voltage uy are assumed to be constant
over the sample periodTs.

R Ts Ts T

igk+1)= 1 - ig(k)+fuim,(k) fug(k) (3.10)

The controller calculates the future load current and consguently
the future quality function for each possible voltage vects 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 constantis, unlike
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the previous method where the switching frequency is mininzed but
not constant.

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

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

3.6 Comparison of the Control Techniques

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

Besides the characteristics listed in Table 3.1, there extssome addi-
tional attributes that must be take into account for the selection of the
control technique. The ramp-comparison for example, has annherent
amplitude and phase tracking error which limits its applications in the
majority of the cases. For grid connected systems, the dirégower 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
. Slow .
Control load parameters harmonic spectrum Simple
Hysteresis Robust Spread harmonic Extremely Fast _Very
Control spectrum Simple
Voltage Oriented Dependent on WeII_de ned Slow Complex
Control load parameters harmonic spectrum
Direct Power Robust Spread harmonic Extremely Fast Simple
Control spectrum
Predictive Dependent on Well de ned = Complex Analytical
. ast
Control load parameters harmonic spectrum Approach
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3.7. SUMMARY

3.7 Summary

Although a large number of current control techniques have teen pro-
posed in the last few decades, none of them has been elected the
industry as the optimum and standard control method. The desred
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 charateristic and

reacts extremely fast to any transient, however it is penalzed by a vari-
able switching frequency and natural interference betweerphases in
insulated neutral three-phase systems. A constant switchig frequency
and consequently a well de ned harmonic spectrum are achiead with

the ramp-comparison current control approach. It regulates the load
currents through three independent PI controllers, neverteless, it is af-
fected by an inherent tracking error. By transforming ac phase quantities
into dc values using synchronous reference frame theory, #voltage-
oriented control is able to reduce the error of the fundamenal cur-
rent component to zero using two Pl controllers to regulate he do-
components of the load current. However, the dynamic perfamance is
not comparable with the hysteresis method. A new trend of curent con-
trollers is emerging supported by the fast development of ne powerful
microprocessors. The direct power control estimates in stfare the in-

stantaneous active and reactive powers, and based on the enr of these
guantities a stored switching table selects the optimum swiching 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 optimumoltage
vector with respect to some prede ned criteria. Since the catrolled vari-

able estimations are calculated using load parameters, tisi approach is
susceptible to any parameter variation. The non-existenceof a current
control technique which is able to ful | all the desired requirements to-
gether with the prospect of even faster microprocessors ctinuously

encouraging development of new control techniques. For gdiconnected
systems, the comparative analysis presented in the SectioB.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 robug to possible
variations of the grid impedance. On the other hand, it has ben covered
only for low power applications using the classical two-leel inverter and

a single orderL Iter. 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 drawbles of these
two controllers, this work focus into improve the switching behavior of
the current hysteresis controller, and to extend both concets to high
power systems, covering the challenges found in such systsm
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Chapter 4

Virtual-Flux Direct Power
Control for Two-Level
Inverters

The Direct Power Control (DPC) scheme has become more widelysed
over the last few years due to the advantages of fast dynamic gr-
formance and simple control implementation when compared \th the

other methods. On the other hand, the main disadvantage of te DPC
is the variable switching frequency. The basic idea of the DE is the
direct control of active and reactive powers without any internal con-
trol loop or PWM modulator. The switching states are selectal via a
switching table and the states are chosen based on the instéaneous
error between the estimated and the desired active and reaste powers.
Therefore, for a proper operation of the system a correct sviching table

as well as an accurate estimation of the instantaneous powsrare indis-
pensable. The basic concept for instantaneous power cala@tion is the
simple operation between voltage and current. Consequeny) continu-

ous measurements of these quantities are necessary, whickerdand a
high number of sensors. Voltage sensorless methods have hgegoposed
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 estimatiomhe
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], hewer
only simple series inductors were used as lter interface bveen the
converter and the mains. These Iters would be easily implenented if
high switching frequencies are employed, however in high peer applica-
tions, where a low switching frequency is required, the imptmentation
of such a concept is restricted. An alternative Iter implementation is
with a third order output lter, such asan LCL lIter, which can achieve
reduced levels of harmonic distortion at lower switching fequencies and
with less total inductance [54]. On the other hand, the LCL Iter may
cause steady-state and transient distortion of the output arrent due to
resonances. This distortion can be reduced but not solved iPWM con-
verters if the main resonance frequency is selected in a fregncy range
where no harmonics of the output current exist. In the case oDPC this
approach can not be considered, since the switching harmoaispectrum
is not clearly de ned but spread due to the variable switching frequency.

Several methods [55]- [56] have been proposed to damp the qlip
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 téle, and not
through a current control PWM loop. In this work, a novel stra tegy for
active damping of output LCL lIter, 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 thatthere
is a compromise between the active damping factor and the leat of low
order harmonics components, since the active damping mettbreduces
the current harmonics within the LCL Iter resonance range and on the
other hand increases the low order harmonics present in theapacitor
current. The solution implemented in the proposed approachis to pro-
vide individual harmonic rejection based on their respectve 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 Cotrol
(DTC) of induction machines. In the DPC, active and reactive powers
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replace the torque and ux amplitude used as the controlled aitputs
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, presenin the
active and reactive powers.

Power and Voltage, Use
Estimation

Figure 4.1: Block Scheme of Conventional Direct Power Control.

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

" Correct selection of the switching states;

" Accurate and fast estimation of the active and reactive powers.
Based on the measured grid voltages and currents, the actualctive
and reactive powers can be calculated as
p(t) = Ugr igr * Ugs ligs *+ UgT lgT (4.1)
q(t) = pl_é [(Ugr  Ugs)igT +(Ugs UgT)igr
+(UgTt UgRr)igs]: (4.2)
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uch =

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 aretluces
the reliability of the system. Therefore, in order to corredly estimate
the power and at the same time reduce the number of implement
voltage sensors, Noguchi proposes the use of voltage vectestimation.

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

it (4.3)

Ug:i = Uiny;i Ry igi Lg
where (i = R;S;T).
For this analysis the common mode voltage is assumed to be zmr
resulting in Uiny:i = Uinv:im

The inverter output voltage uin:im IS calculated according to the
measured dc-link voltageug. and the converter switch statess;.

Uinv;iv = Udc Si: (4.4)

Therefore, a grid voltage sensorless active and reactive p@r estima-
tion is obtained by substituting (4.3) and (4.4) into (4.1) and (4.2). Due
to the low e ect caused by the Iter resistance on the estimated power,
it is neglected for these calculations.
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B digr digs . digr .

p(t) = Lg éIJt Igr * % Ig;s + c?t lg;T
+ Udc (SR igr * Ss ligs + st igT) (4.5)
1 digr . digt . . .

q(t) = p—§ 3Lg (;Jt'R Ig;T dgt’T Ig;R Udc [Sr (igs  TgiT)
+Ss(igr  igr)+ st (igr igs)] : (4.6)

However, the implementation of such approach involves the empu-
tation of the time derivative of the measured currents. The wse of a
derivative can increase the noise in the control loop, thusrcreasing the
level of distortion.

4.1.1 Virtual-Flux and Power Estimation

Recently the Virtual-Flux strategy was proposed [53], whit basically

relate the grid voltage and the ac-side inductors to a virtud ac motor.

Making an analogy with ac motors, Rg and L4 on the simpli ed scheme
(Figure 4.3) represent the stator resistance and the statordeakage in-
ductance respectively and the grid voltageuy 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).

L, :
L L F—

O] ) el

Figure 4.3: Equivalent circuit of a grid connected Three-Phase VSI
with L lter.
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Z
0= Ug dt (4.7)

z

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

Z
g = uinv dt Lg ig (49)

or in stationary coordinates

Z
o = Uny; dt Lg ig

7 (4.10)
g = Uny; dt Lg ig

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

u

U, = —5 (2 S Ss s) (411)
1

Uiy, = P—éudc(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 integtion 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 ¢ and the voltage vector is aligned to the
orthogonal g-axis.
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U,

g
inv - |
I sL
\ g ' inv /d
- A0
.

\ —

\ I
9a ‘g

\4

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, al-pass Iter
normally replaces the pure integrator, however this reduce the system
performance as phase and magnitude errors are inherent in hlow-pass
Iter. In order to avoid these errors, phase and magnitude canpensa-
tion, as presented in [57], are implemented in the ux estimdion. The
main idea of this method is to provide low-pass Iter behavior at all
frequencies except at the operating frequency (grid voltag 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

4
inv = Uiny  dt; (4.13)

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

U
iy = (4.14)

Unv = ! v e (4.15)
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If now a low-pass lter with a cut-o frequency of ! . substitute the
pure integrator, (4.14) and (4.15) become

o _ Uy
TR (4.16)
and
Une =j1 Oy +1¢ o (4.17)

Comparing (4.15) to (4.17), one can extract the relationshp between
the estimated i?w and actual i, inverter virtual- ux vectors.

.
= T (4.18)

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

inv: = i?w; + i?w; — (4.19)

inv; = i?w; i(r)w; _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 causd&y the
low-pass lter characteristic.

o o

inv," &

+
«

Voltage

——— Calculation

—dc 5! Converter

+Y

TCY #"iﬂ:v,!” E_ #" ’ _ #';lg,!"

inv,!" inv,!I"

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 insté@mneous active
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and reactive powers have to be derived.

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

(4.21)

o
1

(4.22)

o]
1
NIw Nlw

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

Ug= —9; (4.23)

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

9= g €' (4.24)

The ux vector di erential equation can be solved as

dgy _d ge"’t

dt dt
— d gei!'[ + il ei!'[ . 425
= ot g . (4.25)

Considering sinusoidal and symmetric grid voltages, (4.2bis simpli-
ed to

d .
d—tg =jl g (4.26)

Therefore, substituting (4.26) and (4.23) into (4.21) and (4.22) the

71



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

active and reactive power estimations can be performed basgeon the
grid virtual- ux vector.

p= < j! ¢ ig (4.27)

(4.28)
Assuming the space vectors being represented idq coordinates

g=( gd*] gq) (4.29)
ig = (igq * Jiga); (4.30)

the instantaneous active and reactive powers based on the &@®ated
grid virtual- ux are resulting as

5! ( gd ig;q g9 ig;d) (4.31)

3
P=3

3 . .

q= 5' (gd lgd* gg lgg): (4.32)

However, if the grid virtual- ux space vector is aligned to t he d-axis,

the orthogonal component is null ( g4 = 0), consequently equation
(4.31) and (4.32) can be reduced to

3 .
p= E! ( gd liggq) (4.33)

3 .
gq= E! ( gd igd): (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 detemined by
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the d component.

Although the synchronous transformation provides a clear under-
standing concerning the inuence of the grid current on the etive
and reactive powers, it requires higher computational e ot and cor-
rect space vector position estimation.

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

g=Cg *i g) (4.35)
ig = (ig; *+]ig ) (4.36)

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

p (g Ig o g ) (4.37)

= §|

2
=3
a= 3

(g 1dg + g g )t (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. Tis control
is based on two independent hysteresis controllers which @sas inputs
the error signals between the reference values and the estated active
and reactive powers.

p = Pref p
(4.39)

a= Get Q

These two hysteresis controllers are in charge to decide athich point
a new switching and/or voltage vector is applied of the inveter out-
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put. If the power error ( , or ) is increasing and reaches the upper
level, the hysteresis controller changes its output tol (Figure 4.6). The
switching table will recognize the input change and switch he output to
an appropriate vector which allows the inverter to modify its instanta-
neous active or reactive power status. The output level of tke 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 bourdary, the
switching table may switch to another output vector due to the status
modi cation of the other hysteresis controller or due to the position of
the actual virtual- ux vector in the complex plane.

Power Error
o

Hysteresis Output
I

d,=0

Time

Figure 4.6: Behavior of a two-level hysteresis power controller.

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

)
q>hop
e dog = 1 (4.40)
Ppg pa  Npg and =% < 0
)
aq< hg
P e dpq = O (4.41)
Ppig pa  hpg and =g+ >0

74



4.1. DIRECT POWER CONTROL - MAIN CONCEPT

4.1.3 Sector Decision

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

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

The space vector plane is divided into 12 sectors a80 width (Fig-
ure 4.7), where the rst sector is de ned by the range between % and

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

(n 5)5 sector n< (n 4)5 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 angls calculated
using an inverse trigonometric function based on the estimted grid
virtual- ux components as shown in the equation (4.43) .

7
sector sector
6

sector T sector

sector, — X!\ sector
N s

sector
2

sector
1

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 Diret Power
Control. It selects an appropriate inverter voltage vector to drive the in-

stantaneous active and reactive powers into the desired déction, based
on the position of the grid voltage vector and errors of the atual active

and reactive powers.

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

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

2 : .
Uk = 3Ude SRk * Ssik dF +sry €7 (4.44)
The switch combinations are enumerated from zero to sevenk( =
0;1;:::7) and srk , Ssk and sty are the states of the upper switches,
in which sgx =1 means switch on andsgx = 0 denominates switch
0. The states of the lower switches are complementary to theupper

(010) (110)
LBy
o1y, Y  YNAoog Y% j@oo
N\ U, /N200) 4 .
| %
001) (101)

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 %udc, and sequential phase angles ofk 1)5. The remaining two
space vectors k = 0;7) have an amplitude equal to zero.

Among all these seven possible output voltage vectors, thevdtching

table has to select the one which appropriately corrects theactual error
on the active and reactive powers or in other words, which keges the

(000)

Figure 4.9: Generated output voltage vectors.
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error signals within the desired hysteresis band. The seleed vector will
be applied by the inverter until the switching table receives a new com-
mand either from the hysteresis controllers or from the seatr decision
block.

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

k=U t (4.45)

Therefore, equation (4.45) shows that the applied voltage gace vector
produces a virtual- ux variation which has the same direction as the
voltage space vector and an amplitude proportional to the vdtage 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 wtput
vector on the active and reactive powers, considering a paitular sector,

as shown by the vector diagram of Figure 4.10. )
At an instant t the inverter generates an output virtual- ux vector

iy that results in a grid current if. To verify directly the e ect of
the generated grid current on the active and reactive powersthe grid
current vector can be transformed into dg components. If the transfor-
mation is performed with d-axis being aligned to the grid virtual- ux
space vector ¢, equations (4.33) and (4.34) show that the active power
is directly proportional to the g component of the grid current vector
itg;q and the reactive power is proportional to the d componentig;d.

Now, assuming that at an instant t + 1 the inverter applies the space
vector U; 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).

o= ot 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 ad it may
in uence in the magnitude of the active and reactive power vaiation
but not in the direction.

Consequently, the output Iter ux is changed to tL“l as well the
grid current space vector toitg+l . Transforming the current vector into
dg components, one can note that thed componenti;‘;‘j is increased and
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the g componentigc} is reduced, when compared to the previous state
t. Therefore, assuming the grid-virtual ux in sector 5, the space vector
U; will reduce the active power while increasing the reactive pwer.

Tt
i

i
d
gd ¢

(c) Uz - increase p / decrease q (d) Ug - increase p / decrease q

(e) Us - decrease p / decrease q (f) Us - decrease p / increase q

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(k(f). In sum-
mary, one can conclude that with the grid virtual- ux lying i n sector 5,
voltage vectorsU,, Us and U, can be selected to increase the genera-
tion of active power. On the other hand, vectorsU;, Us and Ug can be
used to decrease the instantaneous active power. In the casé reactive
power, vectorsU;, U, and Ug would allow the system to transfer more
reactive power whereas vectordJs, U; and Us would decrease it.

This analysis shows that there is not a single option for buitling
a switching table. For example, for sector5 the previous analysis has
shown that there are two possible space vectors to increasdé active
power and to decrease the reactive power Uz and U,. However, the
magnitude in which they a ect the active and reactive power are dis-
tinct. Vector Us has a strong e ect on the active power while vectorU,
has a large in uence on the reactive power. Therefore, di eent switch-
ing tables can be built in order to achieve the same goal of cdrolling
the active and reactive powers, however using distinct crieria such as
current ripple, switching frequency and dynamic performarce.

Unlike the active vectors, the zero vectordJy and U; 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 rotéion of the
grid voltage vector, which would change the angle between té inverter
and grid voltage vectors. However, since the speed of rotain 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

d, dq | 3 4 5 6
Uy Ug Us Us
Us Us U U
Uy Uz Uz U,
U U Uz U

=~ O O
= O = O
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vectors can be used to decrease switching frequency.

Out of that, one possible switching table can be built in orde to
achieve good dynamic behavior. This information is presergd in Ta-
ble 4.1 for 12, between sectors three and six. Due to the symmetry
characteristics, this table can be easily extended to the namaining 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 ggica-
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 ah lter ( Ly = 10mH). The dc power is
supplied by two 10kW, 600V controlled dc power supplies connected in

Measurement Bord
DSP Board ) )
PLD Board \ dc-link Capacitors

—

Gate Drivers
Circuits

Power Devices
(Bottom)

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 &-bit

160MHz DSP. The DSP is interfaced to the inverter via a measure-
ment and interface printed circuit board. Three analog sigrals (2 grid

currents and the DC link voltage) are sampled at 180kHz using the
internal 14-bit ADC. During the ADC conversion time of 725n1s, the

algorithm calculates the grid virtual- ux based on the swit ching state
and the instantaneous dc input voltage as well as the grid sid inductor

uxes. The DSP selects the subsequent switching state basedn the

grid sector and the error between the calculated instantaneus 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 phas&R (ugr), the
estimated grid virtual- ux ( ) and the generated currentigr.
Although the integration part of the grid virtual- ux calcu lation is per-
formed using a low-pass Iter with a cut-o frequency of 6:5Hz, the
inherent delay caused by such lter is appropriately compersated. 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 powerg and g, as presented
in Figure 4.13. Therefore, by setting the reactive power reérence to
zero, the correct estimation will guarantee a generated gd current in
phase with respective grid phase voltage as shown in Figure.#2 and
Figure 4.13.

s . i . 7 NS
S d \-"\-».-//
*e .
! /\./\/1
- S ms
508 V i
¥l WWQR o
e/ M A W i
8.8 A 5 M Yy ﬁ""
,,,,,,,,,,, it L

Figure 4.12: Experimental analysis of the VF-DPC concerning grid
phase voltage ugr , virtual-ux g  and phase currentigr .
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=3

Figure 4.13: Generated grid current igr according to the estimated
active and reactive powers, p and @.

For analyzing the biggest disadvantage of the VF-DPC concep the
switching frequency is experimentally analyzed in Figure 414. Fig-
ure 4.14(a) shows the gate signalsis.g applied to the upper switch
of the inverter phaseR over one fundamental period. One can see that
around the zero crossing of the phase currentyr , the frequency of the
pulses raises. This variable switching frequency can be bitr observed
in the grid current frequency spectrum presented in Figure 414(b). Al-
though the spectrum is centered around the desired switchig frequency
(4kHz), it is still spread over a wide range. The time behavior of the
switching frequency over one fundamental cycle (Figure 44(c)) shows
instants where the switching frequency reaches higher andWwer values
when compared to the averagetkHz.

A key part of the VF-DPC approach are the active and reactive power
hysteresis controllers. They are in charge to inform the swiching table
if the next voltage space vector must increase or decreasedhactive and
reactive powers. On the other hand, the switching table has ¢ be able to
keep the error signals within the hysteresis boundaries, byhoosing the
correct voltage vector. Figure 4.15 shows the errors of theaive ( p)
and reactive ( o) power being maintained between the upperh,,q and
lower hpq hysteresis boundaries. When one of the error signal reaches
the upper or lower boundary, the switching table selects a poper voltage
vector to change the direction of the respective error (Figue 4.15(a)).
However, even though the chosen voltage vector is applied texclusively
correct the direction of a determined variable (p or g) which has reached
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(a) Gate signal over one mains period

0 4 8 12 16 2C

FrequencykHz]

(b) Frequency spectrum of the grid current

FrequencykHz]

10
8
ol il
4 J'AA": h Pare s e I‘ll)&¢m ok K K
- A iR
2
0 : : ‘ ; ‘
0 4 8 12 16 20
Time[ms]

(c) Switching frequency time behavior

Figure 4.14: Experimental switching frequency analysis. (a)Fixed hys-
teresis band h, grid phase voltage ug;r , phase currentigr and phaseR
upper switch gate signal ugr , (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 adher variable,
as can be seen in the Figure 4.15(b).

Although the hysteresis controller is the major responsibé for the
resulting variable switching frequency, the characterisic 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 expeimentally
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 ao-
sequently the estimated actual power, immediately follow te change

1
L/.llzé“swj

N \/\/\/\/

4
L 415 % Sw—]

(a) Active and reactive power hysteresis control

1
Dp .
3 2
4 ! LY SR
L I ms ] *hp
00 u—
1 ms h
488 W — &q o -
", ;,f} ., ! N Dq,/ “, /! ‘“g
\—f L W S A
ViRV AVARY:.
!
e ¥

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

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

1
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(a) Time scale - 5ms

1
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(b) Time scale - 500s

Figure 4.16: Experimental results of a positive step of 40% in the active
power reference presented in (2)5ms time scale and (b) 500s time scale.
Active power reference prer , actual active power p, grid phase voltage
ugr and current igr .
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A similar dynamic response is observed when a negative stepoim
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 nexgference
value in approximately 100s as shown in the Figure 4.17(b).
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Figure 4.17: Experimental results of a negative step of 40% in the active
power reference presented in (2)5ms time scale and (b) 500s time scale.
Active power reference prer , actual active power p, grid phase voltage
ugr and corresponding current igr .
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4.2 Extended VF-DPC with LCL lter

The extended system adapts the conventional VF-DPC strateg to a
system with third order LCL output Iter, achieving reduced levels of
harmonic distortion for a VSI operating with low switching f requency.
With this approach the nal size of the output Iter 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 incorpating an LCL

Iter, the block diagram presented in Figure 4.18 shows the oncept for
the proposed method. The basic approach of the DPC of contrdihg
the instantaneous active and reactive powers through the apropriate
selection of the switching states based on the instantaneauerrors of the
reference and estimated values is kept. However, some moditions are
necessary in order to achieve individual harmonic control ad active
damping to reduce the oscillations due to theLCL Iter 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
Iter.
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reference frame, the proposed method applies the synchrouos reference
frame transformation in some of the outer loops. Typically, this trans-
formation is avoided since it requires angle information, vhich increases
complexity. However, in the proposed method the angle is aviéable, pro-
vided by a Phase-Locked Loop used to guarantee the correct @pation
even under grid voltage distortion.

Since the switching states are selected via a switching tabl there
is no modulation index or common control signal within the cmtrol
loops where the active damping control signal can be direcyl 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. Theseontrol
signals have to be added to the fundamental reference®r and Ger ).
Both control features will be explained in detail in the foll owing sections.

Besides the two measurements typically used in the convertinal VF-
DPC, namely the dc-link voltage and the converter side curret, the
proposed method demands additional measurements to impleent 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 meaured, since
it allows both the capacitor voltage and the mains current to be calcu-
lated.

The mains current and consequently the mains power are expéed
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 eactive
powers very di cult when a hysteresis approach is used, as tle hysteresis
boundaries have to be reduced to minimum. As a solution, the anverter
side active and reactive powers must be controlled, and thigxplains 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 Iter & 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

Z
c = Upnv dt Ly dinv: (4.47)
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Lv T

nv

i %

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 capadtor
and the grid side inductor virtual uxes, which is the product of the
grid side inductance and its current. To avoid using another current
sensor, the mains current can be estimated from the converteside and
capacitor current measurements.

g= ¢ Lg (v ic) (4.48)

The method used for theL Iter 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 Iter approach. The
pure integrators employed to calculate the output inverter virtual- ux
are replaced by low-pass lters, and inherent errors causetly such Iter
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 D@, the

—)| Converter
Voltage

_____/|Calculatior

L

"
ifv,! inv,! c! g,

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 ( g; iinv: g; finv: ) (4.49)

q (g iy * g iy ) (4.50)

=3
5!
= §|
2
Another practical issue to be considered is related to a vastion of
the inductance of the output Iter inductors. The values of t he con-
verter side inductor (Lin, ) and the grid side inductor (L4) may vary
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(b) E ect on the reactive power
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 Iter parameters - Lin, and Lg.
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according to the operation point and aging. A small variation of one
of these parameters may cause erroneous virtual- ux estimg@on and
consequently an incorrect amount of active and reactive poer would
be generated by the inverter. To show the in uence of these vdations
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 andeactive
powers are measured and presented in Figure 4.21.

The inverter side inductor (L, ) with an inductance 20% smaller
than the designed value produces an error in the generated fige 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 amplitudewhile the
e ect on the phase is minimal.

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

4.2.1 Active Damping

One well known method to provide reasonable damping of the auent
oscillations caused by theLCL Iter resonance is to connect a physical
resistor in parallel with the Iter capacitor. A main disadv antage of this
strategy is that the damping resistance value required for atisfactory
dynamic performance usually results in very high power losss. It is
possible to avoid these additional losses by using a contradtrategy
which emulates this resistor. An active damping strategy ca be applied
because the resonance frequency of the output lter is usu#t within

the bandwidth of the VSI control loops.

Several methods have been proposed [55] [56] to damp the supp
current oscillations and are usually based on quantities sch as voltages
and/or currents. Most of these methods use the output of the camping
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 sedors
and the current control loop. To overcome these limitationsa novel ac-
tive damping strategy that makes use of the active and reactie power
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control loops is proposed.

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

As the power is controlled in the inverter side inductor (L, ) and the
controller is relatively fast, the inverter and the inverter side inductor
can be considered as a current sourcdif, ) as shown in the simpli ed
equivalent circuit diagram (see Figure 4.22(b)). Therefoe, the resonance
to be damped occurs only between the grid side inductorl(y) and the
capacitor (C).

ly

Iinv

I‘inv
.

LQ
L
| 4 IC

“© R[] crlE O

(a) Passive damping equivalent circuit.

Lg
-

(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 g&n by
la(s) _ [,

) T2 1 1
linv (8)  s?+ sgpe + e

(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 Iter characteristic with passive damp-
ing for di erent values of damping resistor.

To illustrate the proposed strategy, a current source propetional to
the resonance component of the capacitor voltagel [ = kq tc) replaces
the passive damping resistor, as shown in the equivalent aiuit of Fig-
ure 4.24. This controlled current source is used to activelydamp any
current oscillations due to Iter resonance.

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

. 1
S
19(S) Lkgc — (4.52)

|inv (S) 82 + S? Lg_C
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The relationship between the damping factorky and the parallel re-
sistor Ry can be found by comparing the transfer function of passive
(4.51) and active (4.52) damping and is given by

1
ko= o (4.53)

Considering the general form of a second order transfer furtion,

1 2

- " n .
G(S)_ SZ+2!nS+!§' (454)

the undamped natural frequency (4.55) and the damping facto (4.56)
can be calculated based on the output Iter parameters (4 and C) and
the desired damping ratio ().

s
1
b= T 4.
s O (4.55)
S
ky = 2 S (4.56)
Lg

The active damping scheme is better explained through the kck di-
agram of Figure 4.25. The capacitor voltage (¢c. ) is calculated based
on the measured capacitor current {c. ) and then converted to ad
component by synchronous reference frame transformatiorwhere the
reference frame is synchronously rotating in the same dirgion and of
the same speed as the capacitor voltage. The resonance conmgnt of
the capacitor voltage (tc. ) is extracted by eliminating the fundamen-
tal frequency component through a rst order notch lter wit h stopband
between40and 60Hz, for a 50Hz mains frequency. The resonance part
is transformed into dg components and is then multiplied by the damp-
ing factor (kq) in order to obtain the proportional damping current
source ( d:dq)-

In order to decrease the e ect of either low harmonics g, 7", 11)
or the resonance component on thel axis of the capacitor voltage (Uc.q),
a rst order low-pass lter is implemented with a cut-o freq uency at
least one decade below the lowest frequency to be reducedy fexample
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i . Uc.. Tt uc,dq uc,d Py
e e e e IR T
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Figure 4.25: Active damping block diagram, where . is the capacitor
voltage vector angle used for the dq transformation.

l.=2 25Hz to achieve an attenuation of 20dbof the 5" harmonic.

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

Pa = < Ucdq lddg (4.57)

N W

0] = Ucdg I d;dq (4-58)

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

3
Pa = EUc;d kd tc.d (4.59)
3
G = EUC;d Kg tcyg: (4.60)

The damping components 4 and gq) are subtracted from the funda-
mental active and reactive power references as illustrateth Figure 4.18.

A simulation can be used to illustrate the e ect of the LCL Iter
resonance on the grid current, and the performance of the pnoosed
active damping method. An LCL Iter with the following parameters
Liw =7:9mH, Ly =3:5mH and C = 14:1F , replaces the rst order
L Iter analyzed experimentally for the conventional VF-DPC .
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Initially, Figure 4.26 shows the time behavior of the active damping
signals, pg and g4, under normal operation and during resonance. Dur-
ing normal operation the damping control signals do not a ed signi -
cantly the active and reactive power references since theyemain around
zero. However, under resonance one can note that resonancgcdlations
present on the lter capacitor currents are appropriately converted into
active and reactive power damping components. These sigrmalare then
fed back to the active and reactive power references providg e ective
damping of the Iter resonance.

The e ectiveness of the damping scheme is directly measuredn the
resulting output current. The current oscillations caused by the LCL
Iter resonance for conventional VF-DPC can be clearly seenin the
steady-state mains current (Figure 4.27(a)) as well as in tle 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 mposed
active damping has been added to the main control loop. Howesr,
although the total harmonic distortion ( THD ) 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 frequendare 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, ps and gq, 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.

Iter are included into the active and reactive power references. One
solution for this is to design a low-pass lIter 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 ectis  the use of an
active harmonic rejection controller.

4.2.2 Harmonics Rejection
In order to reduce the level of current harmonics injected ito the grid,

a method to control the harmonics individually in their resp ective in-
dividual synchronous reference frame is introduced. This @ancept was
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proposed in [58] for a shunt active lter to compensate non-inear load
harmonics, and load unbalance, based on dq reference frame PWM
current controller. The basic idea behind this approach is he trans-
formation of the three-phase voltages and currents into dc gantities,
by employing the synchronous reference frame transformadin, which
is based on a synchronously rotating coordinate system wittone axis
aligned to a speci ¢ voltage or current harmonic.

Thus, if each harmonic quantity is transformed into its own individual
synchronous reference frame then these quantities appeasalc in their
own reference frame, and consequently a Pl controller is sucient to
guarantee zero steady state error. In a given individual frane al other
harmonics will appear as harmonics with a changed ordinal nmber.

The block diagram of Figure 4.28 shows the basic idea of suchpa
proach. The mains side current in the stationary referencerame (ig; )
is transformed into an individual synchronous reference fame for the
harmonic (h) of interest as shown by (4.61).

ighg sin(h 4) cosh ) i (4.61)

For the case where the transformation is done in stationary eference
frame, the space vector relative rotational speed normalied to the ro-
tational speed of the fundamental has exactly the same valuas the
harmonic ordinal number, as can be seen in Figure 4.29. On thether
hand, if the transformation is based on thedq fundamental coordinates,
the relative rotational speed is equal ton 1 wheren is the harmonic
space vector rotational speed. For example, in case of th&" harmonic
which has a rotational speed ve times faster than the fundanental

i ref
gh.dq

I, i idc il i P,

| —. gh,dq gh.dq v+ gh,dq ghe
T ge >
B e [N p i S

h T

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

A 5[h

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 hamonic
frequency to be compensated is used. As an alternative, theol-pass
Iter can be replaced by a moving average Iter. This Iter pr oduces a
perfect dc output in one ac cycle whereas a low-pass lter oyl attenu-
ates ac quantities but can not completely eliminate them.

1
|gﬁ;dq = ml gh;dg (4.62)

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

. 1 . ref .
ifhg = ke 1+ 5T ignog  Tghdg (4.63)

and is then transformed back to the stationary reference frane using

i i 0 o inth  g) " in

igh: _ cos g sin g igha

_ = _ . : (4.64)
igh: sin(h ) cosh ) Igh:q

The output of the individual harmonic current controller is then mul-
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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 23and ef-
fectively diminish the output harmonic current amplitudes .

Ph = ' (g gn g lgn ) (4.65)

d = 3! (g dgn * g ign) (4.66)
When the control of more than one harmonic is desired, the oytut of
each IHPCn (Individual Harmonic Power Control) is added to the refer-

ence (Figure 4.30). The indexn represents the harmonic to be controlled
(5", 7™, 11™).

Figure 4.30: Overriding harmonic power controllers.

The number of harmonics to be compensated is limited by theLCL
Iter bandwidth, which is normally much lower then the sampl ing fre-
guency used by the digital controller. This makes the contrdler 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 contfler and
the plant by the hysteresis block. The feedback loop consist of a low-
pass lter used to extract only the dc component of the measued dq
grid current.
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t R, T

gh, dc

Figure 4.31: Harmonic control block diagram.

Considering that the hysteresis controller is much faster hen the
harmonic control, i.e. ighdq the closed loop transfer function

gh dq’
can be described as
(S o 17T (4.67)
; .
rgidq(s) 1+ky 1+ ﬁ —1+§T1

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

ighidq (S) _ 1+ STy

ref T
I gh:dq (s) 1+ Sﬁ

(4.68)

According to [59], the system transient behavior can be compted
using the poles and zeros of the closed loop transfer functio Besides
that, [59] states that the settling time ! of a rst order system is given
by

4.6
ts = —: (4.69)
p

where | 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—: (4.70)

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

T T
Kp =416+ =4:6——
ts 1057

(4.71)

If now the individual harmonic control loop, tuned to the 5" har-
monic, is added to the existing VF-DPC controller, the 5" harmonic
component of the grid current is reduced from 2.1% (Figure &7) to
around 1.2% as can be noted in the simulated harmonic spectra pre-
sented in Figure 4.32(b). Consequently, the total harmonicdistortion
decreases from 4.7% (Figure 4.27) to 3.8%.

20 8 ‘
—~ 1 g \
= 10 S THD =3.8% |
k= \( \/ 5
g / \ / \ X
3 0 \ \ 1 T 4
%) \\ / -g
£ =
10 / - A g2
- — E
2 ‘ ‘ ‘ ‘ ‘ 0
0 8 16 24 32 4C 1 5 10 15 20 25
Time [ms] Harmonic order
(a) VF-DPC with active damping (b) Current harmonics

and harmonic control

Figure 4.32: Simulation results of (a) mains current and (b) respective
harmonic spectrum when the 5" 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 balnced, a
Phase-Locked-Loop (PLL) is used to extract the fundamentalphase and
frequency. The simplest method of obtaining the phase infamation is
to detect only the zero crossing points of the utility voltages. However,
since this information is available only every half-cycle é the mains fre-
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Figure 4.33:  Grid virtual- ux synchronization method.

guency, the information during the rest of the cycle is missd. Another
alternative is to obtain the angle information by ltering t he voltage
signalsin  or dqgreference 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 frantrans-
formation [61]. Under ideal grid conditions this approach govides sat-
isfactory results, however in the case of distorted grid vakage with high
order harmonics or under voltage unbalance the tracking peiormance
is highly dependent on the PLL bandwidth. A synchronization method
based on virtual- ux stationary components is proposed in R9]. The
method compensates for the grid voltage distortion by emplging a po-
lar representation, as shown in the block diagram of Figure 483. A low-
pass lter is used to reject the ripple component present in he virtual-
ux absolute value, while the angle synchronization is implemented by
a conventional synchronous reference frameSF R) phase-locked loop.
The compensated radial ( 4) and angular ( ) polar components are
transformed back to rectangular coordinates.

ff
ref ~ ~

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 thergl 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 (¢ g:q) @s input.
Considering the three phases grid virtual- ux as
2 3 2 3
giR g cos()
2 gis g = 2 gcos( + ) g; (4.72)
oT gcos( %)

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

g ~ g cos()

o gsin( ) (4.73)

Based on the PLL output angle " the stationary components can
be converted to the synchronous reference frame accordingt

# #
gd cos() sin(") g
oqa sin(") cos()

#
(4.74)

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

ga= 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

ga= gsin( ) 4.77)
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Assuming that the phase di erence( ") is relatively small, equation
(4.77) can be linearized as follows:

ga ol ) (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 ca be ex-
pressed as
N KoS+ g2
(s) _ gKp 9T, .
— T

= (4.79)
() s2+ gkps+ 0T

where kp, and T; are the proportional gain and time constant of the
PI controller respectively.

Comparing this transfer function with the standard second ader
expression

2! ps+ 12

HO= o sv iz

(4.80)

One can extract the relationship between the Pl controller pprameters
and the system time response, namely damping factor and natural
frequency! .

and kpTi

| 2 2
% _ 1 -4 (4.81)
g

=
@

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

.i B—'J:!AK .

Figure 4.35: Linearized model of the three phase PLL system.

\4
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4.2. EXTENDED VF-DPC WITH LCL FILTER

A low bandwidth allows for a good performance in terms of stallity and

Itering, however it will su er with longer synchronizatio ntime. On the
other hand, a fast tracking can be achieved with high bandwidh, but
nevertheless it will increase problems related to distortbns.

Therefore, in order to achieve a good trade-o between statt and
dynamic performance, the damping factor is selected equabt = 0:707
and the natural frequency equal to the grid voltage fundamemal fre-
quency !, =2 50Hz. This assures a settling time equivalent to one
fundamental cycle period ¢s = 20ms), assuming that for a second or-
der system the settling time is given by Tg = f‘—G [59].

4.2.4 Reactive Power Compensation

Due to the high attenuation characteristic of an LCL lIter, the result-
ing ripple of the grid side current is relatively small. As consequence,
the instantaneous active and reactive powers supplied intahe grid are
nearly free of ripple. Although this represents an advanta@ concerning
harmonic performance, it brings di culty to the hysteresis controllers.
Such low ripple would require very narrow hysteresis boundges in or-
der to achieve a desired switching frequency, and consequinany noise
on the measurements would result in an erroneous control dégion. To
overcome this drawback the active and reactive powers are arolled
in the inverter side inductors as shown in Figure 4.18. Howesr, as the
main objective is to control the active and reactive powers o the grid
side, the capacitor reactive power has to be compensated. g the ca-
pacitor virtual-ux ( ¢. ) and current (ic. ), the capacitor reactive
power can be estimated (4.82). In order to extract only the dccompo-
nent, the estimated capacitor reactive power is Itered andthen added
to the reactive power reference as shown in Figure 4.18.

6= (o Qe * o i) (4.82)

Although the proposed system includes additional loops compared to
the conventional VF-DPC, the main advantage of the DPC, namdy fast
dynamic response, is kept. The response to a step of 40% of tikenverter
side active power reference (Figure 4.36(b)) achieves a ggime of900s ,
and this proves the e ectiveness of the proposed approach oceerning
dynamics.
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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 oscilations
caused by the lter resonance, as can be seen comparing thentie 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 Ite capaci-
tor reactive power. In order to guarantee zero reactive poweconsump-
tion on the grid side (Figure 4.36(d)), as set by the referene, the reactive
power compensation loop forces the inverter to provide the ppropriate
amount of reactive power (Figure 4.36(b)).
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4.2. EXTENDED VF-DPC WITH LCL FILTER

4.2.5 Experimental Veri cation

The experimental also is performed using the two-level 6KW niverter
prototype used for the conventional VF-DPC. The dierence is the
output lter, which is replaced by a third order LCL Iter, namely
Liw =7:9mH, Ly =3:5mH and C = 14:1F . The dc voltage supply
of 750V and inverter average switching frequency o#tkHz are main-
tained.
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(b) Extended VF-DPC

Figure 4.37: Experimental result of grid phase voltage ugr , virtual- ux
g; and phase currentigr (&) 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 lIter, the digital implementation is mod i ed. Due
to additional loops, namely active damping, harmonic contol, PLL
and reactive power compensation, the computational e ort is increased.
Therefore, the calculations are divided into three distind sample fre-
guency loops according to the required sampling time. Five malog sig-
nals (2 grid currents, 2 capacitor currents and the DC link vdtage) 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 swithing table to
select the next switching state. The active damping and the sctor 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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sion are calculated in a separate control loop with a samplig frequency
of 40kHz, whereas the calculation of the harmonics control, adjustd

to the 5" harmonic, phase-locked-loop (PLL) and reactive power com-
pensation are updated at a rate of20kHz.

To limit the inuence 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

1 ,
S ms
2.58 KW Pre r

p
P
5 ms P /-\E{QR P
500 V 7 g ! b 3
S | ‘vl ..... .
e JU \ e My
4— — e gr . \ Il 4
S5 ms d -\‘4_. L \\ g r
18.8 A pgp s e
\ g
,,,,,,,, — W

(a) Conventional VF-DPC

1
S ms
2.58 KW Pref J’

p
9
75 —, " Uy o
ms v . ",
Zen v p Ve { -~ ., g 5 - 3
7
Y’ a e
igr
o AT o 4
o "
18.8 A o e — i
s Y

(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 prer , actual active power p, grid phase volt-
ageugr and current igr .

111



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

1 )
5
2750 KW J Prei
e,
p

S ms q ) 13

2.58 Kw L J'I“uf'\/\w""‘“.fp“.?\,"\‘i"\r"\,\"\‘d " \,J\_#"\.- /,V,%,w";v‘h "'}f‘nﬂf"Jw\“"\f\\J‘\\{‘h‘\‘”‘af\'tj“'
. -~ o,

o igr e T P e

'y N, ey 4

16.8 A e g

(a) Conventional VF-DPC

.5 ms
2.58 KW Pref

p
3
S ms q 3
2.58 KW . A a 1 A AAAA A TR
AW WA WAy AWAAAAWAN
g S i P e -
“Sms R EB_,_,M'J e,
18.8 A 4

(b) Extended VF-DPC

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

ratio = 0:5and the output lter parameters ( C and Lg) into (4.56),
the damping constant kq can be calculated askq = 0:063

The e ectiveness of the proposed approach with active dampig,
harmonic elimination, PLL and reactive power compensationcan be
seen by comparing the grid current of the conventional VF-DRC (Fig-
ure 4.37(a)) and the modi ed scheme (Figure 4.37(b)). The rective
power reference set to zero is respected since the grid curntds in phase
with the grid voltage and/or ninety degrees leading the gridvirtual ux.
A signi cant reduction of the Total Harmonic Distortion ( THD) ob-
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UQR u Uyt
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(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
230Vims ). Grid phase currents ig; and grid voltage ug; (a) without PLL

and (b) with PLL respectively.

served in Figure 4.38 is caused mainly by the damping of the monance
(around 650 Hz) and the reduction of the5" harmonic component. On
the other hand the 7" harmonic is slightly increased, since in the5"
harmonic control loop the 7" 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% indlac-
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)) tdhe
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(a) Conventional VF-DPC

(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
230Vims ). Grid phases voltage ug; and grid virtual-ux ¢, (a) without
PLL and (b) with PLL respectively.

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

The system performance under unbalanced grid voltages, wht +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 preseried in Fig-
ure 4.42(a). The PLL is enabled on the extended method, ensimg a
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Figure 4.43:
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4.2. EXTENDED VF-DPC WITH LCL FILTER

\\.,r/ f \‘\/
. .
ga gb
./m“' e "'M\ /’/’:
3 / h‘\ -~ ., i
S ms o e gyt
508 V )
AN IR A A
/ \ f " ¥ ALY
A 5 ms fJ \"\\..‘ ,a'} W / g
oA || \v N o
AN M
(a) Conventional VF-DPC
1
S ms
2.8 V ug R
D L /’\\\ ] /./\\\ ) /"\.\3
\/ \\‘_/
°ga °gb -
o LN e
3 o ™ e \\ //
5 ms - - -
508 V )
igr
“r-.-/“"\ 4»«./! '\\‘ ,-m./—\
@4 / \ / \ / s
5 ms 4 ‘“\ ~ \H\ - o
18.8 A \ al \ /
e/ S
(b) VF-DPC with active damping
1
S ms
2.08 Vv
ug,R
.//\\‘ _/A\\‘ ff/ '\'\_3
\""w.rﬂ"/ \‘\‘\‘d/,
. .g
- A "
s //"'- "\ P \\ W
S ms [ T .
508 V )
i
K_}'“'u u{_.v’"v\_g R /J“'\H
3 I \\ I \
rﬂ 5 ms /’ T\\ / hN e W
18.8 A A% g, AN
N ,

(c) Extended VF-DPC

Experimental results for superimposing a 5" harmonic of
5% on the fundamental grid voltage. Grid phase voltage ugr , virtual-

and phase currentigr (a) for the conventional VF-DPC, (b)

for adding the active damping and (c) for enabling the 5" harmonic

control.
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(b) VF-DPC with active damping
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Figure 4.44: Experimental results for superimposing a 5" 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 5" 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 om-
ponent of 5% superimposed on the fundamental grid voltage. fie 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 dampinga signi cant
ampli cation of the 5" harmonic component is veri ed (Figure 4.43(b)
and Figure 4.44(b)), since the voltage harmonics present orthe lter
capacitor are fed back into the power references via the acte damping
loop. To overcome this drawback the harmonic elimination loop is en-
abled, (Figure 4.43(c) and Figure 4.44(c)), reducing the5" harmonic
component from 17% to around 1.5% and consequently the totahar-
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, awitching ta-

ble selects the output voltage vector to be applied by the inerter. These
two parts, namely power estimation and switching table are onsidered
the heart of the DPC. The power estimation can be performed baed on
voltage and current measurements, however, in order to redee the re-
quired number of sensors, the virtual- ux concept has been mployed. It

avoids the derivation of the load current by using ux quanti ties instead
of voltages.

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

Although the conventional VF-DPC with a rst order L Iter has
demonstrated good static and dynamic performance during egerimen-
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

Iter con guration achieves good attenuation with less tot al inductance,
but on the other hand causes distortion of the generated outpt 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. Distorton caused
by the lter resonance is suppressed through a novel active dmping
approach that acts together with an individual harmonic rejection con-
troller. These additional controllers are based on power gantities and
act directly on the active and reactive power references. Aditionally, a
virtual- ux based phase-locked loop is used to ensure the aoect syn-
chronization with the grid virtual- ux. The e ectiveness o fthe extended
VF-DPC has been experimentally analyzed even for distortedand un-
balanced grid voltages. The results show a signi cant impreeement in
the steady-state and transient behavior when compared to tle 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 constanswitching
frequency and a reduced number of sensors. However, all oféke 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 simpk, however
the switching frequency is variable. The Direct-Power Contol (DPC)
method controls the active and reactive power by using two hgteresis
controllers to select the switching state from a switching &able. The DPC
method has a fast and robust response to transients as it belvas like
the current hysteresis controllers, however it also has a siilar draw-
back of a variable switching frequency. A constant switchirg frequency
DPC can be achieved by substituting the modulation strategy from a
switching table method to space-vector modulation. Neverheless, the
dynamic response becomes equivalent to the voltage orierdecontrol.

Furthermore, for three-phase, three-wire inverters (Figue 5.1) using
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CHC, coupling between phase currents exists since the ratef ehange of
each phase current does not only depend on the correspondirgpplied

voltage but also on the voltage of the other two phases [44] B [63].

The decoupling hysteresis control (DHC) [64] [65] has beenrpposed
for three-level recti ers to minimize the interference between phases
while maintaining all the advantages of the CHC. Reducing ths 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, aabe
achieved replacing the grid voltage sensor by an estimatiormethod.
However, as previously shown, the classical voltage loop agtion de-
mands derivation of the load current, which may compromise he 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, directtae and
reactive power controller operating with a near constant svitching fre-
qguency. The control scheme uses the decoupling hysteresisntroller
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 regme, near
constant switching frequency and relatively simple implenentation.

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

+
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Figure 5.1: Three-phase two-level voltage source inverter.
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5.1. VIRTUAL-FLUX HYSTERESIS CONTROL

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 chandevhenever
the actual current goes above or below a given tolerance boulary.
However, the main dierence is the method to estimate the curent
references, which follow active and reactive power referees 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 swithing states.
The grid virtual- ux is then obtained by subtracting the out put lter
ux ( Lg; = Lgig )fromtheinverter outputvirtual-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
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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 du I-
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 crol, com-
pare a reference current to the actual current in order to cotrol the
switching, the desired active and reactive powers

3 . :
Pret = 5! (g gyref g lgref )
3 (5.1)
Oref = 5! (g dget * g dgrer )
have to be converted to current references, according to
P - 2 g, et g, Pref
g' ’ref 3 | 2 + 2
g; 9
(5.2)
i ; 2 g Pref + ¢ Cref
giref = 23
3 2 2
! ot og

The phase quantities are then obtained by stationary coordnates
transformation (5.3) and regulated by a classic current hys$eresis con-
troller.

ig;R;ref 3 2 1 pO 3 " i #
. 3 g; ;ref
2 lg;Siref g = 2 % ?3 g ) : (5.3)
i 1 P3 lg; iref
g;T;ref 2 >

Based on the comparison between the actuaiy; and reference cur-
rentsig.irer , three independent hysteresis controllers generate the steh-
ing signalss;. If the current error exceeds the upper hysteresis bandh;,
the upper switch of the corresponding phase is turned on, adging “4-
to the ac output terminal. As consequence, the load current gror starts
to decay until it reaches the lower hysteresis band, where th inverter
output voltage is switched to  “g= by turning on the lower switch.
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The strategy maintains the main characteristics of the conentional
hysteresis controller, such as the fast dynamic behavior ah relatively
simple implementation, and avoids extra voltage sensors bysing 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 ariable
switching frequency as can be seen in the frequency spectruifirig-
ure 5.3(b)) and switching frequency behavior over one fundmental cy-
cle (Figure 5.3(c)). One can observe that the current frequacy spec-
trum is spread over a wide range and, although the hysteresiband has
been designed to achieve an average switching frequency 4€Hz, 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 | cycle (c).

These disadvantages can be avoided by replacing the conveanal
hysteresis controller (CHC) by the decoupling hysteresis pproach (DHC),
which decouples the phases and avoids the interaction of thewitching,
allowing for a near constant switching frequency.

123



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

5.2 VF-Decoupling Hysteresis Control

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

The DHC has an additional control loop that generates the curent
control signal, ip. By summing the measured line current,ig; with io,
a virtual current ig;i is formed. With the correct formation of ig the
switching of the hysteresis controller can occur without ary interaction
between each of the phase controllers. The phase interactiois caused
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Figure 5.4: Virtual-Flux Decoupling Hysteresis Control (VF-DHC)
scheme.

124



5.2. VF-DECOUPLING HYSTERESIS CONTROL

because the dc bus mid-point to neutral voltage is not constat, 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 Iter
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.

digr
g (;Jt = ULgr = Unvr Ug:R
di ‘S
LgL = Urygs = Unys Ug:s (5.4)
dt
dig:
g7 )
g dt - uLg'T - Ulnv;T ug;T

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

UnvR = Unvrm T+ UmN
Unv;s = Uinvsm + UunN (5.5)
Unv;T = Upnpy;Tm  + UmnN

whereuiniw  are the inverter ac voltages referred toM , and uyn is
the zero sequence voltage occurring between the mains staomt 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 Uiny:im + ) and a ripple (Ujny:im + ) Voltage of
the current shaping component and the second represents thiew fre-
quency (uy + v ) and ripple (uy + ., ) components of the zero sequence
voltage.

Given that the zero sequence voltages are connected at the 5@
potential (M *), the equivalent circuit can be simpli ed to that shown
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u\nv‘iM

=1 =] E

Figure 5.5: Equivalent circuits of DHC implementation (&) 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 fdlows

UinvRM = Upyrv + T U+ m
Uinv;sM = Uppy;sm + T Um+m (5.6)
Unv;TM = Uipytm + T Un+m
or
dig:
_ g;R
uinv;RM - I—g dt + Ug;R + Unm
dig:
_ g;S
uinv;SM - I—g dt + Ug;S + Unm (5-7)
dig:
_ 9T
Unvtm = Lyg at + UgT + Unm

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

1
Uv+m = 3 (Uinvirm  + Uinvism + UinvTm ) (5.8)

Considering the sum of the phase currents is zero and taking5(6)
and (5.7) into account, it follows

Uu+m = UNM =  UunN (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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dig:r

9 dt = Ujnv;RM Ug:rR § (Uinv;RM + Upv:sm T Uiny:Tum )
digs
g C?{ = Uinv;sm Ug:s § (uinv;RM + Uinv:sM  + Uiny:Tm )(510)
digr
Lo C?t = Uinvtm - Ugs 3 (Uinvem  + Uiny;sm + Uinytm )

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 (lgure 5.5(b))
as a high frequency switching voltage componentyy « y.r .

In the case whereM , the mid-point of the dc capacitors is directly
connected to the mains neutralN, (uyny =0) and/or Ui:i = Uinvim
there is no mechanism for any interaction between the phasedsrhis is
because the current,ig;, that ows in each phase is only dependent on
the total voltage measured to the mid-point, Uinvim  as shown in (5.4)
and (5.5). The fundamental current is produced by the voltage di erence
of the mains voltage, ug;;, and the fundamental voltage at the output
of the inverter, uin:im:1 . The current ripple is created from the high
frequency switching voltage at the output of the inverter Uiny:im:r

In order to eliminate the interaction between phases for the case
when the mid-point M and the mains neutral N are not connected,
an additional current term, ig, is added into the current controller
(ig;i = igi + io, cf. Figure 5.4). The current signal, io, is generated
by integrating either the calculated voltage uy + v given by (5.8) or the
measured zero sequence voltage,n as given by

Z
io: i UMmN dt: (511)
LQ

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 freqency
switching in each phase does not have any interaction with te other

two phases.

Although DHC makes the switching frequency more uniform then
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 oyt lter
task simpler. The harmonic performance can be substantiajl improved
by varying the hysteresis band over each fundamental cyclesince the
switching frequency is dependent on the voltage di erence eross 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 shen in Fig-
ure 5.6(a).

”7“1'::_ e

o—t Uinv,i 4

2|71 Ugc
T2 eyt

«— T —>

v

(a) Single-Phase Half-Bridge In- (b) Hysteresis band and In-
verter verter output voltage

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

dig.i
Uinvim = Lgd—’ + Ug;i: (5.12)
t
Since the expressions for the three phases are identical, iorder to
simplify the following equations, the coe cient i that represents the
three-phases (= R; S; T) will be omitted.
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For a given phase current referencéger , the inverter output voltage
can be described by

dig;ref

+
dt

Uinv;mret = Lyg Ug: (5.13)

De ning the current error as

ig=ligrer Y (5.14)

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

_, dCig),
Uinv;M;ref Uinvim = LQT- (5.15)
Assuming that during one switching period, (Figure 5.6(b)), the fun-
damental voltage is constant and the inverter either impreses+ %udc
(upper switch on) or a %udc (lower switch on) voltage at the inverter's
ac side terminals, expressions for the on and o time can be dermined.

During the on time (ton), the inverter applies + %udC to the load,
increasing the current fromi§ = igrer hto i = igrer + h. Therefore,
during the on time, equation (5.15) can be expressed as

Ude _ L [ig;ref (ig;ref + h)] [ig:ref (ig:ref h)] .
<= L4 :

Uinv;M;ref 2

ton

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

2L 4h

ton = udc—g (5.17)
= Uinv;m;ref

When the grid current reaches the upper hysteresis band, théower
switch is commanded, generating an output voltage equal to %udc.
As consequence, the current decreases fromg = igrer + h back to
ig = igret  h. From that, the inverter output voltage equation during
the o time is calculated.

130



5.2. VF-DECOUPLING HYSTERESIS CONTROL

u ig; ig; h ig: i + h
Uinv;M;ref T —d - Lg[ giref (gref N ligyrer (igrref )]
2 toff

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

2L 4h
toff =

_ 5.19
u% + Uiny:M:ref ( )

By combining the switching time equations (T = to, + tef ) and
rearranging, the hysteresis band,h;, required to produce a constant
frequency is expressed as

(u%)z uﬁw'i
hj = —~———: 5.20
: 2 Lg fs udc ( )
For a sinusoidal output fundamental inverter voltage, Uiny:i , the shape
of the hysteresis band for one mains period is shown in Figur.7. The
magnitude has been normalized by dividing by the peak value bthe
reference current.

0.2
SHAN / 2\ /|
\ [\ /
€ o\ / \ /
£ \ / \ /
NS N\
0.05
0
0 2 4 6 8 1C
Time[ms]

Figure 5.7: Normalized hysteresis band shape for one mains period.

The fundamental component of the inverter output voltage uin,; used
in equation (5.20) is not directly available, however it canbg calculated
from the estimated output inverter virtual-ux (i = Ui dt).
The phasor relationship between the inverter voltage and witual- 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 anglg.

Uinv;: = Uy SIN( u)

Uinvy €OS (y): -21)

Uinv;

Since the voltage is leading im(° the virtual- ux, one can a rm that

u = , therefore equation (5.21) can be rewritten as
Uinv; = Uiny SIiN() (5.22)
Uinv; = Ujpy COS():
Describing the trigonometric functions as follows
sin = and  cos = (5.23)

inv inv

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

) _ Uinv
Uiny; = inv;
inv

(5.24)
Ui
Uiny; = |-nv inv;
inv
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where the factor Yo js assumed to be a gairk, proportional to the
integration attenuation at fundamental frequency ( 50dB at 50Hz).

The stationary

Uiny;

Uinv;

in

inv;

Vi

(5.25)

components are then converted into phase quan-

tities (5.26) and used in the modulated hysteresis equatior(5.20).

Mains CurrenA]

2 3 2 3.
uinv;R 1 0 #
Pz Uinv
— 3
i Uinv;s g— i % ? g (5.26)
1 3 Uinv
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Il \\“""”‘!‘V"V‘th" i —
5 ““[“‘LL ! M‘f‘m“ -§ o
W ‘iW , =
\”’\NV lm‘l\w‘r 5
o4/ N‘““v“‘w‘w, il S 4
N MU
i i E=
5 e B
] T <
-10 T T T T 0
0 a 8 12 16 20 0 4 8 12 16 20
Time[ms] Frequency[kHz]
(&) VF-DHC - grid current (b) VF-DHC - current spectrum
10
T 8
x
°g’_ 4
o 2
[V
O T T T T T
0 4 8 12 16 20
Time[ms]
(c) VF-DHC - switching frequency
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 5.9Adding the
zero sequence currentp to the actual current reduces the interference
between phases (Figure 5.9(a)) and allows for a near constasswitch-
ing frequency in one cycle period, as illustrated in Figure 3(c), due to
the modulated hysteresis band. The switching becomes moreeatered
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 ¢ op-
erate with an average switching frequency ofdkHz. Due to this low
switching frequency and low power rating the utilized indudor 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 dierent sampling frequencies in order to optimize the
processing time. To avoid large current excursion outside lte hystere-
sis band, the comparison between the error signal and the hysresis
boundaries is performed in a fast20kHz control loop. This control
loop also reads the two phase currents and the DC voltage at th same
sampling rate using the DSP's internal 14-bit ADC. During the ADC
conversion time of725ns, the algorithm calculates the midpoint to neu-
tral voltage using derived phase to midpoint voltages that ae based on
the switching state and previous sample instantaneous DC iput volt-
age. The midpoint to neutral voltage is integrated and summael to the
current references. All 6 inverter switches are updated simltaneously
at the end of the calculations. The calculation of the refer@ce currents
and variable hysteresis bands are updated at a rate oAOkHz.

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 is90° lagging the grid
voltage (phaseR). The controlled phase current is in phase with the
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Figure 5.10: Experimental result of mains phase voltage ugr , virtual-
ux 4  and phase-currentigr of the proposed VF-DHC.

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

The current referenceigryrer , 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 reactig powers adjust
amplitude and phase shift of the phase current.

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

Figure 5.11: Experimental result of mains phase voltage ugr , phase
current reference igryrer  and actual phase current igr .
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(c) VF-DHC with modulated hysteresis
Figure 5.12: Grid voltage ugr, grid current igr, hysteresis band h

and gate signals us;g of (a) VF-CHC (b) VF-DHC (c) VF-DHC with
modulated hysteresis band.
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(c) VF-DHC with modulated hysteresis

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 switting
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 fauency be-
havior over one cycle period (Figure 5.13(a)) and the currehspectrum
(Figure 5.14(a)) shows that the switching is occurring overa relatively
wide frequency range. Adding the zero sequence current to # mea-
sured currents the switching becomes more uniform, as can babserved
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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 diectly by
the instantaneous switching frequency (Figure 5.13(b)) awl the current
spectrum (Figure 5.14(b)) that becomes more uniform. Moduéting the
hysteresis band (Figure 5.12(c)) the switching frequency bcomes 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 inhent in
the hysteresis controller as can be seen from a step changetbé power
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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) 500s time scale. Active power reference
pref , actual active power p, grid phase voltage ugr and current igr .
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reference (Figure 5.15). Figure 5.15(a) shows the estimatkactive power
(p) quickly tracking the active power reference e ) during a step from
40% to 80% of the rated power. The same behavior is observed the
negative step from 80% to 40% (Figure 5.16(a)). A rise time 0600s is
observed in the positive step (Figure 5.15(b)) while an everfaster time
response is noted in the negative step (Figure 5.16(b)). Bdt cases show
that an active power step does not have any in uence on the reetive

power (Q).
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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) 500s time scale. Active power reference
pref , actual active power p, grid phase voltage ugr and current igr .
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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{9, the switch-
ing action of each phase is still independent and not coordiated on a
system basis.

A switching performance similar to the carrier current control where
the switching signals are centered around the midpoint of a plse period
can be achieved by using a synchronization method (Figure 87) pro-
posed in [65]. This technique uses a phase-locked loop foramphase,
based on a common xed reference signakf and the current error sig-
nals ig;, to perform a ne adjustment of the varying hysteresis band
h; and as consequence, synchronize the switching of all thrgghases.

The phase-detector block (P.D.) generates an output signathat rep-
resents the di erence in phase between the current error ig;i and the
reference signalref . A signal proportional to the phase dierence is
produced by the low-pass Iter and is added to the pre-calcuated mod-
ulated hysteresis bandh;. The resulting hysteresis bandh? allows for a

synchronized and constant switching pattern.

o he N By
9R q TY £t ‘
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—> N »( <
. he e Yac
DgT + 1+
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Figure 5.17: Phase-Locked Loop used to synchronize the switching of
the three-phases.

Besides the high frequency zero sequence injection used t@abuple
the switching decision of the three-phases, a low-frequegccomponent
based on the common mode third harmonic voltage s,) can be added
to the ip 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 he original
sine reference waveform.

inv,iM

?

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

The modulated zero sequence current 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. Nesrtheless,
this third harmonic component does not a ect the line-to-li ne voltage,
and consequently the phase currents, since the common modeiage
is canceled between the phases.

The third harmonic voltage us, can be generated either from a three-
phase bridge recti er connected to the mains voltage or matematically
using

1
Ush = 3

1 .

2

5.3 Extended VF-DHC with LCL Filter

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

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

Despite the active damping, the extended VF-DHC shown in Fig
ure 5.19, incorporates to the conventional approach the samouter 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 reagt power of
the capacitor Iter, since the active and reactive powers ae controlled
at the inverter side. Additionally, a phase-locked loop is alded 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 usitige 6kW
inverter setup described for the L Iter VF-DPC and VF-DHC ap -
proaches, except by the output Iter that is replaced by a third order
LCL lter ( Liny =7:9mH, Ly =3:5mH and C =14:1F ). The sample
rate of the main loop is reduced to14kHz due to the limited computa-
tion time, since further calculations are required for the auter loops. The
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Figure 5.20: Experimental result of grid phase voltage ugr , virtual- ux
g; and phase currentigr (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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5.3. EXTENDED VF-DHC WITH LCL FILTER

active damping calculation is included in the 40kHz loop. Additionally,

in order to calculate the 5" harmonic control, the reactive power of the
Iter 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 theCL reso-
nance damping, the5" harmonic reduction and the capacitor reactive
power compensation is observed comparing the phase currerfigr)
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 currdrspectrum
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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 dampedni the ex-
tended method (Figure 5.21(b)). The same behavior is obseerd in the
5" harmonic component that is reduced from 3% to around 1.3%.

A correction of the reactive power is also observed when congping
the phase shift between grid voltage,ug.r, and current, igr, for the
conventional approach (Figure 5.20(a)) and the extended m#od (Fig-
ure 5.20(h)).

Figure 5.22 and Figure 5.23 show the experimental results afynamic
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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 prer , actual active power p, grid phase voltage
ugr and current igr .
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response when a step from 40% to 80% of total active power is\@n. 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 fes ) is maintained (Figure 5.23).
Since the control action is performed at the inverter side, he reactive
power is compensated, as can be seen in Figure 5.22(b), by add the
estimated capacitor reactive power to the reference and thefore, to the
controlled actual reactive power.
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Figure 5.23: Detailed rise time (a) for the conventional VF-DHC and

(b) extended approach. Active power reference prer , actual active power
and reactive power p and g respectively and current igr .
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The performance of the system under unbalanced grid voltagéphase
R +10% and phaseS 10%) is also veried. Figure 5.24(a) shows
the unbalanced three phase voltages and the resulting grid fpase cur-
rent for the case without Phase-Locked Loop (PLL). The distated
phase currents are caused by the unbalanced estimated gridirual-
ux (Figure 5.25(a)). Balanced grid virtual- ux (Figure 5. 25(b)) and
consequent reduction of low order harmonics present in thergd current
(Figure 5.24(b)) are achieved by including a PLL in the exterd method.

(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 currentig; and grid voltage ug; (a) conventional VF-DHC with-
out PLL and (b) extend VF-DHC with PLL respectively.
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(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; and grid virtual-ux 4 (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 wich 5%
of the 5" harmonic component is superposed on the fundamental grid
voltage. High level of 5" harmonic component and the resonance fre-
guency leads to a high total harmonic distortion for the casewhere the
conventional VF-DHC is implemented as can be seen in Figure.26(a)
and Figure 5.27(a). The resonance component is suppressechen the
active damping is enabled. On the other hand, the5" harmonic present
in the capacitor voltage is fed back through the active damping loop am-
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(c) Extended VF-DHC

Figure 5.26: Experimental results when 5% of the 5" harmonic is
superimposed on the fundamental grid voltage. Grid phase voltage ugr ,
virtual-ux g and phase currentigr (&) with the conventional VF-

DHC, (b) adding the active damping and (c) enabling the 5" harmonic

control.
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(b) VF-DHC with active damping
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Experimental results when 5% of the 5" 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 5" harmonic control.
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plifying the e ect of such harmonic in the grid currents as illustrated
in Figure 5.26(b) and Figure 5.27(b). A signi cant reductio n from 13%
to around 2.5% of the 5" harmonic on the grid current is reached (Fig-
ure 5.26(c) and Figure 5.27(c)) by adding the5™ 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 hysteres 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 fastansient
response and reduced number of sensors. However, due to thegskeresis
properties, another frequent requirement, namely a constat switching
frequency, is not respected.

One of the main reasons for the resulting variable switchingrequency
of the hysteresis approach is the coupling between phasesjherent in
three-phase systems without physical connection betweenhe 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 decoupd strat-
egy is included into the classical hysteresis control. The ecoupling em-
ploys an additional control loop that generates the zero segence current
io, which is added to the measured grid currents. With the corret for-
mation of i the phase switching decision can occur independently with-
out the in uence of the other two phases. Although the decouping hys-
teresis control (DHC) makes the switching frequency more uiform, the
xed hysteresis band impedes a constant switching frequenc However,
by properly modulating the hysteresis bands, a near constanswitching
frequency is achieved.

A current control technique which respects most of the requiements
for grid connected application is developed by combining tle decou-
pling hysteresis current control with the virtual- ux and p ower estima-
tions methods, so that the advantages of fast dynamic, near @anstant
switching frequency, reduced number of sensors and relatdly 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 darping,
harmonic control, phase-locked loop and reactive power copensation
blocks are incorporated to the conventional VF-DHC in orderto com-
pensate undesirable characteristics ot CL lters. The performance of
the extended method has shown a signi cant improvement of tlke grid
current quality without a ecting the transient response. T he method
has been also tested under several conditions such as unbated sup-
ply voltage and harmonic component superposed on the grid Jtage.
In both cases, VF-DHC shows good performance due to the propep-
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 topolagy is em-
ployed. However, high voltage applied to the semiconductas limits the

use of this topology for high power and high voltage applicaibns, an

area in which multilevel inverters are emerging and consecently, 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 neutratpoint clamped
(NPC) voltage source inverter (Figure 6.1) has demonstratel some ad-
vantages over the conventional two-level inverter. It has keen applied in
medium and high power applications due to the inherent advartages,
namely: voltage across the switches is clamped to half of thelc-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 threstidict
output voltage levels referred to the dc-link mid-point M , instead of two
generated by the classic six-switches two-level topologyigure 6.2 illus-
trates the switching combinations used to generate these fttee voltage
levels. A positive output voltage “$= is achieved connecting the inverter
output to the positive terminal (Figure 6.2(a)) through the two upper
switches (S11 and S;2). The two inner switches (S12 and S;3) are turned
on in order to perform an output voltage equal to zero (Figure 6.2(b)).
Nevertheless, although in this case both switches are commaed to
operate, only one is conducting the load current from the ddink mid-
point M to the output terminal through one of the clamping diodes.
However, depending on the load current direction, the currat might
ow from the load to M, along the other pair switch/clamping diode.

(a) =g (b) zero
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 —5% the two lower switches (S13 and Si4)
are turned on (Figure 6.2(c)).

Expanding this analysis for a three-phase system, the numlreof pos-
sible switching combinations is increased to3® = 27. However, these
27 states do not result in the same number of distinct output \oltage
vectors, due to the presence of redundance in some combinatis which
apply the same line-to-line voltages [67].

The output voltage vectors illustrated in the space vector dagram of
Figure 6.3 can be classi ed into four categories accordingd its magni-
tude, namely: zero space vectot)y which corresponds to three con gu-
rations that produce null output voltage, small vectors (U, Uz, Uz, Uy,
Us and Ug) that create a voltage space vector with amplitude equal to
e medlum vectors Us, Uig, Uiz, U1a, Ui and Uzg) with an ampli-

tude of udc and large voltage vectors U7, Ug, U;1, U13, Uis and Uz7)
that generate a space vector with amplitude equal to2 SUdc-

Therefore, as summarized in Figure 6.3, there are 19 distinmutput
space vectorsUg to Usg, 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),

[ oy (11-1)
Ui ‘\‘Ulo Ug
g (010). (110) .
(-110) (-10-1)», - (00-1) (10 1)
y y

Uns Uy Uo' | (111) U U

(112)", ©011) BEEEE) 7 (100) (1-11) e
(100)° I R (=

Uss,

/,"(1-10)

Figure 6.3: Space vector diagram of a three-level inverter.
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where each column represents one phas®( S and T) and the numbers
1, 0 and -1 indicate the phase connection to the positive, newal and
negative point of the dc-link, respectively.

In comparison to the two-level topology which generates sean 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 compland de-
mands an especial and dedicated control strategy which alles to change
between small, medium and large voltage vectors, respectinsome pre-
de ned constrains concerningdu=dt, dynamic response and switching
frequency.

Furthermore, despite all the bene ts mentioned above, the N°C-VSI
has a problem that excessive high voltages may be applied tde 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 tates
concerning the voltage space vector generated at the outpubf the in-
verter [69]. The redundant switching states are characterzed 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 clasaiacon-
trol techniques to be used in multilevel topologies, by inclding extra
features which permit to achieve a proper load current regution using
higher number of voltage vectors and controlling the dc-lirk mid-point
potential. The most exible method and widely used for such gplica-
tion is the space-vector modulation [73] [74]. The mid-poih control can
be achieved for example by applying a combination of two or mee space
vectors, especially small redundant vectors, in one samplperiod result-
ing in an average zero mid-point current [75]. The relative diration of
each switch state in one sample period is adjusted in order teompen-
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 nobe used,
since a single vector is selected every sample period withbgonsider-
ing previous and next vectors. Therefore, di erent strateges have to be
found in order to adapt the classic DPC and DHC for the three-evel
NPC inverter.
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6.1 VF-DPC for Three-Level NPC Inverter

The proposed VF-DPC scheme (Figure 6.4) to be employed with e
three-level NPC inverter is a natural extension of the clasgal VF-DPC

previously used for two-level systems. Some modi cations mst be done
in order to minimize the output voltage harmonic distortion and to
assure the balance of the mid-point voltage by appropriate slection of
redundant vectors.

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

Depending on the space vector selected by the switching tabl the
voltage balance strategy will choose the proper state accding to the
mid-point voltage deviation and load current direction.

S ﬁst _ Ig,

Voltage Balance | : Ig,i
€. ¢
T e g
g 4 L
Posiive Negative

Grid Virtual |
Flux Calculation

qref

A\ o~ Power 9
P » )€ Estimaton [
ref

Figure 6.4: Block scheme of the VF-Direct Power Control for three-level
NPC inverter.
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6.1.1 Voltage Vector Selection

With 27 possible choices for voltage vector selection, the \@tching Ta-
ble in three-level inverters becomes more complex comparedgith two-
level topologies, however it allows much more possibilitie to satisfy the
commutation condition.

3 q- q+
—
Uz Uz

N
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e
Uy Uo ¢ U
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Us Us
(a) Two-level
T. q- g+
— —
Ui Uio Ug
1110 9
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2 /V
_ /Ui Uy Uo Y Yy -
U; :
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(b) Three-level

Figure 6.5: Voltage vector selection of (a) two-level and (b) three-lev el
inverters.
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According to the analysis presented in Section 4.1.1 for a ta-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 virtual- ux
vector the reactive power is controlled. Therefore, considring 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 i&@we 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 adjustthe active
power, there are seven. For instance, the small vector 2 andhe large
vector 9 would drive the inverter virtual- ux in the same dir ection, nev-
ertheless, with distinct magnitude. This creates a degree fofreedom 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 ly a double
band hysteresis method as shown in Figure 6.6.

Dp,
Up, : : :
/Small /\ Two:level
u / v /
pL / \ /
// Large / /

/

pl Large

/ / Small / Three-level
p2 | . .

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

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

As consequence of selecting more voltage space vectors iretthree-
level inverter VF-DPC, the harmonic content in the output vo Itage 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 vectordHowever, as
occurs in the majority of the systems, in order to increase tle utilization
range, the dc-link voltage and consequently the inverter vitage 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.

U3 % \p )

Uy Uo

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

In this case, the small vector selected in Figure 6.6 to redue the
growth rate of the active power when the error signal reacheshe upper
negative bandl,, will actually force the system to inverse the direction
of power generation (Figure 6.8 - curve a). This occurs becage the
small vector magnitude is smaller then the grid voltage, reslting in a
negative voltage drop (compared toug = 0) across the inductor Iter
(UL = Uy Ug).

A simple alternative for this inconvenience is to avoid the dange
between large and small vectors when the active power errorrossesd 1
(Figure 6.7 - curve b). The error signal will continue to decrease until
it reacheslpz, 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 seqgnce to
realize an opposite e ect on the active power may result in hijh adu=dt.
Assuming the grid virtual- ux in sector 5 (for the numbering of the
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Dp ,

p2

pl

pl

p2

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 tincrease
the active and decrease the reactive power, the vectors 145land 16
are generally preferred to decrease the instantaneous agg power, when
the active power error crosses;,, 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 phasel would change directly from

44 to Yg=. This resulting high U impedes such strategy to be used
in most of applications.

The best performance concerninglu=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 powewhen
the grid voltage vector is located between inner and outer heagons, a
modi ed hysteresis strategy which ensures that only neighloring vectors
are selected is utilized (Figure 6.9). The active power errpis maintained
inside of two consecutive boundaries according to the syste operation
point.

If the error increases beyond the positive upper bandupz, a large
voltage vector is selected to decrease the error until it reehes the pos-
itive lower band up; where a small vector is applied. Assuming that
the grid voltage vector is rotating and shows an amplitude hgher than
the amplitude of the small vectors, the error signal directon will be
reversed. If the modulation index is maintained nearly congant, the
active power error continues to switch between these two bouodaries,
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u p2 Large
u %\
oflet Pl Smalj
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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 geneated
active power, when pis kept inside the two upper hysteresis bands. In
this case, adc value is added to the active power variation.

p’= p+ offset (6.1)

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

P = Pref p offset: (6.2)

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

Pres + Dp [ Dpoff r“j

et ; N
) o o

p ppre + oﬁset

5]

Figure 6.10: Active power o set compensation.
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6.1. VF-DPC FOR THREE-LEVEL NPC INVERTER

the two upper hysteresis bands, a constant valueppe proportional to
the boundaries limits (6.3) is added to the active power erro signal p.

Ppre = Up1 + 2

(6.3)

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

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

As mentioned earlier, the reactive power is regulated by inceasing 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 increaes the active
power. Among these options, vector 9 can be selected to incase and
12 to decrease the reactive power, however switching betweehese two
vectors would cause highdu=dt in at least one of the phases. A good
performance is achieved if a single band hysteresis with zercrossing
detection is used (Figure 6.11). The zero detection is appdid to choose
an intermediate vector which does not cause a big in uence orthe re-
active power, however, creates a link between two other veors without
resulting in a high U. Using the example given above, vector 11 is
applied when the error signal comes down to the negative band, to
decrease the reactive power. When q crosses the zero line, vector 10

mll

Ug

VANRYA\
VARV

Figure 6.11: Reactive power hysteresis strategy.
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is selected until the error reaches the upper bandig where vector 9 is
then chose. Therefore, the selection of the vector 10 (0 1 -1avoids the
phaseR to switch from  “4= applied by vector 11 (-1 1 -1) directly to
24 generated by vector 9 (1 1 -1).

Based on these details the switching table for the three-lesl VF-DPC
can be de ned (Table 6.1). The levels of the double band actie power
hysteresis are denominated as -2, -1, 1 and 2 starting frort,, to up>.
For the reactive power hysteresis, level -1 is selected whethe error
signal reaches the negative band,. Level O is chosen when q crosses
the zero line and level 1 for the upper boundaryug.

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

Sector
d, dq 3 4 5 6
-2 -1 | Uiz Ups Uz U
-2 0 U14 U15 U16 Ul7
-2 1| Uis Uy Uz Usg
-1 -1 U Uy Us Us
-1 0| Us Us Us Us
-1 1] Us Us Us Us
-1 U Us U3 Us
0 U2 U2 U3 U3
1| Up U, U, Uo

1
1
1
2 -1| Uy Up Uy Up
2
2

0| U Uy Up Up
1| Uz Ug Ug Ugp

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

U to “4=. A large vector can change to a neighboring large vector to
control reactive power or due to a sector change. For regulang the ac-
tive power, the switching table always changes between smiaand large
or medium vectors.
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U1o 7

Uro Us U, Us
,/'
Uiz U,y Uo 9 Uz s
Uz !
Uiy Us
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 veobrs are the
most important source of mid-point voltage unbalance. As mationed

Figure 6.13:
of a three-level inverter.

(11-1)

Uo*

(110)

(00-1) (10-1)

U : Usg :

U1 U7 o
(100) (1-11) o
(0-1-1)

Redundant switching states of the small voltage space vectors
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before, small vectors come in pairs, as shown for example forector
U; 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 capaitor. In the

opposite state, the current ows into the mid-point, chargi ng the lower
capacitor and consequently discharging the upper capacito[69].

An illustration of the e ect caused by redundant switching states (0
-1-1) and (1 0 0) of the space vectotJ; on the mid-point current can be
seen in Figure 6.14. Although the line-to-line voltages praluced by both

(b) Negative

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 = “4, ust =0 and utgr = —5%),
im 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 capacitois charged and
the lower capacitor is discharged. An opposite e ect on the apacitor
voltages is observed when the state (1 0 0) is chosen, sincestimid-point
current now ows into the mid-point, as shown in Figure 6.14(b).

The presence of these redundant switching states creates agdree of
freedom for controlling the mid-point potential by knowing iy and the
mid-point voltage deviation.

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

Uc, = Uc Uc,: (64)

However, in order to reduce the switching frequency due to chnging
between vectors for mid-point voltage control, a ripple on the dc-link
capacitor voltages is allowed and limited by a hysteresis adtroller. If
the voltage deviation uc, does not reach one of the hysteresis bound-
aries, the status of the mid-point voltage u is maintained. When uc,
crosses the positive boundary, the controller output switdied to 1. This
output is maintained until the voltage error reaches the negtive hys-
teresis limit, where the output is changed to O.

Each phase has in uence on the mid-point currentiy, only when the
respective phase is connected to the mid-point potential. herefore, iy
can be calculated based on measured phase currents and theatd of
each phase:

iM = MPR iinvk + MPs dinvis + MPT dinv;T (6.5)

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

Based on the direction of the generatedy 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 pats, which
contain the same structure except for the small vectors (redndant
switching states) that are allocated according to the e ect on the mid-
point current. A small vector that produces a positive iy will be referred
as a positive small vector and the one which generates a nege¢ iy ,
will be called a negative small vector, as summarized in Tald 6.2.

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

Positive Small i Negative Small
Vectors M Vectors
U, (0-1-1) finv:R (100 finvR
Uz (110 Finv;T (0 0-1) Tinv;T
Uz (-1 0-1) linv;s (010 linv;s
Uy (011 linviR (-1 00 linviR
Us (-1-1 0) Finv:T (0 01 Finv:T
Us (101 finv:s (0-1 0) finv: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 @, and dy) and sector indication. By knowing the state to be
applied and the instantaneous measured phase currents, theesulting
im is predicted using (6.5). If the predictediy would increase the mid-
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point potential deviation even more, the opposite redundan vector is
selected by switching to the negative switching table.

For example, the active and reactive power hysteresis and th sector
decision block indicate the small vectorU; as the appropriate choice.
A priori the positive small state (0 -1 -1) is selected by the psitive
switching table. As a result, according to (6.5), the mid-pant 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 iy = ijn:r Which would discharge the
lower capacitor, and consequently increase the deviationln this case
the opposite negative small vector (1 0 0), which generates aegative
current iy = iinv:r , Must be employed to charge the lower capacitor
and reduce the voltage unbalance.

The logic decision to switch among the positive and negativaable is
summarized in Table 6.3. If bothiy and u have the same signal, either
positive (1) or zero (0), the negative switching table is setcted (T=1),
otherwise the state chosen by the positive table is maintaied (T=0).
This logic can be simply implemented by usingiy and u as inputs of
an exclusive NOR (XNOR) hinary logic, as presented in Figure6.15.

Table 6.3: Logic decision among positive and negative table.

Z_.
c
—

PRk OO
R ORrROo
R OoOoR

6.1.3 Simulation Results

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

The estimated grid virtual- ux ( ¢. ), lagging the grid phase voltage
by 90°, is shown in Figure 6.16(a). The virtual- ux is used to calculate
the instantaneous active and reactive powers applied to canol 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.

500

250

2504

Mains Voltage and Virtual-Flu

50 " T " T " T " T "
0 8 16 24 32 40
Time [ms]

(a) Grid Voltage and Virtual-Flux

20

104

Mains currenfA]

o 8 16 24 32 4
Time [ms]
(b) Grid Current

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 leev 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 reacheg(ugc=2) (5% ugc=2)]
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(a) DC-link capacitor voltages
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(b) Mid-point current

Figure 6.17: Simulation results of (a) voltage across the upper and
lower dc-link capacitors (upper ucy, and lower uc;) and (b) resulting
mid-point current.

the mid-point voltage controller gives preference to redumlant vectors
of the negative switching table, which will produce a negatve mid-point
current (Figure 6.17(b)) and consequently charge the lowerc-link ca-
pacitor. The mid-point current resulting from small vector s is main-
tained negative until the voltage reaches the upper hystersis bound-
ary [(uge=2) + (5% uqgc.=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 siralation in
Figure 6.18. Referred to the dc-link mid-point M the inverter can gen-
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Figure 6.18: Simulation of a resulting inverter output phase voltage ref erred
to the dc-link mid-point M.

erate Y&, Oand UYg.

The dynamic behavior of the presented VF-DPC is observed fora
step response of the active power, as shown in Figure 6.19. €hfast
tracking previously achieved with the two-level approach s 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 600s .

6 Active power

s \
\

2 4 N\WV\MWWWW\WMNWWWM\NJ\Mise time@ 600 s
q;) 4
o 2 Reactive power

O-IVUAMAN NS AAN AL AU WAL ANAN WA I
< 20 Reference step
4 |
c 104
g
3 0
1]
& -10]
© -
=

-20 T T T
0 10 20 30 4C

Time[ms]

Figure 6.19: Simulation of the step response for changing the active power
reference from 4kW to 6kW .
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6.1.4 Extended VF-DPC with LCL Iter

Extra control loops namely, active damping, individual harmonics con-
trol, reactive power compensation and phase-locked loop,aleloped in
Section 4.2 to extend the conventional VF-DPC for a third order LCL

Iter may also be included to the proposed VF-DPC for three-level
NPC inverters. These blocks designed to act directly on the etive and
reactive power references are completely independent of ¢hinverter
topology or number of output voltage levels generated, and herefore,
do not require any adaptation.

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

Yse
2

l+
M
T
Yse
2

i C

inv,i i

Capacitor Virtuall
y Flux Calculation

level

poffsel "

S

Offset
Compensatiol

Grid Virtual
Flux Calculation|

Capacitor

Reactive Powe

Estimation

Harmonic|
Control

ci

Active
Damping

Gy

o

Figure 6.20:

Py

Block diagram of the extend VF-DPC with active damping,

harmonic control, phase-locked loop and reactive power conpensation.
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6.1.5 Simulation Results

To con rm the e ectiveness of the extended VF-DPC with LCL output
Iter, simulations have been carried out with the same 6kW output
power, 2:5kHz average switching frequency andB800V dc-link voltage
level as used for the conventional approach. The rst orderL lter has
been replaced by a third orderLCL Iter ( Liny =17mH, Ly =5:6mH
andC =18 F ).

The oscillations caused by the lIter resonance are reduced hen the
active damping loop is added to the conventional approach, & 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

20 20
3 10 < 104
c 4 c
g g
3 0 3 0
(2] %2}
% 1 %
= -104 = 104

-20 T T T T -20 T T T T T T T T T

0 8 16 24 32 40 0 8 16 24 32 40
Time [ms] Time [ms]
(a) Conventional VF-DPC (b) Extended VF-DPC

9 9
= =
S THD = 9.3% S THD = 1.7%
5 5 6]
S S
T T
° °
2 2
= S %
£ £
< <

1 5 10 15 20 25 1 5 10 15 20 25
Harmonic order Harmonic order
(c) Conventional VF-DPC (d) Extended VF-DPC

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 commnents.

Although the extended method includes additional loops to he con-
ventional method, the mid-point voltage controller is not a ected as
shown by the upper and lower dc-link capacitor voltages in Fgure 6.22.

460
Uch

340
460

U,

34 T T T
0 50 - 100 150 20C
Time [ms]

Capacitor VoltagdV]

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 antly
a ected, however oscillations caused by the resonance arerastically
reduced (Figure 6.23).

8 8
Active power Active power
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(a) Conventional VF-DPC (b) Extended VF-DPC

Figure 6.23: Simulated time response of (a) conventional and (b) ex-
tended VF-DPC, to an active power reference step.
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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 NP C in-
verter follows the same concept as studied for the VF-DPC sobme. The
higher number of available voltage vectors and the necessitto control
the dc-link voltages, demand special attention on the voltaye vector se-
lection criteria. Figure 6.24 shows the extended VF-DHC scbme. The
main idea of controlling the grid current through a hystereds control and
the decoupling strategy are maintained. The estimated virual- ux and
the desired active and reactive powers generate the currenteferences
to be compared to the measured currentsg; with added zero sequence
current ig. However, in order to allow the selection of three voltage leels
a three-level modulation is implemented by replacing the caventional

N
Ug’i
Ly,
T3
N
igi DHC
. sL
* '0+|0 o Uy 18 ‘uin)/,iM
It i e
Ig,i
pref ig iref Dg i ih (l"nv,l ’ L{jc) S 3~
—»| Current - d ! )’E
; > Refeences’—q_ J—
re —
Uy et M
Y
2
! g !inv ‘ [ e
b + .~ nverter 2
o =] G =

% iy

Figure 6.24: Block scheme of the VF-Decoupling Hysteresis Control for th e
three-level NPC inverter.
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single-band hysteresis by a double-band hysteresis stragy. Addition-
ally, a method based on the manipulation of the zero sequenceurrent
component according to the dc-link voltages unbalance is irplemented

to control the mid-point potential.

6.2.1 Hysteresis Strategy

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

The main di erence in a three-level inverter, as previouslymentioned,
is that three voltage levels can be applied to each phase, naaly: + ugc.=2,
0 and ugc=2. Therefore, to increase or decrease the line voltages, ther
are more possibilities than for a two-level inverter, demauling a higher
number of hysteresis limits. In generaln 1 hysteresis bands have to

\
¢ |\ / \ / = N\
£ \ / \ / = \ /
a] N/ \/ a8 N/
< \ |/ \ / < \ |/
\/ \/ \/
o Uiy g (1) [ Uy avg(t)
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(] (]
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2 2

Time

(b) Three-Level

Time

(a) Two-Level

Figure 6.25: (a) Conventional two-level and (b) three-level hysteresis
strategies.

179



CHAPTER 6. CURRENT CONTROL FOR THREE-LEVEL INVERTERS

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 tlge output
voltage levels, a dedicated strategy to perform correctly he level deci-
sion is necessary. The basic principle of the employed cortl strategy
is shown in Figure 6.25(b). When the current exceeds the uppeinner
hysteresis band, the controller selects the next higher voage level to
drive the current error to zero. When the error crosses the laer 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 nobe ade-
guate 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 againwitch to the
next higher (or lower) voltage level to reduce the current eror and to
ensure again operation between the inner hysteresis bandBy selecting
always the next higher or lower level, this method requires aly a single
switch commutation for reaching the new inverter state.

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

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

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

d( 9
dt

When the current error reaches the upper hysteresis band, tba con-
troller turns on the two upper switches to allow the inverter to generate
an output voltage of + “&. As consequence, the instantaneous current

Uinv;M;ref Unvm = Lg (6.6)
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increases fromi§ = igrer  hto i = igrer + h. Therefore, during the
on time, equation (6.6) is described as

Udc _ [ig;ref (ig;ref + h)] [ig;ref (ig;ref h)]
Uinv;M;ref > " Lg :

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

2L 4h
Udc

=5 Uinv;m;ref

(6.8)

ton =

To decrease the current fromi§ = igrer + ht0 i = igrer  h, the
controller now turns o the upper switch and the output is con nected
to the level O via one of the clamping diodes. Based on that, equation
(6.6) is written as

ig: ig: h ig: igref + h
Uinv:M-ref +0= Lg[ g;ref ( g;ref )]t - [ g;ref ( g;ref )] : (6.9)
o}

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

2L 4h

6.10
Uinv;M ref ( )

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

2L ghlg

u
Uinv;Miref =55 Uinv;M;ref

Ts = (6.11)

From (6.11), the modulated hysteresis function is obtainedfor the
positive mains cycle,
Uinv;i ”§° Uinv;i

2L of s Ize

h = (6.12)

For a sinusoidal fundamental inverter voltage, the normalized variable
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Figure 6.26: Normalized shape of the hysteresis band for the three-level
NPC inverter for one half of the mains period.

hysteresis band for the positive mains cycle is illustratedn Figure 6.26.
Considering the symmetry between positive and negative mais cycle,

the modulated hysteresis band can be expanded to the whole grfunda-

h, Diinv

Inversos output level
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Time [ms]

Figure 6.27: Modulated double-band hysteresis strategy for the NPC in-

verter.
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mental period as shown in Figure 6.27. Additionally, for achieving near
constant switching frequency the three-level modulation grategy pre-
sented in Figure 6.25(b) is extended to modulated bands (Figre 6.27).

6.2.2 Mid-Point Controller

The majority of the mid-point voltage balancing schemes rey on some
form of manipulation of redundant vectors available in three-level topolo-
gies. In general the regulation is achieved by adjusting theelative 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 approprate volt-
age space vector to correct the instantaneous active and retive power
control errors. Therefore, the three-phases are controlig at the same
sample period allowing to predict the resulting iy 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 curolled
independently according to the error of the respective loacturrent. The
decision in one phase is made without any knowledge of the o#r two
phases and not necessarily at the same sample period. Theoeg, 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 specicase of hys-
teresis control is described. Since in the hysteresis metladothe control
signals are generated directly from the di erence betweeneference and
actual value of each phase current according to the hysterés bound-
aries, the possibility of controlling the mid-point voltag e by in uencing
the frequency of each redundant state is limited basically 6 a modi -
cation of the reference value shape. Therefore, since the giitude and
sinusoidal shape of the currents references are given by thgower re-
quirements, the only remaining degree of freedom is the adton of a
zero-componentl g

lgr = Igr * lo
igs = ldgs+lo (6.13)
lgT = lgr * lo
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where the o set | is set to be equal in all three phases and conse-
quently, its in uence on the current shape is canceled in syms with
isolated mains neutral point where the sum of the phase curnets is
forced to O (igr + ig;s + igT =0).

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

igi = Igsiref g : (6.14)

Considering an o set | added to the measured phase currentsig; ),
as shown in equation (6.13), the current error is rewritten acording to

|g;i: igi lo: (6.15)

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

ig; = igr lo
. 1 . . (6.16)
ig; = P=( igs igT):
3
S Di,, S Dig,,

o Sl

>< VS - o
hg

>< >

(@ 10=0 (b) 10> 0

e

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 |y has a direct in uence on the location and shape
of the tolerance area (Figure 6.28), which is de ned by the inersection
of the tolerance bands of each phase. For a classical operati without
oset or Ip = 0, the tolerance area is represented by an equilateral
hexagon (Figure 6.28(a)), resulting in segments of positig (h;) and
negative (h; ) 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 he sign change
of a phase current everyz, the fundamental cycle may be divided into
six sectors as illustrated in Figure 6.29.

Mains VoltaggV]
and CurrentA]

L5
3 3
* [rad]

Figure 6.29: Division of a fundamental mains cycle into z-wide intervals
according to equal signs of the three phases currents.

Considering the inverter generating only active power, duing the
interval  z; % the phase currents are in phase with the grid voltages
and thereforeigr > 0, ig;s < Oandigt < 0.

During this interval, assuming 1o = 0 (Figure 6.28(a)), phaseR will
switch between positive ugc.=2 and mid-point 0 potential, generating
a respective positive average mid-point current componeniyg > 0.
PhasesS and T are connected either to the negative ug.=2 or mid-
point potential, resulting in im.s < Oandiuy.t < 0. However, due to the
symmetry of the hexagonal tolerance area, the sum of the thre phases
average mid-point current components is zeroy = iy.r *ims tipt =
0, as shown by the digital simulation result of Figure 6.30(a)

When a positive o0 set | o is added to the phase currents, the tolerance
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bands of each phase are shifted to the positive side accordjnto Fig-
ure 6.28(b). The intersection of the bands now creates an asgmetric
tolerance area, where the the positive li;, hg, hT) and the negative
(hg, hg, hy) switching thresholds are of unequal lengths. The contribu
tion of the negative switching threshold is increased and casequently,
the frequency of states selected by the negative bands rais@roportion-
ally.

For the considered interval »; % , phaseR is more often connected
to M, due to the priority given to the negative threshold. This increases
the positive component ofiy.r  When compared to the previous case
with 1o = 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 (u:s , im:T ) On the aver-
age total iy . Therefore, the sum of the mid-point current components
results in a positive average value ofy (Figure 6.30(b)).
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Figure 6.30: Simulation of the time behavior of the mid-point current
im for di erent values of dc o set |o.
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A similar analysis can be performed for a negative o setlg < 0. A
negative shift of the tolerance bands, now increases the ctribution of
the positive switching boundaries (i, hg, hT) and accordingly reduces
the probability of an intersection with the negative switching lines (hg,
hg, h;). Therefore, the positive contribution iw.r is reduced while the
negative contributions iy.s and iy.t are increased, resulting in a neg-
ative average value ofiyy (Figure 6.30(c)).

The periodic change of the average ofy observed in Figure 6.30
occurs due to the change of the sign combination of the three lpase
currents every .

In the proposed VF-DHC, the zero sequence currentq is created by
subtracting the signal of the voltage controller uy.: from the input of
the integrator, as shown in Figure 6.24. The voltage contrdler compares
the voltage across the lower capacitor against a referencé&(17), which
is normally half of the total dc-link voltage, and produces aproportional
dc control up;.ct

u= uCI;ref uCI (617)

UM;ct = kp u: (6.18)

The in uence of the controller output voltage uy.: on the average
mid-point current is shown in Figure 6.31. This clearly shows that if, e.g.
the lower capacitor voltageuc, is below the reference voltageic,,, , the
resulting positive controller output voltage um.c: , produces a negative
average mid-point current, which charges the lower capacir, 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 approaching90°. The resulting average
value of iy for a certain voltage control signal uy.c; varies according
to . For example, forum.ee = 40and = 0°, the inverter generates
an averageiy of 0:8A. However, for the sameuy.c but = 70°, the
generated averagey is reduced to0:5A. This value is further reduced
to nearly zero =90°.

A similar analysis presented for = 0° is now extended to = 90°.

During the interval  5; % the phase currents are lagging the voltages
by 90° (Figure 6.32). If a positive o set 1o > 0 is added to the phase
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Mid-point current[A]
. o
L
Mid-point current[A]

- 2 T T T - 2 T T
-80 -40 0 40 80 -80 -40 0
Uyt [V] Unet[V]

@@ =0 (b) =0to =90°

Figure 6.31: Transfer characteristic from the controlling signal Um.c
to the average iy for (a) mains voltage and current in phase and (b) for
di erent values of phase-shift.

currents the tolerance area is distorted as shown in Figure 28(b). As
consequence, due to the asymmetry on the switching boundags, the
output of phase R is more often connected toM in order to generate
a positive iy . However, for = 90° the current in phase R is nega-
tive during the rst half  5;5 of the considered interval and positive
through 5; % . This results in a nearly zero average value of the phase
R mid-point current component (iur = 0). For phasesS and T, the

Mains VoltaggV]
and CurrentA]

45
3 3
* [rad]

Figure 6.32: Division of a fundamental mains cycle into 5 intervals for a
system operating with  =90°.
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same analysis ends up withy.s < Oandiy.s > 0, however, due to the
symmetry between these two phases within this interval, thee ect of
phaseS on iy is canceled by phasd . Therefore, the sum of the three
phase mid-point current (iy = ims + ims + imT ) IS approximately
zero and consequently it can not be used to control any varidabn of M .

The limitation of balancing the mid-point potential for =90° has
been also reported for PWM modulation in [67]. However, thislimitation
may be overcome in topologies with higher voltage levels, wibh 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 wih the VF-DPC.
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c c
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0 8 16 24 32 4C 0 8 16 24 32 4C
Time [ms] Time [ms]
(a) VF-CHC (b) VF-DHC
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Time [ms] Time [ms]
(c) VF-CHC (d) VF-DHC

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 Iter. An
800V dc power supply provides the energy to the dc-link capacitos.

The improvement of the switching pattern is clearly observel by com-
paring the performance of the classical hysteresis contrand the pro-
posed decoupling strategy as shown in Figure 6.33. The griducrents
(Figure 6.33(a)) and inverter output voltage (Figure 6.33(c)) gener-
ated by the conventional hysteresis control show long perids where
no switching occurs due to the interaction between phases. dding the
zero sequence currenty to the measured currents and modulating the

e s @
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FrequencylkHz]
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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 uform (Fig-
ure 6.33(b) and (d)).

The switching performance is better observed comparing thenstan-
taneous switching frequency over half of the mains period fothe two
upper switches G117 and S;2) of the NPC inverter (Figure 6.34(a)(b)).
While the instantaneous switching frequency varies considrably for the
classical hysteresis technique (Figure 6.34(a)), it is maitained nearly
constant at 2:.5kHz for the decoupling mode (Figure 6.34(b)). Further-
more, the current spectrum of the conventional VF-CHC is spiead over a
wide frequency range (Figure 6.34(c)), while centered arond the switch-
ing frequency for the VF-DHC (Figure 6.34(d).

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

The low frequency ripple observed on the dc-link capacitor vltages
(Figure 6.35(b)) is caused by the periodic variation of the md-point
current over the fundamental grid voltage cycle, as shown irFigure 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 5 interval of the mains period a di erent combination of sign of
the three phases currents occurs which directly in uencesy, . It results
in a variation of iy with three-times the frequency of the grid voltage.

6.2.4 Extended VF-DHC with LCL lter

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

Active
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Figure 6.36: Extension of the Virtual-Flux Decoupling Hysteresis Contr ol
for high power application with LCL output lter.
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is reduced compared to the classical two-level inverter, ahird order
LCL lter is still desired to reduce the total Iter volume. Acco rdingly,
extra control loops designed to compensate inherent charaeristics of
such lIters are included to the conventional VF-DHC. The extended
approach (Figure 6.36) includes the active damping, harmoit control,
reactive power compensation and PLL loops, previously presnted 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 withhe classic
method is maintained, despite the output Iter 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 ( Ljnyv =17mH,Ly=5:6mH andC =18 F ).

The e ectiveness of the active damping and harmonic contrdlers 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 risensi-
tive to the number of dc voltage levels and/or the topology. Further-
more, although the Iter speci cations have been modi ed in compari-
son to the two-level system and consequently the resonancesfjuency is
shifted, the oscillations are successfully suppressed. Ehonly aspect to
be changed is the damping factokq which is proportional to the Iter
parameters. The reduction of the resonance frequency compent in the
current spectrum (Figure 6.37(c)(d)) also demonstrates tre e ciency of
the additional loops.

Figure 6.38 shows the impact of the decoupling method on theniverter
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 demupling
method with modulated hysteresis band is enabled, the switcing pat-
tern becomes more regular, reducing the e ort of the output Iter 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.

194



6.3. SUMMARY

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 the hys-
teresis characteristic. Comparing the dynamic performane 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 conderable
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 genette 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, otlerwise the
switching devices will su er from high blocking voltage applied across
their terminals.

The possibility of generating three voltage levels increass the number
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of available output voltage space vectors. It provides moreexibility to
select the appropriate vector, but on the other hand, it increases the
control complexity. For the DPC scheme, a modi ed hysteress strategy
with two hysteresis boundaries is employed to distinguish enong the
available levels. The same concept of using more then one hgsesis
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 esiting
redundant switching states. These switching states are chacterized
by opposite loading of the mid-point, while generate the sare line-to-
line voltages. The VF-DPC chooses the proper redundant stag¢ and/or
vector based on a prediction of the resultingiy and the actual dc-link
voltage deviation. Due to the independent phase control cheacteristics
of the decoupling method, the degrees of freedom to in uenc¢éhe 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 tderance
area and consequently to control the mid-point current and \ltage.

An extension of both concepts for anLCL Iter is achieved by ex-
tending the main controllers with extra control loops to damp the lter
resonance and regulate low order harmonics. These outer Ips namely,
active damping, harmonic control, PLL and reactive power canpensa-
tion, were developed for the two-level topology, however de 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 semiconductoriké IGBTS.
This permits the utilization of these devices in high power axd high volt-
age applications, employing either the conventional two-g€vel topology
or the industry standard three-level NPC converter. Howeve, the use
of fast switching devices under high voltage may generate gh 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 backo ac-
ceptable values, a new branch of multilevel converter is quikly emerg-
ing, namely ve-level topologies. Furthermore, due to the &bility of gen-
erating a higher number of output voltage levels, this groupof multilevel
converters can further reduce the voltage and current harmaic 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-Fat Clamped
(NPC) and Floating-Capacitors (FC) converters. Additiona | semicon-
ductors and energy storage elements are included into the assical three-
level topologies to produce extra levels. However, both toplogies reveal
technical di culties which complicate their application b y the industry.
A higher number of clamping diodes and ying capacitors is rejuired
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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 capacites instead of
only two capacitors as for the three-level approach. The nurher 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 sgle-phase H-
bridge converters. However, the use of this strategy is limed in some
applications due to the necessity of isolated dc power soues.

Recently, a new control topology has been introduced [20] tmver-
come some of the above mentioned limitations. The ve-levelactive
neutral-point clamped (ANPC) converter combines characteistics 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 voltagelevels by
combining the three-level characteristic of the input stage (Cell 1) with

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 capador for each
phase. Consequently, it reduces costs, volume and controbmplexity.

In the practical implementation the switches of the input stage Ss
- Sg) are realized by series connection of two devices in order tonly
utilize devices of same voltage blocking capability £4).

Five output voltage levels are achieved from eight distinctswitching
combinations, indicated by the combination of the switching functions
of S1, S3 and Sg in Table 7.1. One can note that the switchesSs and
S; are operated in the same way and complementarily tdSg and Sg.

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

Cell 1 Cell 2 Cell 3 Phase | Switching
Sgs S7 Ss¢ S5 | Sy S3|S; S; | Voltage State
1 0 1 0|1 0|1 0O e Uy
1 0 1 0|1 0|0 1 e Uz
1 0 1 0|0 1|1 0 e us
1 0 1 0|0 1|0 1 0 Us
o 1 0 1|1 0|1 o0 0 Us
o 1 0 1|1 0|0 1| == Us
o 1 0 1|0 1|1 o0 = Uz
0O 1 0 1|0 1|0 1 o Us

The list of switching combinations also shows the presencefeedun-
dant states, which generate the same output voltage level rferred to
the dc-link mid-point M . The voltage level & is generated either by
the switching state u, or uz. 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 curent for
example, while stateu, discharges,us charges the oating capacitor,
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(9) state ug (h) State uz

Figure 7.2: ANPC - Eight di erent switching states.
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as illustrated by the simpli ed representation of the switching states
in Figure 7.2. The bold lines indicate closed switches and tarefore a
possible path for the current to ow.

A similar behavior is observed on the level*s produced by the states
ug and uy. Depending on the direction of the output phase current, these
states have the ability to charge or discharge the oating caacitor.

Besides that, the redundant combinations have also di ereh impact
on the mid-point potential, depending on the switching state of the
input stage. For building an output voltage equal to =4, the input
stage can be connected either to the negative potentlal ”dc (up) or
directly to M (us). For the voltage level equal to %, the switching
state ug results in mid-point current ow, while u; is connected to the
positive potential.

This analysis clearly shows a degree of freedom to balancedhoating
capacitor of each phase individually by properly selectingthe switching

b
Uss Uss TU@ U Uat
(-22-2)m (-1.2- 2 (02-2) ——— (12-2) —— (22-2)

(%’243_1) Uzsglz 1) Ua(02-1) | (121)Uzs  (22-1)Uz (ZUI“_%)

21-2) (112 [ (0127 (11-2)

U, (020) (120) 220/
(_3;0) Uz (120)  Yiyggy  or 1)UL((11 1))U
21D 202)  (102) (002

ﬁﬁ/
O

Usg
1- 1; Uz, (0- 2)

(121) (221)
@y Y ciah Un(p V00| @0U:  (0Us  @odUn
(210) o (101 (00-1) 0-12) 1-2)
212 | (1 2)

(122) (222)

Us (122)_ Usg ((012121’) Us01) (110U (légu ((lzgol))LL(z LU
(-211) (oo (100 (000 o1 o2z 122

122)

Usg
(2-1-2)

U,

Uz
—(222) 2.

2-

2z
(21-1)  (1-1-1)

\(112)«( 222) p15f

12) /
Uss (112) Uss503 Us(001)__|_ (1ons oun 10 Us (z_z_f)ﬁﬂ
(- 201 (-2-10) (-1-10) (0-10) 0-2-1) (1-2-1)
(-2-2-1) (1-2-1)
Us) (002) (102) (202

(202) U30(102 U15(111)—(011)—(1 11) (2-11)Uss (2-2(l)J)
(220)  Uts(1 50, (020)Uy;  (1-20)

U5a
-212)

59

Us? -
1( 1-12) (0-12) (1-12) (212)u s
(2125 21)_u32(121) 20T (21 o @21

(2-22)—(- 1 22)— (0-22)—— (1-22)—— (2-22)
Usz 55‘ Use Us7

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 stats 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 condierably, but on
the other hand the complexity increases proportionally. The number of
vectors increases froml8 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 tol25 possibilities as
shown in the space vector diagram of Figure 7.3. To generatehe zero
voltage vector Uy, for example, there are ve distinct vectors and for the
vectors U; to Ug there exist four possibilities. The vectors are labeled
according to the voltage level of each phaseR S T) where the output
voltage levels =g, =4 0, “ and “g are numbered from 2 to 2,
respectively.

In the specic case of the ve-level ANPC inverter, the number of
possible states is further increased t343 due to redundant states for
the levels 1 “ ,Oand1 “= as described in Table 7.1 and Fig-
ure 7.2. The voltage vectorU;g, 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-capadtor 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 statesu, and

uz, and the level 1 in the second redundant vector (1 -2 -2) with the

Table 7.2: Voltage Vector Uig - switching states.

State

R S T
-1 -1|lug Uz U
-1 -1|ug U us
-1 -1 ug uz up
-1 -1|ug usz us
-2 2| Us UL U
-2 -2|Uu7 U u

P ERINNDNDN
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statesug and u;. Hence, multiple combinations for e ecting the oating-

capacitor and mid-point potential can be achieved while appying 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 ractive power
and switching states to balance the mid-point potential and oating-
capacitor voltages.

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

7.2 VF-Direct Power Control

Although a rst step has been described to adapt the classiceVF-DPC
to multilevel inverters with the three-level approach, the higher num-
ber of variables, voltage vectors and switching states exisg for the

Uge

3~ . |_ ug,i

g,
FcLt

|T 3
Urc,i
Fr=o=-—d ﬁ S Ducc; - Upc.
I MP and FC 4
! +

Voltage Balance

g.i

Switching Table

Grid Virtual
Flux Calculation 4

Power g9s
Estimation f———

,,,,,,,,,,,,,

,,,,,,,,,,,,,

Figure 7.4: Virtual-Flux Direct Power Control for ve-level ANPC in-
verters.
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ve-level ANPC inverter demands an enhancement of some funonal
blocks. The basic concept of choosing a switching state acating 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 the oat-
ing capacitor has to be selected by the controller. Furthernore, due to
the higher number of voltage vectors to correct the active anl reactive
powers, the hysteresis strategy used for the three-level niigod is modi-
ed, including additional levels. To improve the accuracy of selecting a
correct voltage vector, the space vector plane is divided ito 24 sectors
instead of 12 used previously.

7.2.1 Sector Decision

For ve-level systems, vectors existing in an g -wide interval may result
in considerable distinct e ects on the instantaneous active and reactive

Sector\ Sectorb4 Sector/ Sector
\ 16 15 14 13 /
U J U

Sector U Ya Sector
17 \ 12
Secm 6 Uzs Un  Sector
18 \ 11
Sector /' 7 % J¥ sector
19 \ / 10
Ty U U U V"
Sector Secto
20 9
—_—Uu Uszy——
a
Sector Secto
21 8
/uﬂ u‘\
Sector Sector
22 Ve 7
Sector Sector
23
Sector ). U Us ) U5, Sector
24 / 5
Sector/ Sector' Sector\ Sector
1 2 3 )
Figure 7.5: plane divided into 24 sectors.
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power. The vector which would be the best choice for the rst 7 of a
5 -sector, might not be optimum for the second; half when considering
voltage vectors of highest magnitude §37 to Sgp).

A more precise voltage selection is achieved by splitting th space
vector plane into 24 sectors of ; each, starting with Sector 1 in an
interval %; 1—2 , as illustrated in Figure 7.5. The consecutive sectors
are allocated sequentially in counterclockwise directioraccording to

(n 9)1—2 sector n< (n 8)1—2 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 preciseontrol of
both active and reactive powers can be obtained. However, th 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 br the

Ugsy Uz Uz U
Uzs Uzq Uza\\‘*\\Uzz
s S+
2N e
Uzs Un Ui Uy o 5

s inv “\
Ui Us Uz /\ Usg

Figure 7.6: In uence of the voltage vectors on the instantaneous active
and reactive powers.
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three-level approach. The basic concept of adjusting the agle 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 votage levels
existing in the space vector plane increase the degree of #dom to
control both variables, especially the active power.

To take advantage of this fact, the hysteresis strategy is mdi ed
(Figure 7.7) by adding two extra boundaries (up3 and ups) to the one
used for the three-level method. Each level of the hysteresicontrol (upy
to ups) is directly referred to one voltage level of the space vectoplane
(inner to outer hexagons).

Dpa
Up4
offsey Upa| VNN T
l Upy offeg
- e
o
[
lpa

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 selet only neigh-
boring vectors. Assuming the grid voltage vector rotating between the
two outer hexagons, depending to the inverter modulation irdex, p
might be conserved e.g. within two outer hysteresis bounddes (up3
and ups). When the error reaches the upper limit (ups) an appropri-
ate vector of the outer hexagon Usz; to Ugg) is selected to increase the
instantaneous active power, reversing the direction of p. When the
active power error crossesiys, a voltage vector of the next inner level
(U9 to Usg) is chosen to reduce the instantaneous active power. These
decisions are evidently also dependent on the state of the s®r 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 powe hys-
teresis strategy, the feedforward loop presented for the tree-level VF-
DPC is expanded to the ve-level approach (Figure 7.8). Due b the
higher number of hysteresis levels, the active power erroran now achieve
di erent o set values (e.g. o set , and o set 3 in Figure 7.7) according to
the inverter operating point. Therefore, the constant component of the
feedforward network pyre 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 limitsup; , according to

Upi Upi .
Ppre = Upi + w where i =1;2;3: (7.2)

The dynamic component pgy 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 (4, 0 and ugq) 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 @wver
hysteresis control, the switching table for a ve-level sysem is more
complex as shown in Table 7.3. The numbers 4; 3;:::;4representthe
active power levelslys; lps; @5 Ups respectively. For the reactive power,

1is selected for the negative bandg, O when the error crosses the zero
line and 1 for the positive level ug.
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Table 7.3: Switching table for a ve-level VF-DPC.

Sector

d dy| 5 6 7 8 9 10 11 12
-4 -1|Us; Usy Usz Uss Uss Usg Us7z Usg
-4 0| Us; Usz Uss Uss Usg Us; Usg Usg
-4 1| Usz Uss Uss Usg Us; Usg Usg Ug
-3 -1 | Uz Uz Usy Uz Usz Usz Uss Uss
-3 0| Uz Usp Us; Uz Uss Uss Uss Usg
-3 1| U Usx Usz Uz Uss Uss Uszs Usgg
-2 -1| Uz Ui Uy Us Ups U U Upy
2 0| Uy Uss U Upg U Uz Uz Ug
2 1| U U Upg Uz Uz Ug Ug U
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7.2.3 Mid-Point and Floating Capacitor Balancing

Despite the traditional necessity of balancing the mid-pont 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 < (-1), 0 and “& (1).
These redundant vectors and states are characterized by apying the
same line-to-line voltages while a ecting di erently the mid-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 Ujg.

Table 7.4: Redundant switching states (ss) of voltage vector Uig and result-
ingim andircrst (positive im represents current owing out of M, positive
irci , current charges the oating capacitor).

SS Vector R Stgtes T iMoo FCR ipc;s i FC:T
1 2 -1 -1 Ug W5 Us 0 0 -is -iT
2 2 -1 -1|ug ux us iT 0 -is iT
U 3 2 -1 -1]lug us U is 0 is -iT
Ylal2 -1 -1flug uz ug|-ig O is it
5|1 -2 -2|us U Uz ir -ir 0 0
6 |1 -2 -2|u; up up 0 iR 0 0

One can note that due to the existence of two redundant statequ
and ug) for level -1 and another two states (g and uy) 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 and 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 phase currents.
Moreover, there are two alternatives for each phase to chamyor dis-
charge the respective oating capacitor. Therefore, a degee of freedom
exists to select the appropriate switching state to regulae the voltage
of mid-point and the voltages of the oating capacitors.

Nevertheless, although there is a wide diversity of switchig states,
not all necessities might be covered. If for example, for vaor U;g the
oating capacitors of phasesS and T need to be charged and the lower
dc-link capacitor discharged, despite the last combinatio (u7 u; uy)
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which does not cause any in uence on these variables, the reamning
states would increase the deviation in at least one capacitovoltage.
Therefore, in order to achieve a wider control range, hystegsis limits are
used on the mid-point and oating capacitor voltage deviations. Instead
of requesting a change of the switching state each time the \tage of
a control variable is higher or lower then the respective reérence, 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 swithing table
(Table 7.3) to control instantaneous active and reactive pavers. Out of
this vector, the second block extracts from a table the corret switch-
ing state to balance the mid-point and the oating capacitors based on
the conditions of the lower dc-link capacitor (uc,), oating capacitors
(urcrsT ) and the direction of output phase currents (iinv:rsT )-

Switching
Du Table
uC| ;m :’J—I—h-‘ <
* upq
uC| ref
B DUc. ol & S
Uec rst—— > FC.RST g g >
u + )
FC,ref MP and FC
. i balancing

RST
Iinv, RST

Figure 7.9: Mid-point and oating capacitors balancing strategy.

A hysteresis with zero crossing detection is used to allow aoltage
ripple on the dc-link capacitor. When the error of the dc-link voltage
reaches the upper boundary, the hysteresis output changestl 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, agit 0
informs the controller that either a state which charges or dscharges 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 hyseresis controls
are employed, providing 1 if the error reaches the upper banénd -1 for
the lower band. Additionally, the directions of the output p hase currents
are measured, giving 1 for positive and O for negative curren

Table 7.5: Switching states (ss) selected to regulate the voltage deviation of
the mid-point  uc, and oating capacitors  urcrst for the voltage vector
Uig, according to phase current directions igrst .

UrcR 101 -1 -1 1 1 1 1
Uig Urc:s -1 -1 1 1 -1 -1 1 1
Urc:T -1 1 -1 1 -1 1 -1 1

Uc, iR is iT SS
-1 0O O O 4 6 6 1 4 3 2 1
-1 0O 0 1 6 4 1 2 3 4 1 2
-1 0O 1 O 6 1 4 3 2 1 4 3
-1 0 1 1 1 2 3 4 1 2 3 4
-1 1 0 O 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 0O O O 4 3 2 1 4 3 2 1
0 0O 0 1 3 4 1 2 3 4 1 2
0 0O 1 O 2 1 4 3 2 1 4 3
0 0 1 1 1 2 3 4 1 2 3 4
0 1 0 O 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 0O O O 6 3 2 1 5 3 2 1
1 0O 0 1 3 6 1 6 3 5 1 5
1 0O 1 O 2 1 6 6 2 1 5 5
1 0 1 1 1 6 6 6 1 5 5 5
1 1 0 O 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 establshed 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 able
with all 61 voltage vectors and respective switching stateso compensate
im andigc; , the controller stores a group of 61 small tables. An example
of such table is given for the voltage vectorU;g in Table 7.5.

The tables are built based on an analysis of each switching ate in
terms of resulting mid-point and oating capacitor current s, similar to
the table presented for vectorUsg (Table 7.4). Assuming uc, = 1,
positive current in phase R and T and negative current in phaseS
(irst =101) and the voltage of all oating capacitors below the lower
hysteresis limit ( urcrst = 1 1 1), according to Table 7.4, states
(ss) 2 and 5 are candidates to discharge the lower dc-link capator, even
though states 1 and 6 could also be selected since they would kast
not increase the deviation. However, considering that alsthree oating
capacitors must be discharged, the only recommended statesiss = 5.
Now, considering the same situation but with the lower dc-link capacitor
voltage characterized by uc, =0, all states are suitable concerning the
mid-point balance. In terms of oating capacitors regulation, 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 vectotJ;9 with appro-

(S, TR)
(TR.S)

(RST) (RST) (RST
6¢ 12 180

-(RS,T)

(@) 60° (b) 120° () 180°

Figure 7.10: (a) 60°, (b) 12C° and (c) 180° 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 considerable ort and
extensive memory space to store the large amount of data. Feunately,
this task may be signi cantly simpli ed considering the sym metry of
the space vector diagram as presented in Figure 7.10 [79]. Bhneces-
sary and su cient condition of 60° symmetry is that phases RST) are
changed to -STR). Phases RST) are converted to (TRS) after 120°
while the complementary state -(RST) is obtained after 18(°.

Making use of this property, only the voltage vectors concetrated
in the rst 60° (Figure 7.11), here calledoriginal vectors, have to be
analyzed and their respective tables stored in the memory. Tie remain-
ing tables of the other vectors may be obtained using appropately the
rules mentioned above.

Figure 7.11: Original vectors concentrated in the rst 60° of the space
vector plane.

Initially, the information of the oating capacitors UrcrsT and
phase currentsirst are appropriately converted according to the angle
between the actual voltage vector and its respective origial vector.
These data is then used as input to the original vector table b select
the correct switching state, which need to be converted backo the
original voltage vector applying once more the symmetry rues.
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7.2.4 Experimental Veri cation

The performance of the proposed VF-DPC to be used with the velevel
ANPC inverter is veri ed through experimentation. The 6kW ANPC in-
verter (Figure 7.12) supplied by two 10KW dc power sources amnected
in series to obtain 800V is connected via alOmH L Iter 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-bit160MHz DSP. In a control loop with 90kHz sam-
pling frequency two output p hases are measured using the iernal
14-bit ADC. During the conversion time of 7251s, the grid virtual- ux

is calculated based on the actual switching state and meased voltage
across the lower dc-link capacitor. At the same sampling rag, the algo-
rithm estimates the instantaneous active and reactive powe and com-
pares the actual power values with the references to selecthaoptimum
voltage vector from the switching table. The three oating capacitor

§ Floating
GB‘TS\ Capacitors
de-link
Capacitors
DSP and
PLD
Current

Sensors

Figure 7.12: Photo of the three-phase ve-level ANPC prototype.
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Figure 7.13: Experimental analysis of the ve-level VF-DPC concerning
grid phase voltage ugr , virtual-ux g  and phase currentigr .

voltages are measured using three channels of the internalC and are
compared to the desired values. The errors are used togethevith the
current directions and the dc-link voltage status to selectthe correct
switching state from one of the original vectors table

An accurate estimation of the grid-virtual uxes 4, in terms of
magnitude and phase is fundamental to correctly generate th desired
phase currentig;r as shown in Figure 7.13. Furthermore, the grid virtual-
ux has important in uence on the correct estimation of the i nstanta-

2 ms
5.00 KW FAMAAAAAARANAAAIAA VAR AP A A

W,

o
\"\'\MW-\MN v

Figure 7.14: Experimental analysis of the ve-level VF-DPC showing
instantaneous active p, reactive g powers, grid phase voltage ugr , and
phase currentigr .
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neous activep 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 ig:r in phase with the grid voltage ugr .

The hysteresis strategy and the switching table build the cae 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 fou levels
is used to generate ve distinct output voltage levels ui,.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 syichronism
to switch only between consecutive levels, reducing u.

ug,R
/,«‘“‘\. //“\\4 T ;
! S ms r h .»/ h // B
588 V Sec” o
T u
) gL, e o
L W
—— Y™ Yo
412 SSA \jﬁ,‘ﬂhm h\_,wlww.v.%ig,lre e
pf K, J b r
h wkw #vr” LL‘M u{’gf w4
\ v
w'\‘nmw"'ul Mr"*v\hw"'h

Figure 7.15: Experimental results of the inverter output voltage Uinv:r
refereed to the dc-link mid-point M, phase voltage ugr and resulting
grid phase current igr .

The dynamic response has also been experimentally testedy iorder
to prove that although some blocks of the classic VF-DPC havebeen
adapted to operate with ve-level system, the fast transiert response
is not a ected. A step of the active power referencep,es from 40% to
80% of the rated value is shown in Figure 7.16. The grid current aml
consequently the estimated active power almost immediatsl follows the
change on the reference. A closer look at the rise time (Fige 7.16(b))
shows the instantaneous active power reaching the new refence value
in approximately 400s . Moreover, the reactive power is practically not
a ected by the change of the active power.
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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)500s time scale.
Active power reference prer , actual active power p, grid phase voltage
ugr and current igr .

A similar dynamic performance is observed for stepping the etive
power reference from4:8kW to 2:4kW as shown in Figure 7.17. The
time necessary for the controller to drive the actual active power p to
its new reference valugyes is considerably short200s (Figure 7.17(b)).

Good static and dynamic performances as shown by the experiemn-
tal results are only possible with the ve-level ANPC if the dc-link and
oating capacitors are correctly balanced. Any unbalance kesides cre-
ating undesirable harmonics in the output current, would result in an
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Figure 7.17: Experimental results of a negative step of 40% of the
active power reference presented in (a) 5 ms time scale and () 500s
time scale. Active power referenceper , actual active power p, grid phase
voltage ug;r and current igr .

excessive high voltage applied to a group of switching devés.

The proposed VF-DPC regulates the voltage across the loweratlink
capacitor uc, (and consequently also the voltage of the upper capacitor
uc, ) 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 capadiors assist
to nd the optimum state. The deviation of the lower dc-link ¢ apacitor

218



7.2. VF-DIRECT POWER CONTROL

1

28 ms U<:u
200 V

(a) DC Analysis

1
18 . otk
0.8V A 1
B Y \ UCLI Y L
A gt ey

\ W M A,
WA w\m At N

Ug R UC'
; /”\\ m,‘\ ‘I.,--\\ ' ) ) “’.*-\ 3
! \ AV / =
3 SN TN NS NV A
18 ms v Nt ANV ‘\__,‘ \"'-..‘- / N
588 V
i
; R
N £, v’w\? Fia N
,4_____— ’i »H r{ \\l j' r’ “ ‘1 i“ 4
18 ms / \ f | f L i \ f o=
16.0 A fON S NSNS N N
W L W/ - Y 'n

(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 upperuc, and lower uc, dc-link capacitor.

voltage is measured and a hysteresis control de nes the nexstep of
the dc-link controller. The limits established by the hysteresis allow a

ripple of
Figure 7.18(b).

5% ( 20V) of half of the dc-link voltage, as illustrated in

The regulation of the oating capacitors is achieved as an etension
of the dc-link voltage control method. Besides the deviatim 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 edecting
the correct redundant switching state the voltages of the ttree oating
capacitors are controlled to “& (200v) as shown in Figure 7.19(a).
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(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 m@dain the
voltages within a range of 5% ( 10V). When the error of any oating
capacitor voltage reaches either the upper10V) or lower (-10V) limit,
the controller selects another switching state (Figure 7.9(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 during the
initialization process. As consequence, during this perid the phase cur-
rents can reach values much higher then established by the &ge and
reactive power references (Figure 7.20(a)). In order to redce such error,
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7.2. VF-DIRECT POWER CONTROL

a start-up method is implemented.

Although the derivative term of the classical voltage loop euation
may amplify the noise contained in the current measurement salues,
this method is still suitable for a short period of time. Based on that,
the grid voltages are initially estimated according to

[
Ug, = Uiny; Lg tg’ : (7.3)
s

where the inverter output voltage ui,,:  is calculated based on the
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A RO e B
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(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, iy, is determined
as the dierence of two consecutive measurements, i.e. sangs 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 -

1

inv, = K Uinv;

1

inv, = K Uiny;

(7.4)

Figure 7.20(b) shows the initialization of the system for enploying
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 W, 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 attsgt - The start-up switch time is adjusted to
an interval long enough to reduce the in uence of the integrdor.

7.2.5 Five-Level VF-DPC with LCL lter

Although multilevel inverters reduce the voltage stress acoss switch-
ing devices in high voltage and high power applications, theswitching
frequency is still limited. Consequently, since the volumeof the rst
order output lIter 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 Iter topology, the functio nal blocks
previously presented to compensate the resonance characigtic of the
LCL lter in the two and three-level approaches are also includel into
the conventional ve-level method. These blocks have demostrated 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 ¢ con-
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trol, phase-locked loop and reactive power compensation igresented in
Figure 7.21. The hysteresis strategy and the method for balacing 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 ( Liny = 7:9mH, Lg = 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 pefiormed in
the fastest loop with a sampling frequency of8OkHz . The active damp-
ing and sector decision are calculated a#lOkHz sampling rate, while
the slowest loop with a sampling frequency o20kHz processes thes™
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 lIter a ects the grid
current as shown in Figure 7.22(a). To reduce theLCL in uence, the
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(b) Extended ve-level VF-DPC

Figure 7.22: Experimental results of grid phase voltage ugr , virtual-
ux 4 and phase currentigr (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 canpensa-
tion blocks are enabled. The rst, emulates the presence of aesistor 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 4, , while the reactive power
compensation corrects the reactive power reference, sinéke VF-DPC
is performed based on power quantities at the inverter sideThe proper

224
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operation of these last two blocks allow the inverter to geneate correctly
the load currents, following the speci cations of the powerreferences.
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 mmune 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 tihough the
current harmonic spectrum presented in Figure 7.23. One camote a
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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.gh = 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 consequencethe total
harmonic distortion (THD %) is reduced from 10:2%to 4:7%.

A dierence of the inverter output voltage uin.r generated by the
conventional and extended methods is also veri ed (Figure 724). For
the VF-DPC with outer loops, the ve voltage levels are produced more
consistently when compared to the classical method.
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(a) Conventional ve-level VF-DPC
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(b) Extended ve-level VF-DPC
Figure 7.24: Experimental results of grid phase voltage ugr , inverter

output phase voltage uinvrg and phase currentigr (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,uc, anduc,, 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 “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.
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(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 contol is achieved
even for critical operating points, where the fraction of reactive power
is increased against the active power. Figure 7.26(a) showthe correct
balancing of the dc-link capacitors in case the inverter is gnerating a
load current with 45° phase displacement to the grid phase voltage and
Figure 7.26(b) for a pure reactive power reference.

1
5 ms U
200 V Cu
Uc,

1

5 ms U,
280 V cu

(b) 90° phase-shift

Figure 7.26: Experimental results of dc-link voltage balancing for (a)
45° and (b) 90° phase-shift between grid phase voltageugr and current
igR .

The dynamic performance of the conventional and extended ‘e-
level VF-DPC has also been experimentally veri ed and is conpared in

Figure 7.27. Besides disturbances in steady-state, the kr resonance
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causes oscillation also during transients as shown in Figer 7.27(a),
which shows the current behavior for an active power referece 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 danping also
during transients.
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(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 reference prer , actual active power p, grid
phase voltage ugr and current igr .

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-
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tended VF-DPC (Figure 7.28(b)). The rise time increases fran 500s
to approximately 800s .

Another aspect to be observed in Figure 7.28 is the reactive @wer
compensation. Since the controller regulates the active ah reactive
power of the inverter side, the reactive power of the Iter capacitor
is compensated by adding the estimated value to the referemcas shown
in Figure 7.28(b).
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(b) Extended ve-level VF-DPC

Figure 7.28: Detailed transient response (a) for conventional ve-leve |
VF-DPC and (b) extended approach. Active power reference pres , actual
active power and reactive power p and g respectively and current igr .

Unbalanced grid voltages is also an issue to be considered irid
connected applications. Figure 7.29(a) presents distortg phase currents
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(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 iq; and grid phase
voltages ug; (&) without PLL and (b) with PLL respectively.

generated by the conventional VF-DPC when operating under wbal-
anced grid voltage (phaseR with +10% and phaseS with  10% am-
plitude change). This distortion results in unbalanced catulated grid
virtual- uxes (Figure 7.30(a)), which are used to estimate the control
variables, namely instantaneous active and reactive powe.

For the extended method, the calculated virtual- ux is Ite red using
a phase-locked loop (Figure 7.30(b)), resulting in phase awents with
low harmonic content (Figure 7.29(b)).
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(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; and grid
virtual-ux 4, (&) without PLL and (b) with PLL respectively.

The in uence of harmonics of the grid voltage has also been eeri-
mentally tested. When a 5" harmonic of 5% relative amplitude is su-
perimposed on the fundamental grid voltages, the conventinal method
(Figure 7.31(a)) is a ected by the resonance of the output Iter 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 &l HD = 12:4%. The resonance frac-
tion is reduced when the active damping is enabled (Figure B1(b)). But
on other hand since the active damping utilizes the capacito current
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Experimental results when a 5" harmonic of 5% relative

amplitude is superimposed on the fundamental grid voltage. Grid phase
voltage ugr , virtual-ux g and phase currentigr (a) for conven-
tional VF-DPC, (b) for adding the active damping and (c) for e nabling
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Figure 7.32: Experimental results when a 5" 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 5" harmonic control.
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to damp the lter resonance, the 5" 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 5" harmonic, the extended VF-DPC is able to produce
nearly sinusoidal load currents (Figure 7.31(c)). The spetral analysis
of the extended control method (Figure 7.32(c)) proves thata low total

harmonic distortion can be achieved even under distorted gd 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 thdlocks
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 hystersis boundaries.
Moreover, the expression which determines the shape of the odulated
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 | into
the phase currents can also be employed. However, since theN&C
inverter demands additional control of the oating capacitors, an extra
control block called modulator is included. It balances indvidually the
oating capacitors according to the output currents direction.

7.3.1 Hysteresis Strategy

Since the shape of the modulated hysteresis band necessany 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 reviedeThe ve-

level inverter requests a slightly di erent approach, since during the
positive cycle the inverter output voltage can switch eithe between
24 and 0 or “g= and Y& according to the operating point. Hence, the
analysis shall be performed separately.

Within the rst interval, the inverter switches to  “4 allowing the
current to increase from the lower hysteresis limit {grer  h1) to the
upper limit (igrer + h1). In this case, equation (5.15) which calculates
the inverter output voltage reference value can be written &

Ude _ L [ig:ref (igret + D)l ligrer (i gsref h1)]
 ~ =9

Uinv;M;ref 2

ton; 1
(7.5)

The time necessary to drive the current between the two limifs is then
calculated by rearranging equation (7.5).

2L ghy
Udc

4 Uinv;m;ref

(7.6)

ton:1 =
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When the current reaches the upper hysteresis limit, the cotroller
changes the switching state of the switching devices apprajately to
generate an output voltage equal to0. As consequence the load current
decreases fromier + h1) t0 (igrer  ha).

0=1L [ig;ref (ig:ref hl)] [ig;ref (ig;ref + hl)]_
=Ly :

Uinv;M;ref
toff; 1
(7.7)
From (7.7), the o time is determined as
2L 4h
toff; 1 = -9 . (7.8)
Uinv;M;ref

Combining both switching times (ton.1 and tesr. 1), the hysteresis en-
suring a nearly constant switching frequency in the intervd where the
fundamental inverter output voltage is lower then "4 can be expressed
as

hi;1: Uinv;i u% Uinv;i : (79)

From the point where the inverter loses the capability to regulate the
output current by switching only between the two lower voltage levels
(Uinvi > “4=), the controller changes immediately to the next higher
level, selecting appropriately either 25 or g,

During this second period, to increase the current from the bwer
to the upper hysteresis limit, the inverter generates an ouput voltage
equal to “¢=. Therefore, we have

) Ude _ [ig;ref (ig;ref + hy)] [ig:ref (ig:ref h2)]
Uinv;M;ref > " Lg tor 2
on;

(7.10)

Rearranging equation (7.10), the on time is calculated as

2L gh,
ton2 = U

(7.12)
= Uinv;mjref

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 IeveI”gc .

Udc =L [ig;ref (ig;ref hz)] [ig;ref (ig;ref + hz)]_
— =Ly .

Uinv;M;ref 4 torr. 2
(7.12)
The o -time is then extracted from (7.12) and described as
2L 4h
toff, 2 = s — (7.13)
Uinv;M:ref 4

The combination of the on- and o -times provides the switching pe-
riod and consequently the modulated hysteresis expression

Ude oo Uiny-i Udc
h'- - 2 nvii nvii 4 : 714
vz 2 Lg fs = (744

Therefore, this analysis shows that depending on the amplitde of the

| ha() ho(t)

OQ Q

0 T T T T T T T T T
0 2 4 6 8 1C
Time [ms]

Figure 7.34: Modulated hysteresis.
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fundamental inverter voltage, the hysteresis shape neceasy to achieve
a constant switching frequency may change. The threshold fochanging
to another hysteresis shape is the intermediary voltage lesf “g=.

The dierence 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) = Uinvi (1) UT:_C (7.15)

Figure 7.34 illustrates the time behavior of both hysteress limits h;

and h,, considering a sinusoidal fundamental inverter voltage. he tran-

sition between the two boundaries to build the complete hyseresish is

controlled by the function ti,. During the interval where the inverter

fundamental voltage is lower then %4 (t1> < 0), the controller utilizes
hy, while h; is selected fort;, > 0.

Although the shape of the hysteresis limit h; has changed in com-
parison to the three-level approach, the strategy is very shilar (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 inne& bands,
allowing the inverter to switch only between two consecutive levels. If
the state selected is not able to correct the current error, he controller
switches to the next upper (or lower) level when the error creses the
second hysteresis boundary. This nally forces the currenterror to op-
erate within the inner bands. Even though a double hysteres band is
su cient to achieve good steady-state performance, a four ével hystere-
sis is applied to force the current error back into the inner kands as fast
as possible during transients by using extreme dc voltage \els.

7.3.2 Mid-Point and Floating Capacitor Balance
The hysteresis controller selects the correct output voltge level neces-

sary to regulate the output current. However, due to existing redundant
switching states to generate the levels 4 and “s, there exists a de-

4 T4
: [Ul : .
%Cli imv,i g %Cl iI g
S 5
(a) state uy - Discharging FC (b) State uz - Charging FC
u

<

UFC,i,ref + . DJFC,i Ui
i ) XOR C :Xib
inv,i Ii C
[
u3

(c) Decision between u, and us

Figure 7.36: Balancing the oating capacitors for voltage level - ”%
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gree of freedom to balance the oating capacitors.

When the controller of phasei decides to apply an output voltage
level of %=, the inverter has two switching state alternatives, u, and
us, as previously mentioned. These states have opposite in ugce on the
oating capacitor of the respective phase. For a positive otiput phase
current i, , State u, discharges the oating capacitor (Figure 7.36(a)),
while state usz 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 ating
capacitor according to the output current direction 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 iput 1 when the
capacitor voltage deviation Uugc; reaches the upper hysteresis limit
and 0O for reaching the negative. If the voltage of the oating capacitor
Urci is below the referenceurc.ires mMinus the limit allowed by the
hysteresis controller, i.e. ugci =1, assuming a positive output phase

current, i.e. i; =1, the state uz shall be selected to charge the capacitor.
On the other hand, for the same voltage condition but negatie output
phase current,i; = 0, u; is the correct choice to balance the oating

capacitor. This decision is performed by using an XOR binarylogic
summarized in Table 7.6.

Table 7.6: XOR logic decision among redundant switching states to balance
the oating capacitors.

Urcii i | C | State
0 0] 0 us
0 111 us
1 0] 1 us
1 10 us

The same strategy is applied when the current controller seicts the
voltage level “=. To generate this level the modulator has two choices,
statesug and uz. 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 similadecision block
and logic strategy as shown in Figure 7.36(c) are used to ch@e among
these states, where statals replacesu,, while u; takes the position of
uz (Figure 7.37(c)).

241



CHAPTER 7. CURRENT CONTROL FOR FIVE-LEVEL INVERTERS

TR
1)
&
5

M—l F;T finui F:’j N " l4[‘;]
Lgc% S S w L ¢ S

(a) state ug - Discharging FC (b) State u7 - Charging FC

uFC,i

Uec i ref % Du._.. Ug
+ FC,i L
C

XOR >N—>

i = i [ r

U;

(c) Decision between ug and uz

Figure 7.37: Balancing the oating capacitors for voltage level “gc .

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 voltageuy:c; , which is converted into the
current lo via the integrator (Figure 7.33). The o set component |g
is added to each measured phase current in order to manipulat the
resulting mid-point current iy and properly balanceM .

Nevertheless, the analysis presented in section 6.2.2 shewhat the
controllability of such method becomes weaker as the phasehst be-
tween voltage and current is approaching to = 90°.

This drawback can be avoided for the ve-level VF-DHC by taking
advantage of redundant switching states. Besides distincin uence on
the oating capacitors, the states u, and uz also a ect di erently the
mid-point potential. While state uz connects the inverter output di-
rectly to M to generate the voltage level “ (Figure 7.36), state up
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establishes a connection to the negative potential. As coregjuence, only
us in uences the potential of M dependent on the output phase current.

The same situation occurs for the voltage levelts (Figure 7.37).
While ug makes use ofM, u7 is connected to the positive potential.
To use the bene ts of this extra degree of freedom, the moduler shall
select the switching state which either corrects the mid-pant 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 voltagdeviation
of the lower dc-link capacitor uc, and the direction of current i;, as
illustrated in Figure 7.38. Considering that the lower dc-link capacitor
must be charged, uc, = 1, and the inverter is generating a positive
phase current, if state uz is applied, the resulting positive iy, would
continue to discharge the lower capacitor. Therefore, a resonable alter-
native is to select stateu, that although not correcting the deviation,
at least does not contribute negatively as stateus.

(a) Decision between uy and ug (b) Decision between ug and uz

Figure 7.38: Balancing strategy to control the mid-point potential.

Table 7.7: XOR logic decision among redundant switching states to balance
the dc-link capacitor voltages.

ve, W [D| k| %
0 0 0 Uso Ug
0 1 1 Us uz
1 0|1 us u-
1 1 0 us Ug
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This logic summarized in Table 7.7, is repeated for all di erent com-
binations of uc,;; andi;, and is extended to the voltage Ievel“% with
the switching states ug and uy.

However, during normal operation the switching state seleted 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 letween these
two controllers is required.

In the proposed approach, each control is selected every stehing pe-
riod successively, as illustrated in Figure 7.39. Due to a narly constant
switching frequency obtained with the ve-level VF-DHC, bo th strate-
gies are applied practically over same interval of a fundametal cycle.

= Diinj 1
-3 L
¢ b
5 1
e
E Mid-Point SJFC e
8 Floating

Capacitor

— T, —

Figure 7.39: Switching between oating capacitors and mid-point con-
trol.

Figure 7.40 shows the function executed by the modulator to witch

UFC,\
Uec i ret l Du, 2

+. . FC.i

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 ltage devia-
tion ( oating capacitor or lower dc-link capacitor) and cur rent direction.
The signal sy, .uc, then switches periodically among both controls.

7.3.3 Modulator

A modulator, illustrated in Figure 7.41 is in charge to decocke the volt-
age level produced by the current hysteresis controller inb a correct
switching state based on the actual conditions of the systenvariables.

Since the voltage level “= may only be performed by the switching
combination uy, 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 leveks and switching state usg.

As stated in the previous sections the levels “< and “% may be
employed to balance the oating capacitor and mid-point potential.
Therefore, the strategy shown in Figure 7.40 to decide amongtates
u, and ug is applied for level 1 to select the correct state according to

Urc, Uc, andij. An analogue approach is used to decide between

level [
Ut -2
U, —
Balance -1
Us—
U,
5
Du& i Unyi N i,
o eE
1
u,
Ug—
Balance 1
U, —
US —— 2

Figure 7.41: Modulator applied to select the correct switching state to
generate the voltage level requested by the hysteresis curent controller.
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states ug and u7 when level 1 is chosen by the current controller.

To generate a zero output voltage level, there exist two swithing
combinations us and us. 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 stateus when the fundamental inverter voltage ui,y;; is positive
and uy if Ui IS negative.

Besides selecting the correct switching state, the modulair guaran-
tees that the same state is provided to the output as long as tke cur-
rent controller does not require a modi cation of the voltage level. This
avoids unnecessary changes of the switching state and/or ogequent
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 |-
ter connects a controlled 400V 3-phase AC power source to thieverter,
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-bitt60OMHz DSP platform. The hysteresis current
controller is implemented in a fast loop with a sampling rate of 80kHz .
In the same loop, the algorithm calculates the decoupling tem ip and
the virtual- ux based on two measured phase currents. The malulator
updates at the end of the calculation a proper switching staé selected
according to the voltage level chosen by the current contrder and the
conditions of the oating capacitors and dc-link voltages. These vari-
ables, namely three oating capacitor voltages and the volage across
the lower dc-link capacitor are measured at a rate o#40kHz. The cur-
rent references are generated at the same sampling rate, agniction 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 curré igr and
voltage uin.r  for the classical hysteresis approach (Figure 7.42(a)), ta
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(c) VF-DHC with modulated hysteresis
Figure 7.42: Hysteresis band hgr, grid voltage ugr, inverter output

voltage uinv;r and grid current igr , of ve-level (a) VF-CHC, (b) VF-
DHC, and (c) VF-DHC with modulated hysteresis band.
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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 progrly 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 segnce cur-
rent ip is added to the measured phase currents, enabling the decolipg

strategy. In this case, the inverter output voltage turns out to be more
regular, although there are still some gaps during transitons between
levels. Further improvement is achieved by varying the hyseresis limits
hi, where the hysteresis band shows a low width exactly in the mment
when the hysteresis controller demands a transition to the ext higher
(or lower) level. This directly in uences in the switching f requency which
becomes more constant as shown by the current spectrum anadis of
Figure 7.43. The inherent wide spread frequency spectrum gerated
by the classic hysteresis approach is presented in Figure #3(a). It be-

comes more centered around the desired switching frequenayith the

decoupling method (Figure 7.43(b)) and nearly constant wha the mod-
ulated hysteresis is enabled (Figure 7.43(c)). It is also imortant to note

that the rst group of switching harmonics generated by the ve-level
ANPC inverter is concentrated around the double of the commuation

frequency.

A closer investigation of the gate signals generated by the icerent
methods, can also help to analyze the switching performance-or the
conventional hysteresis control (Figure 7.44(a)), one carobserve that
the frequencies of the gate signals applied to the switchingevices of the
output stage (s1.r and ss.r ) are varying signi cantly over a fundamental
cycle. The gate signals become more uniform in the decouplghmethod
(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 vectoraus and us,
the switching frequency of the device of the input cell is linited to the
grid fundamental frequency for all three methods, €s.r in Figure 7.44).

When plotting the instantaneous switching frequency of the output
cell switching devices over a fundamental cycle (Figure 75), the im-
provement of the switching frequency performance achievedavith the
decoupling method becomes even more clear. The switchingefquency
generated by the VF-CHC can reach almost twice the average \lae 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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hysteresis VF-DHC (Figure 7.45(e)(f)),

deviation is limited to a narrow band.
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frequency over one fundamental grid cycle for switches si1.r and ss.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 berivesti-
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

ig;r Within the hysteresis boundaries hi;r and ho,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 implementedd allow the
inverter to switch among ve distinct voltage levels is successfully ex-
ecuted. However, the interaction between phases inherentot the VF-

CHC causes irregular current error igr and consequently a distorted
inverter output voltage uin-r (Figure 7.46(a)). The decoupling method
eliminates the coupling of the phases, resulting in a more uiform cur-

rent error (Figure 7.46(b)). This permits the hysteresis cmtroller to

generate a more regular inverter output voltage while the curent er-

ror is maintained within the inner hysteresis limits h;.r. Nevertheless,
if the voltage level selected is not able to correct the curret error,

the controller is designed to switch to the next higher (or lover) level
as soon as the error crosses the second hysteresis linhii.gr. The pe-
riod between two consecutive boundaries may reduce the inahtaneous
switching frequency, due to the distance necessary to avoidndesirable
switch action. Besides a nearly constant switching frequecy achieved
while the current error is limited inside the inner band, the modulated
band allows a more smooth transition to a higher or lower volage level
(Figure 7.46(c)).

A more detailed analysis of the hysteresis strategy is showim Fig-
ure 7.47. One can note that two consecutive voltage levels archosen
while the current error is maintained within the inner band h;.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 thke upper band

i m-»-«..—q“w Di oR

\\ M’:ﬁt

Figure 7.47: Detailed analysis of the hysteresis control strategy based
on modulated boundaries hi.r and hzr. Output phase current error
ig;r and resulting inverter output phase voltage Uinvr -
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h,.r where the controlle

rimmediately switches to the next highe 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 hgteresis
characteristic of switching immediately to a correct state when the er-

ror crosses one of the
error is operating norm

boundaries. However, even though theurtent
ally inside the hysteresis bandshi; and ha;,

two additional boundaries have to be included to allow the hysteresis

1 S NPT PR R PP PR P e )
S ms
2.58 KW ) ) p'ef' X
1
p
3 L. Ug Lo
o~ R "
sszgsv AN g,"l w“\-, AT g
" Y y », ,/ =
- Wy i JH““‘) e " ey
ot e o
Cryoa BN NG M
¥
18.8 A — " 5 A
i

(a) Time scale - 5ms

r_n,,_w TP W S e P

p ref

1
S ms
2.58 Kw

1

3
.5 ms q 3
\
2.58 KW APt oMo o T""v'lq'\‘ Ay, nb,‘u\“‘\ e

gR P A P e A
4,5 ms AM\AVMH’I"‘IM'MM“"\“M”)’ﬁd“"w.‘\“’# ) T ¥ »‘-"4
18.8 A L)
(b) Time scale - 500s
Figure 7.48: Experimental results for a positive step of 40% in the

active power reference
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voltage ug;r and current igr .
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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 pwer
referencepres 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.
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Figure 7.49: Experimental results for a negative step of 40% in the
active power reference presented in (a) 5 ms time scale and () 500s
time scale. Active power referenceper , actual active power p, grid phase
voltage ug;r and current igr .

Figure 7.50 proves the e ectiveness of the strategy appliedo 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 to“s= or 400V, due
to the correct operation of the modulator selecting a properredundant
switching state. Additionally, an o set |¢ calculated according to the
voltage deviation is added to the measured currents to in uece the
resulting mid-point current. The hysteresis controller is used to allow a
ripple of the capacitor voltage (Figure 7.50(b)) where the tysteresis is
adjusted to 5% of half of the dc-link voltage.
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(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,y and uc, 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 “¢ (Figure 7.51). The mod-
ulator has the possibility of choosing among two redundant tates when
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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 “4 and another
two states for the level “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 Iter, outer loops previously
employed with others control methods are included into the onven-
tional approach (Figure 7.52). The active damping, harmont control
and reactive power compensation act directly on the active ad reactive
power references. The phase-locked loop is included in thdrtual- ux

calculation block to guarantee the correct estimation of the grid voltage.

To adapt the hardware setup for the test of the extended methal, an
LCL lterwith Ljny =7:9mH,Ly=3:5mH andC =14:1F , replaces
the 10mH rst order Iter. 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 ee maintained.
A signi cant modi cation is necessary for the DSP algorithm , since ad-
ditional routines have to be included. Due to these extra catulations,
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 caomponents,
and an extra loop with 20kHz sampling frequency is created to calcu-
late the 5" harmonic control, reactive power compensation and PLL
routines.
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(b) Extended ve-level VF-DHC

Figure 7.53: Experimental results of grid phase voltage ugr , inverter
output voltage uinvrk and phase current igr (&) for the conventional
ve-level VF-DHC and (b) the extended strategy including th e active
damping, harmonic control, PLL and reactive power compensation.
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Although the inverter output voltage uj,.gr is not drastically af-
fected by the LCL Iter resonance for the conventional approach (Fig-
ure 7.53(a)), resonance oscillations are superimposed ohd fundamen-
tal component of the grid phase current. The active damping ncluded
in the extended method (Figure 7.53(b)) suppresses considably these
disturbances, while the harmonic control regulates the inuence of the
5 harmonic.

The positive e ect of these two loops can also be seen in the cu
rent spectrum shown in Figure 7.54. The active damping redues the
level of the harmonics in the resonance frequency rangd (", 11" and

100
80
60
40
20

THD =3.0%

6.0

THD =9.1%
4.0

2.0

Amplitude[% of fund.] Amplitude[% of fund.]

0.0
1 5 10 15 20 28

Harmonic order

(a) Conventional ve-level VF-DHC

100
80
60
40
20

THD =3.0%

6.0

THD =4.1%
4.0

2.0

0.0 |..-...I..l-.-.l.__.l...-.....-.-.__-.-..
1 5 10 15 20 25
Harmonic order

(b) Extended ve-level VF-DHC

Amplitude[% of fund.] Amplitude[% of fund.]

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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19M), while the 5" harmonic is decreased due to an e ective regula-
tion achieved with the 5" 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 compmmise
the e ectiveness of the strategy introduced to balance the nid-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.
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(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 catrol for
a three-level NPC inverter, has shown that the in uence of a awrrent
o set |g on the balancing process is limited. The balancing capabity is
reduced if the phase shift of grid phase voltage and current gproaches
9(°. However, due to existence of redundant switching states othe
ve-level ANPC inverter, this limitation is overcome. In th e proposed
method the modulator selects, besides the current o set g, 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

S ms u
200 V c

1
5 ms uCu
288 V , —_— I —
U,

(b) 90° phase-shift

Figure 7.56: Experimental results of dc-link voltage balancing for (a)
45° and (b) 90° phase-shift between grid phase voltageugr and current
igR .
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voltages for di erent operating points as shown in Figure 756(a) for a
phase shift of45° and in Figure 7.56(b) for a phase shift of90°.

The performance of the extended method during transients isllus-
trated in Figure 7.57 and con rms the e ectiveness of extendced method.
For the conventional ve-level VF-DHC a step of 40%of the rated power
on the active power referencepes shows a strong in uence of the res-
onance also during transients (Figure 7.57(a)). The oscilitions of the
grid current igr are dramatically reduced for the extended method (Fig-
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(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 referencepes , actual active power p, grid
phase voltage ugr and current igr .
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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 Jaes of
the variables and not directly on the switching decision blak, their in-
uence on the dynamic response in terms of control time is mifimum.
Figure 7.58 shows that the time of 500s necessary to drive the in-
stantaneous active powerp to the new reference valuepyes with the
conventional method is increase to800s in the extended VF-DHC.
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Figure 7.58: Detailed rise time (a) for the conventional ve-level VF-
DHC and (b) extended approach. Active power reference pret , actual
active power and reactive power p and g and current igr .

The proposed ve-level VF-DHC is also experimentally tested un-
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der di erent mains conditions, such as unbalanced and distoted 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 extendethethod
to correct the virtual- ux estimation (Figure 7.60(b)) and consequently

1i
L2sagsv u

(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 iq; and grid phase
voltages ug; (a) without PLL and (b) with PLL respectively.
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allows the inverter to generate a nearly sinusoidal grid curent (Fig-
ure 7.59(h)).
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(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; and grid virtual- ux
g;  (a) without PLL and (b) with PLL respectively.

The system performance for distorted grid voltages is veried by su-
perimposing a fth harmonic of 5% on the fundamental grid voltages. In
the classical approach, besides oscillations caused by theer resonance,
Figure 7.61(a) shows that the grid current su ers from the 5" harmonic
present in the grid voltage. This in uence is also clearly otserved in the
current spectrum illustrated in Figure 7.62(a). As mentioned previously,
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Figure 7.61: Experimental results when a 5" harmonic of 5% is su-
perimposed on the fundamental grid voltage. Grid phase volt age ugr ,
virtual-ux g and phase currentigr (&) with the conventional VF-

DHC, (b) for adding the active damping, and (c) for enabled 5" har-

monic control.
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Figure 7.62: Experimental results when a 5" harmonic of 5% is su-
perimposed on the fundamental grid voltage. Grid phase volt age and
current harmonic spectrum (@) with the conventional VF-DHC , (b) for
adding the active damping, and (c) for enabled the 5" harmonic control.
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the active damping has the ability to reduce the resonance asllations,
but on the other hand it creates an undesirable path which ampi es har-
monics in the grid currents (Figure 7.61(b) and Figure 7.62p)). When
the extended method with the harmonic control harmonic is applied,
the distortion caused by the 5" 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 switchhg pos-
sibilities. Five distinct voltage levels per phase may be geerated with
eight switching combinations, what clearly indicates the eistence of re-
dundant states. These states are characterized by producmthe same
voltage level, nevertheless with di erent switching states of the switch-
ing devices. In terms of three-phase analysis, besides the@mrventional
61 voltage vectors available in conventional ve-level systens, the con-
troller has to be able to choose the correct state out of 343 djpns 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 presentel for
two-level systems and later extended for the industry standrd three-
level NPC requires additional modi cations, mainly of the v oltage vector
decision block. Furthermore, extra levels have to be addedd the active
power hysteresis control to allow the controller to switch anong ve
voltage levels. To increase the accuracy of the vector dedt, the space
vector plane is divided into 24 sectors instead of12 as for the classical
approach. Additionally, besides the necessity of balancig the mid-point
potential, the ve-level VF-DPC must be able to regulate the voltage
across the oating capacitors. This demands a dedicated stitegy to
select the correct switching state based on the status of thelc-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 stategy to
decide among the output voltage levels is analogous to the ntleod ap-
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plied for the three-level approach, additional hysteresishoundaries have
to be included to ensure a fast dynamic response. Furtherma, in order
to balance the mid-point potential and the oating capacito r voltages,
a modulator is introduced to decode the level selected by theurrent
controller into a correct switching state.

The static and dynamic performance of both methods have beener-
ied using a 6kW ve-level ANPC inverter prototype connected to a
400V 3-phase AC power source via a rst orderL Iter. Both strategies
are also extended to high power applications, incorporatig the loops
developed for two-level systems to compensate some characistics of
LCL Iters. Once again, these loops have demonstrated to be immuoe
to changes of the topology or number of generated voltage |&ls.
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Chapter 8

Conclusion and Future
Works

This work discusses methods for controlling the ow of energ between
renewable energy sources and the utility network. The emerigg interest
in such technologies demands continuous research of new ¢osl con-
cepts, especially in the area of high voltage and high powergplications.

There are several di erent multilevel topologies suitablefor these ap-
plications, however the concepts dier in terms of operating behavior
and/or strengths and weaknesses. The analysis presented iGhapter
2 shows that although the Neutral-Point Clamped and Flying Capac-
itor three-level inverters have been accepted by the indusy 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 sex§ connec-
tion of clamping elements, have opened space to new topolas. The
clamping elements are avoided by series connection of simgphase H-
Bridge inverters. On the other hand, the necessity of multide isolated dc
sources makes the Cascaded H-Bridge topology suitable onfgr a lim-
ited number of applications. A new approach, namely Hybrid Multilevel
inverters, combine the strengths of di erent semiconductas and circuit
topologies into a new structure. One of the most promising mitilevel
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 developmenif faster
microprocessors has encouraged researchers to study neweségies which
demand high computational e ort. The predictive controlle ris one of the
methods which is getting force proportionally to the speed ad calcula-
tion power of new microprocessors. The optimum control acton accord-
ing to given criteria is selected among all possibilities. Aother control
scheme emerging in parallel, especially for grid connecteapplications,
is the Direct Power Control (DPC). It controls the instantan eous active
and reactive powers through hysteresis elements and an o ke calcu-
lated switching table. Nevertheless, this concept has beetraditionally
used for low power applications with the conventional two-kvel 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 Iter 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 characterig, new con-
trol blocks have been developed and incorporated into the mia DPC.
An active damping based on power quantities, emulates a resfor in
parallel to the Iter capacitor to e ectively damp the Iter 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 conponents
are extracted from the capacitor voltage but also any other bw or-
der harmonics. In order to compensate these harmonics, an dividual
harmonic control loop based on synchronous reference frantleory is
applied and appropriate power quantities are added to the ative and re-
active power references. Additionally, a phase-locked Igpand a reactive
power compensation are used to guarantee the correct synabmization
of the generated phase currents with the grid phase voltagesThe ex-
perimental veri cation performed with an 6kW prototype, has shown
that the negative e ect caused by the lter resonance is con&derably re-
duced thanks to the active damping loop. In addition, the fag dynamic
performance inherent to the classical DPC is not signi canty a ected.
Tests performed under unbalanced and distorted grid voltags proved
the e ectiveness of the PLL and harmonic compensation block. In both
situations the extend approach showed results signi canty better then
the classical DPC.

Following the same basic idea of controlling the instantaneus ac-
tive and reactive powers via hysteresis regulators, a new \tage 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@coupling net-
work calculates and adds a zero sequence current to each ofetoutput
phase currents in order to eliminate the interference betwen phases.
The decoupling strategy allows to achieve an almost constanswitch-
ing frequency if the hysteresis are properly modulated. Thanitial test
with a rst order L lter showed that the decoupling network makes the
switching action more uniform when compared to the conventbnal hys-
teresis method. A further improvement is achieved with the nodulated
hysteresis bands. To extend the concept to higher power apations,
the outer control loops proposed for the VF-DPC are includedinto the
conventional VF-DHC to compensate the characteristics of he LCL
Iter. The experimental analysis demonstrates that the e e ctiveness of
the active damping, harmonic control, PLL and reactive powea compen-
sation loops is independent of the inner current control log, 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-BC and
VF-DHC, were extended to operate with a three-level NPC inveter.
Basically, the controllers were modi ed to allow the inverter to select
three output voltage levels and to achieve the balancing of he dc-link
capacitors. The rst condition was reached by adjusting the hysteresis
strategy, replacing the single band hysteresis controlleby a double band
method. Although the dc-link balancing of both concepts is ndirectly
achieved by manipulating existing redundant vectors, the srategies 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 discharg 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 selectraong 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 tb average
mid-point current and consequently regulate the voltage ofthe dc-link
capacitors. Besides the independence of the outer contr@lis (active
damping, harmonic control, etc.) and the applied inner current regula-
tor, simulation results have shown that the concepts are als immune to
changes of the number of levels or of the topology. Simulatio analysis
also proved the e cacy of the balancing method of both conceps.

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 th instanta-
neous power, the dc-link and oating capacitor voltages, dwe to a higher
number of voltage vectors and redundant switching states. Br the VF-

DPC, the number of levels of the active power hysteresis wasntarged
to four, in order to allow the inverter to switch among ve out put volt-

age levels. Additionally, the number of sectors in the space&ector plane
was increased from 12 to 24, to provide a more precise locatioof the
grid voltage vector to the switching table. A secondary table was im-
plemented to select correctly one of the redundant switchig state to
balance at the same time the dc-link and oating capacitor vdtages.
For the VF-DHC, although the hysteresis strategy utilizes only the two

inner hysteresis boundaries similar to the three-level apmach, extra
bands were added to allow a fast transient response. To balae the
dc-link and oating capacitor voltages, a modulator chooses a proper
switching state based on the status of the lower dc-link capeitor 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 obtairte with
both control techniques (VF-DPC and VF-DHC) for the three di er-
ent topologies, simulations using the same electrical spécations for
all concepts were carried out. Basically, the speci catiors follow the
range applied in the 6kW prototypes of the two and ve-level inverters.
The dc-link is designed to 800V, allowing to utilize a 1200/ switching
devices (Semikron SK30GB123) for the two-level topology ad 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 Iter with Li,, = 7:9mH,
C =14:1F andLg =3:5mH. The controllers are split into di erent
sampling frequency routines, with a fast loop calculating he core of the
controllers every 10kHz, and another two loops for the active damping
with 40kHz and for the harmonic control and PLL with 25kHz.
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Figure 8.1: On-state characteristic of (a) IGBT and (b) antiparallel
diode.

The semiconductor losses are separated into conduction argWitching
losses. For calculating the conduction losses the on-stateharacteristic
of the IGBT is modeled as a voltage source, known as on-stateoltage
Ucke (sat), and a on-resistanceRt. The values of these parameters are
extracted from the data-sheets of the 600V, 1200V and 1700VGBTs
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 votages IGBTSs.
Based on the average andms collector current, the conduction loss can
be calculated as

_ - 2 .
Peond;icBT = Uce (sat) lieBT:avg + RT ijgeTims - (8.1)
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The same procedure is used for the calculation of the conduitn
losses of the antiparallel diodes, based on the forward vaige U and
the on-resistanceRg illustrated in Figure 8.1(b).

— B 2
Pcond;Diode - UF |Diode;avg + RF IDiode;rms (8-2)

The switching losses are calculated based on measurements \mlt-
age and current time behavior during turn-on and turn-o . Th e voltage
across the switching devicesijggt is assumed to be constant according
to the dc-link voltage and topology structure. The in uence of the in-
stantaneous collector currenti. 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. for uce =600V.
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the turn-on and turn-of energies graphics provided in the dda-sheets of
the semiconductors. Figure 8.2 shows the numbers extractettom the
data-sheets of the 600V, 1200V and 1700V IGBTs for a collectocur-
rent in the range of 5-25A and with ucg = 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 accordg to

IGBT

Eonoft =(a i§+ bic+ C)u (8.3)

Uce

where the voltageucg 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 wha
operating with the two-level six-switch, three-level NPC and ve-level
ANPC topologies. One can note that the decoupling method acleves
better performance for all three topologies, due to a nearlyconstant
switching frequency reached with this approach in comparien to the
variable switching pattern produced by the VF-DPC. Another fact is
the reduction of the THD as the number of voltage levels incrases. This
improvement occurs since the synthesized output waveform@ls more
steps as the number of levels increases, producing a staiawaveform
which approaches the sinusoidal shape. On the other hand, tdough
the switching losses are reduced as the number of levels ireases, the
conduction losses increase drastically due to a higher nungs of semi-
conductors connected in series, resulting in higher totaldsses.

Table 8.1: Comparative analysis of THD 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
THD % 45 2.6 3.3 1.7 2.6 1.1
Psw (W) 36.3 373| 161 16.5| 5.6 5.1
Pcond (W) 56.7 575 | 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 thagsive
components may also play an important role, and therefore mat be
taken into account. The passive losses can be split into coréP .core )
and conduction (P..cy ) losses of the output Iter 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 baseah the
power law equation
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PLicore () = kf B , (8.4)

where P_.core IS the time average power loss per unit volumep is the
peak ux amplitude, f is the frequency of the excitation andk, and
are empirical constants depending to the core material foud by curve
tting.

The conduction or copper loss is determined according to thewire
resistance, which can be expressed based on the length, |, area (Ay)
and the resistivity , of the conductor,

IW w
Rw = .
w= M ®5)

or

Rw = A w (8.6)

2
w

where , is the diameter of the conductor.

However, the tendency of ac currents to circulate on the sudce of
the conductor due to the skin depth, modify the copper area used by
the current.

Using the de nition of skin depth

= P (8.7)

the conductor resistance for ac currents can be rewritten as
I
Rwac = — o (8.8)
( )
1

where , and  ( w = 7) are the permeability and conductivity of
the conductor.

Based on the resistance ac of the conductor, the copper lossrt be
calculated using
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PL;Cu = Rw;ac i(2:ond;rms : (8-9)

The losses in the Iter capacitor are caused mainly by the eqgivalent
series resistanc&SR. It varies with the operating frequency and can be
estimated using the dissipation factortan , provided by the capacitor
manufacturers.

_ tan , iff 1kHz
BN = o +4:8 10e %f  10PHz) iff> 1kHz  &10)

The series resistance can be then determined for each frequey f,

tan g .

ESRy = 2f .C’

(8.11)

and multiplied by the rms capacitor current in the same frequencyk
(after FFT) for calculating the total capacitor loss,

x
PC;ESR = ESRk iéap;rms;k . (812)
k=1

The parameters of the magnetics used in the inverter and gridside
inductors are shown in Table 8.2. For the output lter capacitor, three
4:7F EPCOS B32924 capacitors are connected in parallel to reach
141 F per phase.

Table 8.2: Design details of the inverter Liny, and grid L4 side inductors.

| Inductance | Core (Micrometals) | Turns | Wire

Linv 7:9mH T300-26D 223 | 12AWG
Lg 3:5mH T300-26D 210 | 12AWG

The passive losses summarized in Table 8.3 and graphicalljustrated
in Figure 8.4, show that the largest variation among the topdogies oc-
curs in the core loss of the inverter side inductorP, ,, -core - The syn-
thesized output voltage generated by the multilevel inverters (three and
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ve-level) reduces the voltage variation across the inverer side induc-
tors, decreasing consequently the delta ux and losses. Theoltage rip-
ple and consequent loss of the grid side inductok 4 are even smaller, due

to a high attenuation factor achieved by the three stage Iter. A similar

Fi)nductor (W] Féapacito U
VF-DPC
100 7Fﬂ,m,,Cu 16
75 12
50 R 0.8
Fﬂ,n\,,COre L?’CU
P
25 iEER 0.4
2-Level 3-Leve 5-Levé
(a) VF-DPC
Pinductor[W] Pcapacitcv U
VF-DHC
lm B l?—lnvv‘-‘u 16
Y
75 12

50

25

Figure 8.4:

side (Lg) inductors core Pr.core

FI)_im, Core

2-Level

3-Levé
(b) VF-DHC

and copper Pr.cy

5-Levé

0.8

0.4

Graphical representation of the inverter (Lin ) and grid
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.

281



CHAPTER 8. CONCLUSION AND FUTURE WORKS

phenomenon is observed in the capacitor losses, however gsect on the
overall loss is minimum compared to the inductor losses. Carerning the
conduction losses, it is clear that the e ect caused by the inerter and
grid side inductors are similar for the three structures, shce 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

P, coe(W) | 51.92 5496] 429 6.33] 1.47 1.89
P, cu(W) | 3634 3549|3573 34.68 3534 35091
P ,coe (W) | 001 001 | 001 001| 001 0.01
P ,cu(W) | 3453 3331|3369 3512|3249 33.60
Pcesr (W) | 142 083 | 034 019 013 0.5

Ppassive (W) | 124.22 124.60] 74.06 76.33] 69.44 71.46

Combining semiconductor and passive losses in Table 8.4 anilig-
ure 8.5, one can note that the classical two-level and the velevel ANPC
inverters produce nearly the same total losse®ysses . In addition, one
can see that the low losses generated in the passive compot®Rpassive
of the ve-level topology compensate partially the high semconductors
lossesPsemicon  Caused by a high number of devices. However, the ve-
level topology still win the race since it generates an outpti current
with lower total harmonic distortion. Continuing with the ¢ omparison,
the three-level NPC topology appears in an intermediary pogion with
the lowest total losses, however withTHD higher then the ve-level
ANPC.

Assuming the losses as one of the most critical parameters ding the
design process, a further investigation in terms of harmorg distortion
can be performed forcing the two and three level systems to gerate
the same total lossesP|psses Of the ve-level VF-DPC and VF-DHC
methods. Since the semiconductor and passive conduction gees are
mainly dependent on the current ratings, the only degree ofifeedom for
increasing the total losses is to adjust the switching freqency and/or
to increase the switching and core losses. For the two-levebpology,
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Table 8.4: Comparative analysis of THD and total losses Posses (Split into
semiconductors Psemicon and passive Ppassive l0SSes) 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
fsw(kHZ) 3.0 3.0 3.0 3.0 3.0 3.0
THD % 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) | 1242 1245| 741 763 | 694 715

Posses (W) | 217.2 219.3] 174.4 179.2] 223.9 227.3

the switching frequency is increased by a factor of 1.1 (Tald 8.5 and
Figure 8.6)to generate the same total losses &f24W . 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 ahieved
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 toptogy. As
consequence, the total harmonic distortion achieves levslvery 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 Ppsses 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
fsw(kHZ) 3.3 3.4 7.4 7.7 3.0 3.0
THD % 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 | 69.4 715

Posses (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 THD
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 harmorg distor-
tion, its e ciency is not optimum due to higher number of semi conduc-
tors and consequently, higher conduction losses. The threkevel NPC
inverter operating with higher switching frequency, showal similar per-
formance in terms of distortion and losses, however with theadvantage
of lower complexity and component count. Therefore, the sedction of
the optimum control technique and topology is highly depencdent on the
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Figure 8.6: Analysis of the static performance THD 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 ha pro-
posed two control techniques which may be suitable for di eent voltage
and power ratings and applications, where the two-, three- o ve-levels
topologies are advantageous.
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8.2 Future Works

This work has successfully demonstrated the potential of tv new con-
trol techniques, namely Virtual-Flux Direct Power Control and Virtual-

Flux Decoupling Hysteresis Control for high voltage and hidh power grid
connected applications. Therefore, it creates space for fther investiga-
tions.

Although the controllers have been proposed and tested for Hree
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 control
techniques to stand-alone applications. In this case, the tility network
voltage existing as reference to control the power ow is mising and
has to be replaced by proper control.

The switching losses can be assumed as an extra control vakke in
order to allow the controller to select a proper switching stte which
results in a minimum number of commutations.

The last and longer term challenge is to combine all variabls involved
in the design process of the complete system (topology, EMI Iter and
control scheme) into a common simulation platform. Such tod could be
employed to analyze and determine the optimum concept condering
losses, thermal management, total harmonic current distotion, costs
and volume.
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