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Abstract I

Abstract

In recent years, the energy generation with regenerative sources such as wind energy,
photovoltaic, etc. has increased rapidly. The connection of such energy sources to the
grid requires power electronics conversion systems. In the present work a new
approach for the hybrid connection of solar panels and wind turbines is proposed. The
system examined in the research work utilizes a 5-Level Cascaded H-bridge Voltage
Source Inverter (SL-CHB-VSI) for this purpose and features advantages regarding the
cost, the maintenance, and, especially, the availability of energy generation under
changing weather conditions. The flexibility of the hybrid system allows different
modes of operation depending on the available PV or wind power, which are
considered in all details in the frame of the work. It is expected to be a good solution
for the grid integration of small generation systems in rural or remote areas in

developing countries.

Each phase of the S5L-CHB-VSI consists of two single-phase H-bridges, fed by
separate DC-links. Therefore, a hybrid operation is possible by feeding the DC-links
out of different energy sources. In the examined case the bridges are connected either
to a photovoltaic (PV) string or to a rectifier, fed by an electrical generator that is
driven by a wind turbine (WT). The grid connection was performed by using a voltage
oriented control scheme with additional feedforward modulation index compensation
(FFMIC). The proposed scheme controls the active and reactive power in the point of

connection.

Two types of the feedforward compensation methods are presented, aiming at two
targets. The first one, which is based on the injection of a zero-sequence signal, leads
to balanced transfer of the power to the grid in case of unsymmetrical energy
production among phases, due to fault degradation, model mismatch, partial shading at
the PV string or weather conditions. The second one deals with the maximum power
point tracking for each connected energy source without using the additional DC-DC

converters that are necessary in conventional approaches.
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The proposed control scheme - including feedforward modulation index compensation
- was realized by using a single DSP. Furthermore, phase-shifted Pulse Width
Modulation (PS-PWM) as well as Space Phasor Modulation (SPM) techniques were
implemented to control the inverter. Experimental results on a laboratory setup
confirm the theoretical considerations. The PV panels were emulated in the laboratory
by using programmable DC supplies, while the wind turbines were emulated using
permanent magnet synchronous generators. The results show the flexible operation of
the system due to the individual MPPT operation for each H-bridge cell and the
balanced injection of the power, even under unsymmetrical generation conditions. The
possibility to switch between star- and delta-configuration of the inverter topology was
proposed and analyzed in order to enhance the performance of the grid integration and

the efficiency of conversion.



Zusammenfassung I

Zusammenfassung

Die Energieerzeugung aus regenerativen Quellen wie Windenergie, Photovoltaik usw.
hat in den letzten Jahren eine enorme Bedeutung gewonnen. Der Anschluss von
dezentralen Energieerzeugungssystemen aus regenerativen Energiequellen an das
offentliche Netz ist jedoch nicht moglich ohne geeignete, leistungselektronische
Umwandlungssysteme. In der vorliegenden Arbeit wird dieses Thema in Angriff
genommen und ein neuer Ansatz fiir den hybriden Anschluss von Photovoltaik- und
Windenergieanlagen iiber einen einzelnen Umrichter vorgeschlagen. Das in den
Forschungsarbeiten untersuchte System nutzt dazu einen Mehrstufen-Wechselrichter
mit in Reihe geschalteten H-Briicken (S5L-CHB-VSI) und bietet Vorteile bei Kosten,
Wartung und insbesondere bei der Verfiligbarkeit der Energieerzeugung unter
wechselnden Witterungsbedingungen. Die Flexibilitit des Hybridsystems ermoglicht,
je nach Verfiigbarkeit der PV- oder Windenergie, verschiedene Betriebsarten, die im
Rahmen der Arbeit in allen Details beriicksichtigt werden. Das vorgeschlagene und
untersuchte System stellt eine gute Losung fiir die Netzintegration von kleinen
Erzeugungssystemen, in  ldndlichen  oder  abgelegenen  Gebieten in

Entwicklungslidndern, dar.

Jede Phase des SL-CHB-VSI besteht aus zwei in Reihe geschalteten einphasigen H-
Briicken, die iiber getrennte DC-Zwischenkreise gespeist werden. Daher ist ein
Hybridbetrieb moglich, indem die Gleichspannungseinginge aus verschiedenen
Energiequellen gespeist werden. Im betrachteten Fall sind die H-Briicken entweder mit
einem PV-String oder einem Gleichrichter verbunden, der von einem an einer
Windturbine gekoppelten Generator gespeist wird. Die Netzanbindung wurde unter
Verwendung einer spannungsorientierten Regelung mit einer zusitzlichen
Vorsteuerung durchgefiihrt. Das vorgeschlagene Verfahren kann die Wirk- und die

Blindleistung am Anschlusspunkt getrennt regeln.

Es werden zwei Arten der Vorsteuerungen mit unterschiedlichen Zielen vorgestellt.
Die erste basiert auf der Addition eines Nullspannungssystems und symmetriert die

eingespeisten Strome im Fall einer unsymmetrischen Spannungserzeugung, die z. B.
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durch Modellfehlanpassung, partielle Verschattung an der PV, wechselnde
Wetterbedingungen entstehen kann. Die zweite befasst sich mit der Umverteilung der
generierten Leistung zwischen den einzelnen Zellen einer Phase. Diese Vorsteuerung
wird durch die Einstellung des Betriebspunktes mit der maximalen Leistungsabgabe
(MPP) fiir jede der angeschlossenen Energiequelle beeinflusst, welche hier ohne
Verwendung von zusdtzlichen DC-DC-Wandlern, die in herkdmmlichen Ansitzen

notwendig sind, ausgefiihrt ist.

Das vorgeschlagene Regelverfahren - einschlielich einer der Vorsteuerung vom
Modulationsindex - wurde unter Verwendung eines einzelnen DSP realisiert. Dariiber
hinaus wurden im selben DSP die verwendeten Arten der Pulsweitenmodulation (PS-
PWM) sowie (SPM) implementiert. Experimentelle Ergebnisse gewonnen an einem
Laboraufbau bestitigen die theoretischen Uberlegungen. Die PV-Module wurden im
Labor mit Hilfe von programmierbaren Gleichstromquellen und die Windturbinen mit
Permanentmagnet-Synchrongeneratoren emuliert. Die Ergebnisse zeigen den flexiblen
Betrieb des Systems durch den einzelnen MPPT-Betrieb fiir jede H-Briickenzelle und
die symmetrische Injektion der Leistung auch unter unsymmetrischen Bedingungen.
Die  Moglichkeit,  zwischen  Stern- und  Delta-  Konfiguration  der
Wechselrichtertopologie umzuschalten, wurde vorgeschlagen und analysiert, um die

Leistungsfahigkeit der Netzintegration und die Effizienz der Umwandlung zu erhdhen.
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Nomenclature

Notation
X

X

x = Re(x) +j - Im(x)

— |£| . ej'(Px

=

Ed

=N

=l

Space vector quantities
is

Uy, U, and us

Small letter symbol stands for an instantaneous value
Capital letter symbol stands for a DC quantity or RMS.
value

Space vector representation in the complex plane

Peak value of a signal

Magnitude of space vector x

Peak-to-peak value of a signal

Average value of a signal

Stator-current space phasor

Three nearest-voltage space phasors

Ug Stator-voltage space phasor

U; (i = 1,2 or 3) Three nearest-voltage space phasors in
a-f coordinate system

u; (i = 1,2 or 3) Three nearest-voltage space phasors in
oblique a’- B'coordinate system

Upef Reference voltage space phasor in a-f coordinate
system

Uper Reference voltage space phasor in oblique a'-f’
coordinate system

Symbols

A Swept area of the turbine rotor

Cp Power coefficient of the turbine blade

I Solar cell current
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Leug,(v-a) Inverter output phase current in the case of Y-A configuration

Ieng,iv-v) Inverter output phase current in the case of Y-Y configuration

Leug,(a-v) Inverter output phase current in the case of A-Y configuration

Ipc s ij Input DC current of the H-bridge cell, (i = U,V and W), (j = 1, 2)

Liiode Diode current

L, Solar cell current at the maximum power point

Iy Reverse saturation current of the diode

Iphoto Photo current of the solar cell

Ipy Current of the photovoltaic generator

Isc Solar cell short circuit current

Is Phase current injected to the grid at the secondary side of the
transformer

Is (ratea) Rated phase current injected to the grid at the secondary side of the
transformer

Lyt Current of the wind turbine generator

Ky Proportional gain of the P/ controller of QPLL

Ky Temperature coefficient

Lgand L, d-axis and g-axis self-inductances

Le Inductance of the filter

M Neutral point of the inverter

N Neutral point of the secondary side of the transformer

Ppcug ij Power produced and delivered to the grid by the H-bridge cell,
((=UVandW),(j=1,2)

Ppy Power produced by photovoltaic generator

Poy (min) Minimum power produced by photovoltaic generator

PPV,(rated)
PS,(rated)

P Turbine

Rated power produced by photovoltaic generator
Rated power injected to the grid

Mechanical power captured by the turbine blades
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VII

PWind

PWT

Pyt (min)
Pyr (ratea)
Ry

R

Slll 5121 5211 522

SIR
SIR,(min)

SIR,(rated)
SU' SVI SW
Siur Sivr Siw

Tturbine

Uyq and Up 4

Uchp 1
Uchp,(v-a)
Uchp,iv-v)
Uchs,a-v)
Upc

Upc,ub ij

Um

Actual power of the wind passing through the swept area of the
turbine rotor

Power produced by wind turbine generator

Minimum power produced by wind turbine generator

Rated power produced by wind turbine generator

Winding resistance of the filter

Stator winding resistance

Switch state combinations

Sun irradiance

Minimum sun irradiance

Rated sun irradiance

Connection states of phases U, V and W of inverter

Connection states of phases U, V and W of inverter using voltage
space vector u;

Solar cell operation temperature

Electromagnetic torque

Period of the grid voltage

Time constant of the P/ controller of QPLL

Modulation period (interval)

Mechanical torque produced at the turbine shaft

Fundamental output cell voltage for the upper and the lower H-
bridge cell respectively (RMS value)

Fundamental component of the inverter output phase voltage
Inverter output phase voltage in the case of Y-A configuration
Inverter output phase voltage in the case of Y-Y configuration
Inverter output phase voltage in the case of A-Y configuration
DC-link voltage of each H-bridge of the inverter

DC-link voltage of the H-bridge cell, (i = U,V and W), (j = 1,2)

Solar cell voltage at the maximum power point



VI Nomenclature
Uoc Solar cell open circuit voltage

Uoc stc Open circuit voltage of the solar cell at standard test conditions

Up Grid line-to-line voltage at the primary side of the transformer

Upy DC-link voltage of the photovoltaic generator bus

Upv,(min) Minimum DC-link voltage of the photovoltaic generator bus

Upv,(ratea)
Us

UWT

Uwr (min)

UWT,(rated)

AU]PPT
Dy

D

d,,d, and d;

i and ig

igand i,

igand ig

Rated DC-link voltage of the photovoltaic generator bus
Grid phase voltage at the secondary side of the transformer
DC-link voltage of the wind turbine generator bus
Minimum DC-link voltage of the wind turbine generator bus
Rated DC-link voltage of the wind turbine generator bus

Perturbation voltage

Phase shift between the carrier signals of the H-bridge cells in the
same phase

Phase shift between the carrier signals of the H-bridge cells in the
different phases

Flux produced by the rotor-mounted permanent magnets

Common-mode component of a switching state of voltage
space vector u; (i = 1,2, 3)

Duty cycles of three nearest-voltage space vectors
Uy, Uy and Uz

Reference voltage error

Control error for the voltage loop

Modulation frequency

a- and B-components of the inverter current injected to the
grid in a- f§ coordinates

d- and g-components of the inverter current injected to the
grid in d- q coordinates

d- and g-components of the reference current in d-q

coordinates
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IX

lpc,HB ij

iU' iV! lW

isq and iggp
isq and ig,

lsy, lsy) Lsw

mWT,(max)

Neell

Instantaneous value of the input DC current of the H-bridge
cel,(i=U,Vand W), (j =1,2)

Instantaneous values of inverter current injected to the grid of
phase U, V and W, respectively

a- and f-components of stator current in a- 8 coordinates

d- and g-components of stator current in d- g coordinates
Instantaneous values of stator currents of phase U, V and W,
respectively

Boltzmann constant

Ratio between the minimum DC-link voltage Upy miny of the
PV generator bus and the rated voltage Upy, (rateq)

Ratio between the minimum DC-link voltage Uy miny of the
WT generator bus and the rated voltage Uy, (ratea)

Modulation index

Modulation index for the H-bridge cell connected to the
photovoltaic generator

Maximum modulation index for the H-bridge cell connected
to the photovoltaic generator

Modulation index for the H-bridge cell connected to the wind
turbine generator

Maximum modulation index for the H-bridge cell connected
to the wind turbine generator

Number of cells of one phase of the inverter

Number of DC sources

Number of the inverter output voltage level

Nominal speed of the rotor

Rotational speed of the rotor

Number of pole pairs of machine

Average of the power produced by PV and WT generators

Instantaneous value of the power produced and delivered to



X Nomenclature
the grid by the H-bridge cell, (i = U,V and W), (j = 1, 2)

P Instantaneous active power injected to the grid

Pu, Pv, Pw Sum of the power produced by PV and WT generators of
phase U, V and W

q Electric charge

dq Instantaneous reactive (non-active) power injected to the grid

Ty, Ty, Tw Power imbalance ratio of phase U, VV and W respectively

rr Radius of the turbine rotor (blade length)

Uy and ug a- and f-components of the grid voltages in a-f coordinates

tiy1 and Tip 4
Ucymy
Upc

*
Upc
Upc-HB ij
Uerror—HB ij
u; » and ulfﬂ,

Upin, Upan, U3y

Umin—max

UMPPT,HB ij

uref d and uref q

Peak amplitude of the fundamental output cell voltage for the
upper and the lower H-bridge cell respectively

Common-mode voltage or common-mode signals

Measured DC-link voltage

Reference DC-link voltage

Instantaneous value of the DC-link voltage of the H-bridge
cel, i =U,Vand W), (j =1,2)

DC-link voltage error for the H-bridge cell, (i = U,V and W),
(G=12)

a'- and fB’-components of voltage space phasor u; (i =1,
2,3) in 60° oblique a’- B’ coordinates system

Grid phase voltages for phase L1, L2 and L3, respectively, in
relation to neutral point N of the transformer

Zero sequence voltage (or minimum-maximum voltage)
Common mode voltage between the inverter (M) and grid (N)
neutral points

Reference voltage for the certain DC-Link obtained by the
maximum power point tracking unit, (i = U,V and W),
(=12

d- and qg-components of the reference voltages in d-q

coordinates
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XI

uref a and uref B

u and u’
! ref.B’

!
ref,a
uref U 'urer :urefW

! ! !
uref U 'urer lurefW

z z z
uref u» uref Vv uref w
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ref ij
Uym, Uym, Uwm

Uym, 1 Uym, 1 Uwm it

Uyy, Uyw, Uwy
Uyv,1 Uyw, 1 Uwu

Uy, and uy,

Usq and ug,
Uzero

Up

Uw

vw,(cut— in)
vw,(rated)

a

aoptimal

0

Op

a- and f-components of the reference voltages space phasor
in a-f coordinates

a'- and f'-components of reference-voltage space phasor in
60° oblique a'- B'coordinates system

Reference voltage of phase U, VV and W, respectively
Reference voltage of phase U, V and W after per-phase
compensation, respectively

Reference voltage of phase U, V and W after injection of the
zero sequence voltage, respectively

Reference voltage of the individual H-bridge cell after per-cell
compensation, (i = U,V and W), (j = 1, 2)

Inverter phase voltages for phase U, V and W, respectively, in
relation to neutral point M of the inverter

Fundamental component of the inverter phase voltages for
phase U, V and W, respectively, in relation to neutral point M
of the inverter

Inverter line-to-line voltages

Fundamental component of the inverter line-to-line voltages
Cell output voltage of the upper and the lower H-bridge cell of
the inverter respectively

d- and g-components of stator voltage in d-q coordinates

Zero sequence signal (or min-max sequence signal)

Control error of the angle of the grid voltage vector

Wind speed

Cut-in wind speed

Rated wind speed

Angle of attack
Optimal angle of attack

Displacement angle between the a- axis and d- axis

Phase error between the real and identified angle of the grid



XII Nomenclature
voltage vector

6; and 6, Real and identified angle of the grid voltage vector
respectively

A Tip-speed ratio

Aoptimai Optimal tip-speed ratio

& Damping coefficient of the modified QPLL

p Air density

Yq and Y, d-axis and g-axis flux linkages in the d-q coordinate system

W Frequency of the grid voltage

W, Electrical angular speed of the rotor

Wm Angular velocity of the turbine shaft

Wy Natural frequency of the modified QPLL

Acronyms

3L-NPC VSI Three-level neutral-point-clamped voltage source inverter

SL-CHB VSI Five-level Cascaded H-Bridge voltage source inverter

AC Alternating Current

ADC Analog to Digital converter

CHB Cascaded H-Bridge

C-PWM Continuous pulse width modulation

DAC Digital to Analog converter

DC Direct current

DCC Diode-clamped converter

DC-PWM Discontinuous pulse width modulation

DSP Digital Signal Processor

DPC Direct Power Control

FC Flying capacitor

FF Fill Factor

FFMIC Feedforward modulation index compensation

HB H-Bridge

HRES Hybrid renewable energy systems

IGBT Insulated gate bipolar transistor

M Induction Machine

LPF Low pass filter

MPC Model predictive control

MPP Maximum power point
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XIII

MPPT
NPC

PF

PHD

PI

PMSG
PLL
PS-PWM
PV

PWM
QPLL
SCIG

SPM
STATCOM
STC

THD

TNP

VOC

VSI

WT

Maximum power point tracking
Neutral-point-clamped

Power Factor

Phase detector

Proportional-Integral controller
Permanent magnet synchronous generator
Phase locked loop

Phase-shifted pulse width modulation
Photo voltaic

Pulse width modulation

Quadrature phase locked loop
Squirrel cage induction generator
Space phasor modulation

Static compensator

Standard test conditions

Total harmonic distortion

Three nearest phasor to the reference voltage

Voltage Oriented Control
Voltage source inverter
Wind turbine
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1 Introduction

Multilevel converters have become the enabling power conversion technology for
high-voltage, high-power applications. In order to reach high voltage and high power
with the available switching devices and to improve output waveforms, multilevel
inverters were developed and continuously improved in the last three decades and can
be found in many industrial applications [1]. In the range of medium-voltage systems,
the majority of manufacturers offer, in addition to the conventional two level inverters,
multilevel inverters with different topologies and for a variety of applications. The
most common topologies used in industrial drives are the three-level Neutral Point
Clamped (NPC) inverter, the four-level Flying Capacitor (FC) topology and the
Cascaded H-Bridge (CHB) inverter. Multilevel inverter with five, seven and nine
levels also find a niche in the market [2]. Inverters with higher number of levels are
still under development and many new contributions and new commercial topologies

have been reported in the last few years [3]-[9].

1.1 Cascaded H-Bridge multilevel converter

The three-phase cascaded H-Bridge (CHB) multilevel converter topology has been
widely proposed for photovoltaic (PV) conversion applications [10]-[20] and for wind
turbine (WT) energy conversion applications [22]-[26]. It offers a modular solution by
collecting large numbers of isolated DC sources that allows the generation of a large
number of voltage levels in the output. Additionally this topology allows an individual
maximum power point tracking (MPPT) for each H-Bridge power cell obviating in this
way the use of extra DC-DC converters, which improves the conversion efficiency of
the system and reduces the total cost [12]. The CHB offers an inherent isolation
between the PV arrays that are feeding the different H-bridges and prevents in this way
high voltages that can occur in series connected PV in other topologies. Thus a
cascaded inverter is one of the best choices for high voltage grid-connected

photovoltaic systems [10][ 14].
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Diverse methods have been reported in literature to interface PV sources to the grid by
using a CHB topology and were verified by means of simulation and recently also by
laboratory measurements [10]-[20]. A crucial aspect in the connection to the grid by
using a CHB topology is the power imbalance caused by the fluctuations of the
irradiance in the PV panels that yields different power on each H-bridge and
consequently to unsymmetrical power in each phase. In the literature several solutions
to this problem have been proposed. In the following, some important works that deal
with this complex, that are closely related to the present investigation and are

discussed.

A three phase CHB system for connecting PV sources is considered in [10]. The
traditional voltage oriented control (VOC) scheme is extended with two additional
control blocks. One of them is used to perform a maximum power point tracking for
each power cell without using an additional DC-DC-converter unit and the other one is
introduced to control the DC-link voltages, in this way the effect of unequal power
production among the HB cells in the same phase of the inverter can be mitigated. In
the proposed a feedforward control loop is used for enhancing the dynamic behavior
and acts directly into the modulator. The performance of the proposed methods was

evaluated by means of simulation.

A model predictive control (MPC) was proposed in [11] to control the DC-link
voltages achieving the optimal value to meet MPPT requirement without using extra
DC-DC converters. Simulation and measurements on an experimental setup confirm

the proposed approach.

A multilevel-multistring configuration was introduced in [12]. It is based on a three-
phase 7-level CHB converter with multiple string and with DC-DC converters for
obtaining a MPPT in each module. The researched system is able to handle the
inherent power imbalances that occur not only among the cells of one phase but also
appear among the three phases. Only simulation results validate the proposed topology

and the control method.
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The same configuration used in [12] was adopted in [13] with the difference that each
HB cell was connected to a DC-DC converter in order to perform MPPT individually.
Furthermore, a space phasor modulation technique (SPM) is used instead of the phase
shift modulation. A balanced current injection is achieved with maximum efficiency.

The proposed control scheme was also validated only by means of simulation.

Two types of feedforward power compensation methods were investigated in [14] on a
system similar to [12] in order to achieve two targets: on the one hand the
compensation of imbalance among the cells of the same phase and on the other hand
the power imbalance among the phases. The improvement of this approach compared
to [12] is that the MPPT algorithm was carried out by the feedforward compensation in
the modulation stage and no extra DC-DC converters were necessary. For the

confirmation of the scheme, only simulation results have been shown.

The results of simulation presented in [15] show that both types of power imbalance
(among cells and among phases) in the CHB topology can be eliminated by connecting
the whole PV generated power to a single DC-bus bar. A conventional voltage
oriented control was used for the grid tie CHB inverter to control the grid currents and

DC-bus bar voltage without the need of any balancing algorithm.

The present investigation departs from the ideas and structures proposed in [12]-[15].
Since at the beginning of this work most of the research results in the area were
validated only by simulations, the first step in this doctoral project was to create an
experimental environment for analyzing and extending the known ideas [21]. In the
meanwhile, the other research group [16]-[20] has also obtained and published
important experimental results that in contrast to one of the main ideas in this
dissertation do not address the topic of hybrid systems. In [18] and [19] several zero-
sequence injection methods have been proposed for solving this as an expansion of
the conventional zero-sequence injection that handles only the phase power imbalance.
Here, an isolated DC-DC converter was used to perform the MPPT for each PV
generator. The effectiveness of the proposed methods was verified by means of

simulation and experimentally on a three-phase, seven-level CHB prototype.
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Regarding hybrid generation, solar and wind energy are, among other renewable
sources, easily available and distributed all over the world. Thus, the generation with
photovoltaic panels (PV) and wind turbines (WT) has been significantly increasing.
Thanks to the continuous developments of the necessary power electronics converters.
In general, the use of PV- and WT-power generation in a complementary manner is of
advantage in order to reduce the fluctuation of energy production. The wind in sunny
days is usually weak while strong wind often appears on cloudy days or in the night.
This approach would also yield a better utilization of the power conversion system and
a reduction of its complexity and of its cost [27]. However the grid connection of such
hybrid renewable energy systems (HRES) is still under development and face many

challenges in terms of efficiency, cost and complexity [28].

In the literature different topologies and control schemes for the HRES comprising
solar- and wind energy can be found, which are useful for island operation or micro-
grid system. Some researchers focus on the investigation of the grid integration of
HRES as reported in [27]-[33]. The usual way to perform the grid integration of such
mixed system e.g. in a micro-grid is realized by converting the energy of the different
sources (wind, hydro, solar, fuel-cells, batteries and other storage systems) in a single
DC-link, then the energy is converted into AC and injected to the grid using a
conventional two-level inverter [27][29]-[32]. A new scheme of grid connection of
photovoltaic source in conjunction with a doubly fed induction generator for wind
energy that reduces the complexity of the system has been presented in [33]. There
both the grid as well as the rotor-side power converter of the doubly fed induction

generator inject PV power into the grid.

After a review of the literature it can be concluded, that there is still a potential for the
research on the direct grid connection of hybrid sources consisting of PV and wind

energy that has motivated this work.

In the following, a three-phase cascaded H-bridge multilevel inverter topology is
proposed to perform the grid integration of PV panels and variable speed wind

turbines in a modular hybrid generation system. This configuration aims, in addition to
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fault redundancy and modularity, at a lower fluctuation of the power injection to the
grid, since the availability of each energy source is differently distributed over 24
hours of a day. Due to the use of different type of energy sources, the DC-link voltages
and consequently the deliverable power of the H-bridge cells in the same phase of the
inverter are typically not equal. Moreover, partial shading, model mismatches and dust
accumulation on the PV arrays cause unsymmetrical power generation among the
phases of the inverter. Furthermore, the difference in wind speed yields unbalanced
power production among wind turbines in the same field. These lead consequently to

an unbalanced current injection to the grid that has to be actively compensated.

Regarding the control, the present research work uses a voltage-oriented control
(VOC) together with a feedforward compensation strategy as described in [14]. The
adopted structure is suitable for handling the unsymmetrical power generation of the
mixed energy sources in the same phase as well as the unbalance power production

among the phases of the inverter.

One main contribution of this research work is the study of the grid connection of
hybrid energy sources consisting of solar panels and wind turbines by employing a 5-
Level cascaded H-bridge inverter (SL-CHB-VSI) under the different operating
conditions, in which the inherently unbalanced power production in the sources is
taken into account. The system was realized on an experimental laboratory set-up that
was used for examining its behavior and for the validation of the theoretical ideas.
Moreover, in the practical implementation the solar arrays as well as wind turbines
were also properly emulated. The investigation was comprehensive and included the
development of the control strategy to interface the hybrid energy sources under
adverse conditions, the achievement of the MPPT of each energy source without using
extra DC-DC converters, providing in this way a low-cost solution and an

enhancement of the reliability of the system.

A second important contribution is the analysis of a reconfiguration of the topology of
the structure featuring a Star-Delta switching that can enhance the properties of the

generation system.



6 1 Introduction

This dissertation is structured as follows: Chapter 2 describe the fundamentals, it
includes the description of the most common multilevel inverters topologies, the
mathematical model of solar panels and wind turbine generators were given as well as
the mathematical model of the permanent magnet synchronous generator PMSG.
Moreover, SPM and PS-PWM techniques are presented. In chapter 3, the operation
modes of the hybrid generation system, VOC, feedforward modulation index
compensation, phase locked loop and MPPT technique are discussed, the star-delta
reconfiguration is considered and analyzed in this section as well. In chapter 4,
simulation and experimental results of a 5-level H-bridge inverter prototype are shown
and discussed, in order to validate the feasibility of the proposed methods for different

operating conditions. Finally, the conclusions are stated in chapter 5.



2 Fundamentals

In the following the basic principles the power electronic inverters as well as the
dynamic models that describe the behavior of PV panels and of wind turbine
generators are presented as they are needed for the understanding of the idea proposed
in this research. Besides, the well-known techniques: Space Phasor and Phase Shifted
Pulse Width Modulation (SPM and SP-PWM respectively) are discussed as central

elements of the realization.

2.1 Multilevel converters topologies

The multilevel converter technology started with the introduction of the multilevel
stepped waveform concept by using series-connected H-bridge, which is also known
as cascaded H-Bridge converter, in the late sixties. The Flying Capacitor (FC)
topology was developed immediately afterward, for low-power application. In the late
seventies, the diode-clamped converter (DCC) was introduced. The DCC concept had
evolved into the three-level NPC (3L-NPC) converter, which can be considered as the
first market-ready multilevel power converter for medium-voltage applications. Later,
the CHB was reintroduced in the late eighties, and found its way to the market in the
mid- nineties. In the same way, the early concept of the FC- inverter that had been
initially constructed for low power applications was further developed into the

medium-voltage multilevel converter in the early nineties [3].

2.1.1 Neutral Point Clamped Converter (NPC)

The Neutral Point Clamped Converter (NPC) inverter topology is simply considered as
an expansion of the two-level inverter by splitting the DC-link voltage in the middle
point to acquire an additional zero voltage level. Two series connected capacitors are
now required to stabilize the split DC-links. In this structure and due to the additional
voltage level, each power semiconductor switch has to withstand at most the half of
the DC-link voltage, and the 3L-NPC inverter can achieve the double rated DC-link

voltage as compared with the conventional two-level inverter by using the same
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semiconductor power devices. The basic structure of one leg of a neutral point
clamped converter is depicted in Figure 1 (a). The 3L-NPC has become an industry
standard inverter and is produced by different manufactures. The NPC structure can be
extended to higher number of levels, nevertheless these are less attractive because of
the higher losses, uneven distribution of losses among the outer and inner switching
devices, etc. In particular, the clamping diodes having to be connected in series to
block the higher voltages introduce larger conduction losses and reverse recovery
losses during commutation. All these issues reduce the efficiency and increase the
complexity of a higher number of levels in the NPC. Furthermore, the control for
balancing the different DC-link voltages by using conventional modulation becomes
unattainable in case of higher level, especially if a passive front end inverter is used.
Here, the typical staircase waveform of the output voltage cannot be ensured, since

multilevel transition in each output phase is necessary to balance the capacitors for

: . . : o . . d
certain modulation indexes, this causes higher switching losses and induces higher d—’;.

>
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Figure 1 One leg of common multilevel converter topologies (a) 3L-NPC, (b) Three-
level FC, (c¢) Five-level CHB.
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2.1.2 Flying Capacitor Converter (FC)

The basic structure of one leg of the Flying Capacitor Converter (FC) is depicted in
Figure 1 (b). Although the Flying Capacitor Converter features a modular structure, its
relevance in industrial applications seems to be less if compared to the NPC and CHB.
One of the reasons for its low acceptance the fact that higher switching frequencies are
necessary to keep the capacitors properly balanced, regardless if a self-balancing or a
control-assisted balancing modulation method is used (e.g., greater than 1200 Hz).
Until now this switching frequency range was not feasible for high-power applications.
In order to keep the switching losses within acceptable limits the frequency is often
limited to a range of 500 - 700 Hz in medium-voltage inverters. As additional

disadvantage this topology requires the initialization of the FC voltages.

2.1.3 Cascaded H-Bridge Converter (CHB)

The basic structure of one leg of a Cascaded H-Bridge Converter (CHB) is shown in
Figure 1 (c). Each H-bridge cell in the phases of the inverter has an own DC-link and
generate a modulated voltage at its output terminals. The total output voltage in each
of the phases is obtained by the sum of the individual output voltages in each H-bridge
that is able to produce three output voltage levels, namely, +Up., —Up and 0. Each
DC voltage has to be isolated, which is usually attained by using an arrangement of
rectifiers and transformer with a multi-winding secondary to provide the electrical
isolation. In some applications, these DC-link voltages can be obtained directly by
isolated DC energy sources, e.g. DC-DC isolated converters or photovoltaic arrays. In
other applications which do not require the injection of active power like static
compensator (STATCOM), the DC voltages can be floating and the control strategy
forces the DC-link voltage following to the reference. The number n; of possible
output levels of each phase is n;, = 2np. + 1, where np refers to the number of DC
sources. Due to its modularity the CHB topology is suitable for high-power
applications. An operation at higher voltage levels is feasible even if using power
semiconductors with lower rated voltages. Like in all other multi-level topologies the

spectrum and consequently the THD of the output voltage becomes better for the
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same switching frequency with all the associated advantages i.e. the same quality of
the voltage can be obtained at a lower level of losses with the disadvantage of a higher

number of power and signal electronic components [3].

CHB topology has some other advantages such as the modular, flexible design, the
easy installation and it requires a minimum number of components when compared to
other multilevel inverter topologies with the same number of levels. However, as
already mentioned, it requires a large number of isolated DC sources. In case of drive
applications they have to be fed via isolation transformers, which are more expensive
and bulky, compared with the standard transformer used for the NPC that in addition
can be effectively used to improve the input power factor of the converter and to

reduce the current harmonics if properly connected in a high pulse rectifier

Conversely in applications in which multiple separate DC sources are already
available such as the solar energy PV panels or hybrid systems with multiple isolated

sources the topology CHB becomes very attractive.

2.2 Solar energy

Solar energy is one of the biggest renewable energy sources in the world. The power
density of the solar irradiance reaches up to 1,373 kW /m? outside the atmosphere. A
part of this energy is dissipated in the atmosphere, reducing the solar irradiance at the
ground to about 1,0 kW /m? in the tropics at noon. This energy can be utilized by
converting it to other energy forms like the remote energy, electric energy, etc. The
conversion of solar energy to electrical energy can be either indirect or direct. In the
first case, the energy is initially transferred to thermal energy to heat up a medium,
then, in a second step transferred to mechanical energy using a turbine and finally
converted to electrical energy using a generator. An example of indirect energy
conversion is for instance a solar thermal power plant, which is based on the
accumulation of the solar power using controlled mirrors focusing at the boiler
installed in the top of a tower in order to generate steam. The latter is used to drive the

electrical generator connected to the steam turbine. However, the direct approach to
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convert solar energy to electrical energy is performed through the so called
“photovoltaic effect” which represents the basic principle of the solar cell to generate

electrical energy.

The electrical power produced by a solar cell can thus be utilized in home services like
refrigerators, lighting, TV, etc. This is especially interesting in remote regions, which
have no access to the classical electrical power grid, these kinds of PV power system
applications are called stand-alone PV systems. However, additional storage units like
battery bank are required in such cases. Furthermore, the PV energy may also be used
to support other, nonrenewable stand-alone power generation systems like Diesel
generators, in order to enhance the operation performance of those generation units
and increase the generation availability. Such systems are called hybrid energy

generation systems.

The other way to utilize the PV energy is to connect the solar cells to the utility grid
across a power electronics converter without the need to install additional storage
units. This kind of utilization of the solar energy can be performed by means of two
scenarios: First, the injection of the PV power with a low voltage inverter to the low
voltage grid. This configuration is used when only a few PV panels in the power range
of several kW are used, which can frequently be seen on the roof of private houses.
However, this configuration can also be used in the medium power range up to several
hundreds of kilowatts. The second scenario is the injection of the PV power with a
medium voltage inverter (i.e. multilevel converter) to the medium voltage grid. This

configuration is used in large scale solar parks in the range of several megawatts [34].

The solar cell is the smallest element in the PV generator and represents the basic
element responsible to convert the solar energy to the useful electric energy. The
structure of a solar cell is very similar to the one of a diode. It is built by two layers of
semiconductor material (generally silicon) having different electrical properties
resulting from a doping processes. The P-Type semiconductor material contains
charge carriers which are of a positive polarity and are known as holes. In the N-Type

material the charge carriers are electrons which are negative in polarity. The positively
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doped material can be obtained by inserting e.g. a low concentration of boron atoms
while the other layer is negatively doped by using e.g. phosphor atoms in the Si-
Cristal. Due to the different doping of the layers, an electrical field will appear at the

junction between the different layers.

When light reaches the solar cell, the energy stored in the photons of the incoming
light creates free charge carriers. Those carriers are separated by the electric field at
the junction between the two layers. At this moment an electric voltage is generated at
the external terminal and a current will flow if a load is connected between the
terminals. The current which is internally generated in the solar cell is called “photo
current” L,p0¢, and is directly proportional to the light intensity. Figure 2 shows the
simplified equivalent circuit of the solar cell which consist of a current source which

produce the photo current I, connected in parallel with a Diode [34].

—_

I photo I Diode
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Figure 2 Solar cell (a) equivalent circuit (b) circuit symbol

If a variable resistor is supposed as load and connected to the terminal of the solar cell,
the terminal voltage of the cell will behave as follows: if the resistance is reduced to
zero (short circuit) the terminal voltage which is also the voltage across the diode,
voltage will be approximately zero. The photo current generated by the solar
irradiance will flow completely in the output load. This current is called short circuit
current Ig. , which is the maximum current produced by the solar cell, when it is short
circuited. If the resistance is increased to infinity (open circuit), the load current I will

be zero. Thus, the photo current will flow in the diode while generating a voltage at the
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terminal of the solar cell. This voltage is called the open circuit voltage U,., which is
defined as the maximum voltage which can be generated between the terminals of the
solar cell at a load current equal to zero. If the resistance is varied in the range between
zero and infinity, the photo current will be distributed between the diode and the load,
producing a certain voltage at the terminal of cell. The current flowing in the solar cell

can be written depending on the diode characteristic curve as:

I = Iphoto — laioge (1)

qu
1= Lynoto = 1o (€7 = 1) e

where 1,4 1 the diode current, I is the reverse saturation current, q is the electric
charge, k is the Boltzmann constant and T is the absolute operating temperature [34].
Figure 3 represents the typical relationship between the output current and voltage of a
solar cell (blue curve) where the solar cell is able to work at any point along the

characteristic curve.

MPP

> U
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Figure 3 Current and power versus voltage characteristic for a typical solar cell

It is possible to say that the short circuit current Is- is proportional to the sun

irradiance level, while the open circuit voltage U, has a nonlinear dependency to the
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sun irradiance. The power characteristic curve can be obtained directly from the (U-I)
curve of the solar cell by multiplying the voltage and current like depicted in Figure 3,
where the red curve represents the typical power characteristic of a power cell. From
the power curve it can be recognized that there is a unique point at the curve where the
solar cell produces its maximum power, this point is known as the maximum power
point (MPP). The corresponding cell voltage and current at the MPP are given as
(U, L), respectively. The solar cell manufacturers intent to maximize the power
produced by the solar cell through maximizing the open circuit voltage U, and short
circuit current Ig- as well as the fill factor FF. The fill factor is the expression used to
measure the quality of the solar cell which represents the ratio between the actual

maximum power (U, - I,;;) and the theoretical one (U, * Is-) and expressed by [35]:

pp = Umln
UOCISC

3)

Thus, the more approaches of the FF to the unity means the higher quality of the PV

cell. For solar cells based on silicon, the typical FF is in the range of 0,6 — 0,8.

The silicon solar cell typically produces open circuit voltage U,. of 0,5 volt only,
therefore a number of cells are connected in series in order to produce a higher
voltage. This configuration is called “PV-module”. Additionally, a number of PV
modules are connected in parallel to produce a higher current. The resulting
connection is supported by a frame, which also includes robust terminals and an
additional layer made of glass to protect the solar cells. This configuration is called
“PV panel”. Normally more than one panel is connected in series and parallel in order
to reach the user requirements of voltage and power. This arrangement is called “PV

array”, Figure 4 illustrates the different terms of the PV generator.
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Solar Cell

Solar Module Solar Array
Figure 4 Different PV generator terms

The performance of the solar cell is strongly affected by two factors: the sun irradiance
and the ambient temperature. As it was mentioned before the photo current is directly
proportional to the sun irradiance, thus the reduction in the sun irradiance at a given
operating temperature leads to a reduction in the short circuit current g and therefore

to a reduction of the MPP as shown in Figure 5 (a).

The temperature slightly affects the short circuit current I while it has a strong affect

to the open circuit voltage U, according to the following expression [36]:

Uoc(T) = Upcsrc + (Ky - T) 4)

where Upc stc 1s the open circuit voltage of the solar cell at standard test condition
(STC) (i.e. ambient temperature is 25° C and 1000W /m? solar irradiance). K, is the
temperature coefficient of the solar cell, T is the absolute operating temperature. The
temperature coefficient K, for the silicon based solar cells is negative. Thus, according

to (4) the increment in the operating temperature leads to a reduction of the open
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circuit voltage Uy, and the maximum power produced by the cell is also reduced.
Figure 5 (b) shows the effect of the operating temperature to the characteristic curves

of the solar panel at given sun irradiance.
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Figure 5 Current and power versus voltage for a typical solar panel, showing the dif-
ferent maximum power points due to (a) different sun irradiation levels (b) different
temperature levels

2.3 Wind turbine generator

The wind turbine generator consists of two main parts: the wind turbine and the
generator. The task of the turbine is to convert the wind kinetic energy to rotational
mechanical energy while the generator converts this energy to the electrical energy.
There is a wide range of wind turbine capacities starting from less than 5kW to more

than SMW for the large-scale units. There are two main types of wind turbines: the
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direct drive wind turbine where the turbine shaft is directly connected to the generator.
In this type of turbine a low speed generator is used (for example 120 poles,
permanent magnet synchronous generator PMSQG). The other type of turbine uses a
gearbox to perform the mechanical connection between the turbine and the generator.
The gearbox 1s used to transfer the mechanical power from the low speed at the turbine
side to the high speed at the generation side. For this type of turbine, a so called high
speed generator is used (for example a standard 4 pole, 1500 rpm, 50Hz squirrel cage

induction generator SCIG) [37].

2.3.1 Wind turbine aerodynamics

2.3.1.1 Angle of Attack

The turbine rotor consists of several blades (usually three blades) which are mounted
on the rotor hub. In the large scale wind turbine each blade has the possibility to
change its direction to attack the wind within a certain angle. This angle is called
“angle of attack a”. It can be defined as the angle between the cord line of the blade
and the direction of the wind speed. Figure 6 shows the cross section of the wind
turbine blade with the certain angle of attack a. The possibility to change the blade
angle is called “pitch mechanism”. If the wind speed is in the range between the low
speed and the rated speed, the angle of attack is kept at the value called “optimal attack
angle @yptima;” in which the turbine can capture the maximum available power from
the wind. In the case that the wind speed is higher than the rated speed the angle of
attack is adjusted by some degrees (usually 20° to 25°) in order to keep the produced
turbine power within the designed capacity. In the case that the wind speed increases
further and reaches the turbine limitation, the blades will pitched out of the wind. In
this case no power is produced by the turbine and the turbine shaft is blocked by a

mechanical break to protect the overall system [37].
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Figure 6 wind turbine blade and angle of attack

2.3.1.2 Wind power

The actual wind power of an air mass flowing at a speed v, through an area A can be

expressed by [38]:

1
Pying = EPAUV?/ (5)

p is the air density, A is the swept area of the turbine rotor, v,,is the wind speed.

2.3.1.3 Mechanical power of the turbine

The wind power captured by the blade and converted to mechanical power can be

expressed by:

1
Prurpine = E:OAUW3 Cp (4, a) (6)

where A is the tip-speed ratio, Cyis the power coefficient of the turbine blade, which
represents the relationship between the mechanical power captured by the turbine
blades and the actual power of the wind passing through the same swept area of the

turbine rotor.
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Prurpi
Cp — urbine (7)

PWind

The power coefficient is the function of the rotational speed and the angle of attack «,

so that each turbine has a certain range of the C,,. According to the Betz limitation; the

power coefficient has theoretical maximum value of 0,59 [37].

2.3.1.4 Tip-Speed Ratio

The tip speed ratio A is one of the important parameter of the wind turbine, it
represents the relationship between the blades tip-speed and the wind speed expressed

by:

(8)

where w,, 1s the angular velocity of the turbine shaft, r; is the radius of the turbine
rotor (blade length) and v,, is the wind speed. Figure 7 shows the power coefficient
versus the tip-speed ratio for the different angle of attack [37]. The maximum power
coefficient is obtained at the optimal tip-speed ratio A,ptima; and optimal angle of
attack @,ptimq;- For a certain turbine the optimal tip-speed ratio is constant so that the

speed of the turbine that produces maximum power by the turbine can be expressed

by:

Uw
Wy = Aoptimal _ 9)
Tt

Depending on the previous expression (9) the turbine speed w,,, must be continually

adjusted depending on the wind speed v,, in order to track the maximum power.
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Figure 7 Power coefficient characteristics

2.3.1.5 Power characteristic curve

The power curve of the wind turbine represents the relationship between the
mechanical power of the turbine Pr,,-pine and the wind speed v,,. It is one of the main
important facts of a turbine and often given by the manufacturer. Figure 8 shows the
turbine mechanical power P, pine at different wind speeds. Three different modes of
operation can be recognized from the figure: parking mode, maximum power point

mode (MPP-Mode) and constant power mode or rated mode.

The parking mode is the mode of operation where the wind speed v, is in the range
between zero and the cut-in wind speed at which the turbine starts the rotation and
produce power. In this mode if the turbine system operates, it produces a power less
than the power consumed by the internal turbine system so that the blades are pitched
out of the wind and the turbine shaft is blocked to standstill by a mechanical brake.
The parking mode is also applied when the wind speed exceeds the cut-out speed. In

this case, the blades are pitched out as well and the turbine shaft is blocked to zero.

The maximum power point mode is applied when the wind speed v,, lies in the range

between the cut-in and the rated speed. In this mode, the power captured by the turbine
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is lower than the rated value of the generator. Thus, the blades of the turbine are
pitched to the optimal angle of attack @,ptimq and the turbine speed w,, will be set
according to the wind speed like expressed in (9) in order to track the maximum power

point. The tracking process is performed through the proper control of the generator.

The constant power mode (rated power mode) is applied when the wind speed v,, is in
the range between the rated speed and the cut-out speed. In this case, the power
generated by the turbine is larger than the rated power of the generator, so that the
mechanical power Pr,,pine captured by the blades is kept constant by controlling the

angle of attack (pitch control).
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Figure 8 Wind turbine mechanical power versus wind speed characteristic curve

Figure 9 shows the typical wind turbine power-speed characteristics operating at
different wind speeds in the MPPT mode. The power speed curves are obtained with

the optimal angle of attack a,p¢imq; Of the blades.

For a given wind speed, the power curve reaches the maximum power point (MPP) at
the optimal tip-speed ratio Agpiimq With a corresponding rotor speed w,, of the

turbine. Therefore, under the different wind speeds, the rotor speed of the turbine has
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to be controlled in order to keep the turbine producing the maximum power along the

MPP curve.

~ Parking Mode

1,00

Turbine mechanical output power [pu]

0,0 04 05 06 07 0,8 0,9 1,0 1,1
Turbine speed [pu]

Figure 9 Wind turbine power-speed characteristics with maximum power point trajec-
tory

As stated above, in the MPP-Mode the tip-speed-ratio as well as the angle of attack
(Aoptimar and Aoprimar) are held constant to their optimal values. Therefore, the power
coefficient C,, also remains constant and finally the following expression can be

derived from (6):

3
Prurbine ™~ Wi (10)
Pirpine can be expressed in terms of torque as:

Poyrbine = Teurbine Wm > (11)

where Ty pine 1S the mechanical torque produced at the turbine shaft. So that the

relationship between the mechanical torque and the rotational speed of the turbine is:
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Tturbine ~ w%’l ( 1 2)

The red line depicted in Figure 9, represents the maximum power curve based on the
previous expressions. Thus, the optimal speed or torque reference of the turbine can be

determined and used to control the generator to achieve the MPP operation.

2.4 The Space Phasor

The space phasor theory presented by Kovacs [39] provides a powerful tool for the
description of the dynamic behavior of three phase machines. Although this theory
was originally used to describe rotating machines, it also can be applied to describe
three phase systems in general. However, as the origin of this idea was to describe

machines, the principle idea is also described here for the use with machines.

The space phasor theory is based on the idea that the revolving field generated by
currents in symmetrically spatially distributed windings can be represented by a space
phasor pointing to the maximum magnetic flux wave density. Due to the relationship
existing between fluxes, currents and voltages, this concept can be extended to other
quantities in the machine [40]. Thus, ifigy, isy and igy are the instantaneous current
values in stator phases U,V and W respectively, the stator current space phasor, is is

defined by:

.2 T, , ,
Ls:g'[lsu +a- iy +22'lsw] , (13)

where
g:ef'zn/3:_%+j-§ , (14)

The coefficient 2/3 is a scaling factor, which reflects the fact that the total current
density distribution of the three windings is equivalent to that of only two orthogonal
phase windings. As seen from (13) and (14), the complex numbers a and a? are used
solely to define the spatial directions of igy, igy and igy. These complex quantities

always remain orientated in the same fixed position with respect to the stator of the
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machine. The orientation corresponds to the axis of the respective coils while their

magnitudes change with time [41].

A construction of the space phasor of the stator current i is shown in Figure 10 for

assumed values of igy, iy > 0 and igy < 0.

Magnitude and angle of the space phasor vary with time according to:

is(t) = ig(t) - e/*® (15)

The stator current space phasor determines the instantaneous magnitude and angular
position of the peak of the current density wave produced by the three spatially

displaced stator windings.

Figure 10 Graphic representation of the stator current space phasor

For balanced sinusoidal three-phase currents, the stator current space phasor has
constant amplitude and its trajectory rotates with constant angular velocity in the

complex plain; the resulting space phasor of the magnetic field density corresponds to
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the uniformly rotating field for a normal three phase operation on a balanced sine wave

supply.

However, space phasors are not restricted to sinusoidal variation in time nor to
constant frequency and (13) is a general equation that defines the stator current space

phasor at any instant and is valid for any stator currents, provided:

iSU + iSV + iSW = 0 (16)

As usually imposed by the connection of the windings i.e. delta or star with isolated
neutral point. The current space phasor can be substituted by a superposition of the
spatial distributions is, and isgz in a two orthogonal phase windings, thus with (13)
and (16) it is possible to obtain the current components along the real and imaginary

axis as:

lsq = sy (17)
. 1 .
lsp = ﬁ (isy — lsw) (13)

In this equation ig, and isz can be regarded as the instantaneous currents in an

equivalent two orthogonal phase windings that establish the same resultant wave as the
three phase windings. From this point of view, (17) and (18) implies a three-phase to
two-phase transformation of variables with the a phase of the equivalent two-phase

machine coincident with the U phase of the three-phase machine.

Conversely, the instantaneous values of the phase quantities associated with the stator
current space phasor are obtained from the spatial projection of is on the three-phase

axes.

isy = Re{is} = isq (19)
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1 V3
ioy = Refis a7} = =2 igq + o isp (20)
. o 1 . V3
lSW=Re{£S'a 2}=_§'15a__'l5ﬁ (21)

Space phasors can be represented in an arbitrary frame of coordinates. The stator
current space phasor (13) that is referred to a stator-fixed system of coordinates (a-£),
can be transformed into a new reference frame (d-q), where 6 is the angle between the
real axis a of the fixed system and the real axis of the new system of coordinates and

can vary with the time 6(t), see Figure 11.

=

Figure 11 Transformation of a stator current space phasor from fixed a-f reference
frame to d-q reference frame.

In such case, taking into account the rotation of the system, the following relations
hold: igy + j - isp = is - e/€and iy + - isq = Is " e/(¢=9) 5o that, the transformation
from the two-phase (a-f) reference frame to the two-phase (d-q) reference frame is as

follows:

(isq +J " isp) = (isq +J " isq) - e/® (22)
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and inversely

(isqa +J " isq) = (isq +J " isp) - e /? (23)
Comparing the real and imaginary terms in (22) and (23) the following matrix
equations are obtained:

s = [y eoxcer)” [ 2

And the inverse transformation of (24) is calculated as:

[iSd] _[ cos(6) sin(0) _[iSa] (25)
isql — L—sin(8) cos(®) lisp

As stated above, the space phasor theory is not limited to the description of three
phases machines but also provides a powerful tool when applied to three phase
systems in general. In the latter case, the space phasor representation is used as

mathematical tool to simplify the system description and is also utilized in this work.

2.5 Permanent magnet synchronous generator model

The voltage expressions for the three-phase permanent magnet synchronous generator
(PMSM) in the d-q coordinate system are well known and can be expressed as follows

[42]:

d

usa = Reisa + 0~ 0, (26)
dip

uSq = Rsisq + d_tq + weI/)d (27)

where, ugq and ug, are the real and the imaginary component of the stator voltage
space phasor in the d-q coordinate system respectively, w, is the electrical angular

speed of the rotor and Y, and Y, are the components of the flux linkage space
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phasor in the d-q coordinate system. Rg is the stator winding resistance and
Isq and ig, are the components of the stator current space phasor in the d-q

coordinate system. The flux linkages can be expressed by:

Vg =W+ Lgigg (28)

Yq = Lqisq (29)

where, Lq and L, are the d-axis and g-axis self-inductances respectively, ¥, is the

permanent flux produced due to the rotor-mounted permanent magnets. Thus, the

stator voltages can be expressed by:

. disq ,
Ugqg = Rgisqg + Ly ar weLgisq (30)
dig
RSlSq + L d + we(LdlSd + lluo) (31)

The amplitude value of the stator voltage space phasor can be expressed by:

|lus| = /usz‘d +ug, (32)

By substituting (30) and (31) in (32), for amplitude of the stator voltage space phasor

follows:

2

di 2 dis,
lug| = \/(Rsisd + de—std — a)eLqiSq) (R_gl_gq + L, e 14 WeLgisqg + 0,V )) (33)
If only the higher speed region of operation is considered, in which n,., the rotational
speed of the rotor is larger than a minimum speed (e.g. 10% of the nominal speed
ny), i.e.n, > 0,01 ny, the stator resistance voltage drop can be neglected. Moreover,

Yo » Lyisq and Wy > L ig, so that the stator voltage can be approximated as:
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|us| ~ |we'1U0| (34)

The electromagnetic torque T, of the PMSM can be expressed by:

3
Te = 5P (Yoisq + (La = Lq)isqisa) (35)

where, p is the number of poles in the machine. If a magnetic isotropic rotor of the

PMSG is assumed, then Ly and L, are equal, i.e. Ly = Lg, then:

3
Te =~ p¥oisq (36)

2.6 Modulation Methods for CHB

The description of the topology and the operation principle as well as the general
advantage and disadvantage of the CHB were discussed in previous sections. In the
following the Space Phasor Modulation (SPM) for the generation of the gate signals of
the inverter is explained. In addition, the optimization of the switching sequences and
the use of proper counters to reduce the switching actions are discussed. The phase
shifted (PS) pulse-width modulation (PWM) technique is also presented in detail.
Experimental results for both modulation techniques are presented in chapter 4 to

verify both methods

2.6.1 Space Phasor Modulation (SPM)

The Space-Phasor Modulation (SPM) is a standard method for synthesizing voltages
with a power inverter and has several attractive features: it is suitable for digital
implementation and it offers great flexibility in the design of the switching patterns.
However, the high number of possible switching states in multi-level inverters with
more than three levels makes the implementation of a space vector modulation
algorithm difficult. As an example: a five-level CHB converter has 6 H-bridge cells.
Each cell has two legs of power switches that are controlled by two switching signals.

Thus, a total of 12 PWM signals are required to generate the 125 different switching
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combinations on the converter output. Hence, the SPM algorithm is associated with
very high computational effort due to high number of voltage levels and of redundant
switching states. Various research works [40],[44]-[50] have developed a wide range
of PWM algorithms in order to reduce the computational effort. A simple realization

of the SPM is performed based on the procedure presented in [40],[50].

The reference-voltage space phasor u,.r delivered by the current controller is
synthesized by using the three nearest-voltage space phasors u4, u, and u; that can be
delivered by the inverter and those form the vertices of the triangle in the complex
a — f frame of coordinates, in which the reference-voltage space phasor is located at

the moment of sampling as shown in Figure 12.

=ik

-

Figure 12: (a) Space phasor diagram of 5-level inverter (b) Synthesizing of the refer-
ence-voltage space phasor u,.r by means of the three nearest-voltage space phas-
ors Uy, U, and u; constitute the vertices of the shaded triangle

By assuming that for a modulation period T, (whereT, = 1/f;,) and f; is the
modulation frequency), the voltage-time integral of the desired output-voltage space
phasor is equal to the sum of the voltage-time integrals of the adjacent space phasors

follows:
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Urer " Ts = (dy-ug +dy-up; +ds-ug) T (37)

being d,, d, and d; the duty cycles of u;, u, and us, respectively, must yield:

In fact, the average value of the voltage generated by the three nearest phasors has to
be equal to the average value of the reference-voltage space phasor over the sample
period T as seen in (37). This is the basic principle for the well-known modulation
techniques. In the following, the SPM algorithm for a 5-level inverter will be
presented. This algorithm was optimized to ease the implementation and the

computational effort.
The general algorithm of SVM for a multilevel inverter comprises four stages:

1. Identification of the three nearest-voltage space phasors (TNP) u;, u, and u;
and computation of the corresponding duty cycles d,, d, and d5.

2. Determination of the switching states of the TNP.

3. Generation of the switching pattern.

4. Generation of the PWM signals.

For the development of the PWM algorithm it is assumed that each phase of a
5 — level inverter generates 5 discrete output voltages referred to the neutral point M

of the inverter as shown in Figure 13: —2Up., —Upc, 0, +Upc, +2Up.

Furthermore, a switching state [Sy Sy Sw] is defined that describes the output
voltage in each of the three phases as a function of the voltage Uy in an easy way i.e.:
Uy = SU ' UDC’ Uypy = SV ' UDC and Uy = SW ' UDC' Here Su, SV and SW are lnteger

values, which fulfill the conditions: —2 < Sy, S, and Sy, < 2.
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Figure 13 One phase of the 5-level CHB inverter

B

€
I

2.6.1.1 Identification of three nearest phasors

The three phase reference voltages Urery, Uprery and Upery for the three phases

U,V and W are transformed to the orthogonal a — 8 complex plane or the stator-

oriented coordinate system by using the well-known transformation:

u Uye f,u

uref “ \/— \/— Urefv |. (3 9)
ref B Ure . w

To simplify the identification of the three nearest phasors, the reference voltages Uy¢5 o

and u,.rp are normalized with the voltage Upc as a base quantity and are further

transformed to an 60° oblique @’ — B’ coordinate system[40][50]:

T _ u
[ Tef,a' ] — 1 [3/2 \/§/2] [uref,a]' (40)
Uprgr]  Unc| 0 V3 | LWrers

The reference-voltage space phasor u;, in the @’ — B’ coordinate system is expressed
S Uper = Uporor +J " Uppr gr- Figure 14 shows the space phasors and the reference

voltage in the &’ — ' coordinate system. The functions Ceil and Floor are referred to
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the Nearest Integers Greater Than and the Nearest Integer Less Than, e.g.
Ceil(2.4) = 3andFloor(2.4) = 2.

Bf

Ll S K

=

=

i

HH

(@) (b)

Figure 14: Linear transformation of the reference-voltage space phasor u,.. and the

three nearest-voltage space phasors u';, u’, and u'; (a) space phasor diagram (b) zoom
for the three nearest-voltage space phasors u';, u’; and u'; to the given reference ..

Now, the three nearest phasorsu’y =uy . +j" Uy e, U = Uy +j° Uyp and

U3 =ug,+juyp in the oblique a' — B’ coordinate system can be easily

identified as:

if  Upepa! + Uperpr — (Ceil(u;ef’a,) + Floor(u;ef,ﬁ,)) > 0

u; = Ceil(u;ef'a,) +j - Ceil(Uypr pr)

U, = Us —Jj

U = u; — 1

Uy Us 1)
else , / . —

Uu; = Floor(uref,a,) +J - Ceil(Uypppr)

u = Uz +j

w = us +1

end
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The advantage of these transformations is that the real and the imaginary parts of the
three resulting voltage space phasors are represented as integer numbers and in this

way the computation effort can be reduced.

The corresponding duty cycles of the three nearest phasors obtained from (41) can be

computed as:

if  Urepar + Upeppr — (Ceil(u;eﬁa,) + Floor(u;efﬁ,)) >0

d, = |Im(g§ - E;ef)l

d, = |Re(ﬂé - E;'ef)|

d3 = 1 - d1 - dz (42)
else , ,

d, = |Re(23 - Eref)'

d, = |[Im@ -y,

d3 = 1 - d1 - dz
end

The general expression for the nearest-voltage space phasors u; , u; and uj is given as
Uy =Upar+j U p(=12,3) and their components u;, and u;, are integer

numbers and dimensionless.

2.6.1.2 Determination of switching states of three nearest phasors
The switching states [Siy  Siv Siw] of a particular voltage space phasor u'; (i =

1,2,3) of the three nearest phasors yield following relationship:

Sl,U = ui’al + ui’ﬁl + Cl
Siv = Ug + ¢ (43)
Si,W = Ci

In fact the difference between the redundant switching states of a given voltage space
phasor is the common-mode voltage, thus the integer ¢; in (43) is needed that
represents the common mode part of a particular switching state [S;y  Siv  Siw] and

offers a degree of freedom. Consider the TNP in the Figure 12 (b) as an example. The
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redundant space phasors are determined. The space phasors u;, u, have three
redundant states while u; has two redundant states. The common-mode voltage for

each space phasor is calculated as shown in the switching matrix in Figure 15 by

adding all the voltages of the corresponding state.

EEE[:%H H i H H 5

common — mode voltage - —4

u
A

X3
N
2
K
-1
1
Figure 15: Switching Matrix of the TNP to the reference-voltage space phasor u,.r

2.6.1.3 Choice of the proper switching sequence

Once the determination of the three nearest-phasors (TNP), of the corresponding duty
cycles and of the switching states has been accomplished as explained in the previous
section, the next step for the realization of the SPM is the generation of the switching
sequence (switching pattern), which is required prior to the generation of the PWM

signals at hardware level.

The placement of switching states has to be examined carefully in order to achieve
minimal switching losses. For this purpose, the switching states found according to the
procedure explained above are arranged in a switching matrix in such way that each
switching state  [Siuy Siv  Siw] of the voltage space phasor w; 45(1 = 1,2 or 3)
builds a column of a matrix. The columns are ordered from left to right for an

: : 1
increasing value of the common-mode voltage of each state ucyy = g(si,u + Sy +

Siw)- In such an arrangement the transit between two adjacent switching states
demands only one switching action. Figure 16 (a) shows the arrangement of the switching
states [S;y Siy Siw] of the TNP in a switching matrix according to the minimum common —

mode voltage.
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U, Uz Uy U Uy U Uy

L LEEEERE

common — mode voltage - -4 -3 -2 -1 0 1 2 3

(a) Arrangement of the switching states [S; ; S;y S; ] of the TNP in a switching matrix ac-
cording to the minimum common — mode voltage
U, U3 4y U

SR EEERL T

common — mode voltage - —4 =3 1 0 1) 2
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(b) Three adjacent switching states in DC-PWM

Uy U, Uz Uy Uy Uz U Uy

el Bl e S KR

common — mode voltage - —4 -3 =2 (1 0 1 2) 3

(c) Four adjacent switching states in C-PWM

L PNC N /ugliJléJ
Ok 0

(d) Switching sequence in space phasor representation for both C-PWM and DC-PWM

Figure 16: Arrangement of the switching states of the TNP in a switching matrix and space
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phasor representation of the switching sequence

In general, two types of sequences are normally used differing in the number of states
used in each modulation period: the so called discontinuous PWM (DC-PWM) and the
continuous PWM (C-PWM) [40]. In case of DC-PWM, switching sequence is a set of
three consecutive switching states of the TNP that together with their corresponding
duty cycles are used for the generation of the switching signals or commands for the
inverter. Within the selected three TNP, two of the phases exhibit a switching action
per modulation period, while the remaining phase exhibits no switching actions and
therefore its output voltage is kept constant. Figure 16 (b) shows the selected three
switching stats with minimum common-mode voltage in the case of DC-PWM (the
adjacent shaded phasors), the sequence [0 -1 -1]", [1 0 -1], [2 0 -1]" exhibits only one
switching action per state transition whereas the voltage in the last phase is kept
constant during the modulation period. In the case of C-PWM, each phase exhibits a
switching action per modulation period. This can be achieved by using a fourth voltage
state which must be redundant to the first one of the sequence as depicted in Figure 16
(c), where the adjacent shaded phasor is the selected phasor with minimum common-
mode voltage. The sequence [0 -1 -1]%, [1 0 -1]", [2 0 -1]%, [2 0 0]" exhibits only one
switching action per state transition. Figure 16 (d) shows the switching sequence in space

phasor representation for both C-PWM and DC-PWM.

2.6.1.4 Generation of PWM signals

The redundancy of the voltage space phasors provides different possibilities to build
the same line-to-line voltage. The redundancy can be used for diverse control
purposes: redistribution of losses among the phases, reduction of common-mode
voltage, operation under fault conditions (fault tolerant control) etc. After the proper
selection of the states in the previous step was carried out, the realization of the
voltage space phasors by the inverter follows. Figure 17 (a) shows the possible
switching combinations to connect e.g. phase U of the SL-CHB inverter to a certain
potential and the terms S;, S1,, S,1 and S,, of this table refer to the gate signals of

phase U that are depicted in Figure 17 (b). There is only one possibility to generate
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the phase output uyy = +2Upc or uyy = —2p¢ but there are four possibilities to
connect the phase U to the potential +1Up., four possibilities to connect it to
the —1Up and four possibilities to connect it to the OUp.. These possibilities can be
referred to redundancy of phase connection, which affects the losses of the switches

within a phase.

S11 | S12 | Sz21 | S22 Ugm U
1,0 1]0 | +2Up +| S Stz !
170 | 1] 1| +1Upe U 1

DC 1 |
11 1] 0| +1Up, = LUy |
17000 | +1Up .
0 0| 1] 0| +1Up _ |
00 1] 1] 0Up |

HB Cell U1 ru
10111 ] 0Upe : e
L L A 00 *| Sz S22 |
o000 0| 0Uy b
0 11111 =1Up el |
10101 | =1Up T
v |
01|00 | —1Up v
0| 0| 0| 1| —1Upy L=
0 1 0 1 _2 UDC ' HB Cell U2 J M
() (b)

Figure 17 (a) Possible switching state combinations of one phase (b) Phase U of a 5-
level CHB inverter

In the current work, a state machine as shown in Figure 18 is employed to choose the
proper phase redundancy and to ensure the even distribution of losses among the
switches of the inverter, so that the design of the cooling system is simplified.
Furthermore, the life time and the reliability of the system are consequently increased.
Each state of the state machine corresponds to one of the states described in Figure 17
(a). By following the path in Figure 18 (a) it is clear that the transition among the
different voltage levels does not lead to repeat the same switching combination in the
next period of the modulation and it is obtained by only one switching action. For
example, the shaded part of the output phase voltage depicted in Figure 18 (b) started

at level +2Up and ended at level —2U, Figure 18 (c) show the switching transition
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sequence path depending on the criteria depicted in Figure 18 (a). The outputs of the

state machine are sent the counter to generate the gate signals.

Switching State  Si11 S12 Sa1 S
1 2 3 4

Uym
A
+2Upc¢ |

+1 Upe |

o, ][
=1 Up |
—2Up¢ |

+2Unc—5( 1010 |+ 1110 |+{ 1010 |»{ 1000 |+{ 1010 |+ 0010 |+{ 1010 | +( 1011 ]—{1111]D
CE1101 J«{ 1111 ]«{ 0111 ]«{ 0011 |«{ 0010 |«{ 0000 | «—{ 1000 |« 1100 |« 1110 |
1100 |- 0100 |-+ 0000 |- 0001 |-+{ 0101 ]_{0111]—{0101 |-+ 1101 ]_>[0101]—>—ZUDC

©

Figure 18 State machine technique: (a) state machine for phase U of the inverter (b)
inverter phase voltage (c) switching sequence of the shaded part of the phase voltage
depicted in (b)

Figure 19 shows the output voltage of the inverter at the normal switching frequency

(5 kHz) and for modulation index m = 0,9.
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Figure 19 Inverter output voltage with 5kHz switching frequency at 0,9 modulation
index

2.6.2 Phase-shifted sinusoidal pulse width modulation (PS-PWM)

Phase-Shifted PWM (PS-PWM) is the standard modulation method for the commercial
CHB multilevel inverter due to simple implementation [40]. This is a natural extension
of traditional PWM techniques and is based on the unipolar PWM for single phase H-
bridge inverters, since each HB cell generates three output voltage levels. Because of
the modularity of CHB topology, each cell can be modulated independently using the
same reference signal (or different amplitude reference signals at the same phase as we
will see in the next chapter). A phase shift is added among the carrier signals of

adjacent cells of one phase to producing a phase-shifted switching pattern. This results
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in a stepped multilevel waveform at the output of each phase. To achieve the best

switching performance, the phase shift @,, is specified as:

180°
0, = (44)
cell

where n..; 1s the number of cells of one phase and in case of S5L-CHB inverter
Neenn = 2. By using PS-PWM technique, the losses are evenly distributed among the
switching devices. Figure 20 show the operation principle includes the control circuit
diagram of the PS-PWM for two cells of one phase of the inverter as well as the switch

pattern S;;, S|, generated by unipolar PWM for one cell and cell output voltage uy; .

Figure 21 shows the phase shift between the carrier of two different cells in the same
phase, the corresponding cell voltage uy, and uy,, the output phase voltage uy,, and
the output line to line voltage uy,, in which a double step voltage is marked with a red
circle. The double step voltage can be reduced by adding a phase shift to the carrier

signals among the phases:

0
0, = -2

Necenr

(45)

In this way, the number of double steps in the line-to-line voltage waveform is reduced

improving the quality of the output voltage waveform.
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Figure 20 (a) Two-cell (five level) PS-PWM control diagram for CHB (b) Phase U of
5-Level CHB inverter (c) Switch patron generated by unipolar PWM and cell output
voltage uy,
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Figure 21 Cell, phase and line voltage of the CHB inverter 5-level using PS-PWM
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Figure 22 Five level CHB multilevel inverter (a) Block diagram of a 5-level inverter
with the corresponding phase shift for the carriers (b) the references voltages and car-
rier signals for a PS-PWM and the equivalent line voltage
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2.6.3 Phase-shifted sinusoidal pulse width modulation with zero se-

quence signal injection

In the conventional sinusoidal PWM, the range of modulation index is (0 < m < 1),
In case of (m > 1), the inverter works in the over-modulation region which causes
higher harmonics at the output voltage. The utilization of DC-link can be improved, if
a zero sequence signal is added to the reference signals [34][35]. Figure 23 shows the
block diagram of this technique. Clearly, the addition of the zero sequence reduces the
amplitude of the resulting modified reference signals (/s y, Ufer vy and ufe sy ), while
the fundamental components remain unchanged. This approach expands the range of
the linear region as it allows the use of modulation indexes m up to 2/vV3 = 1,155
without getting into the over modulation region. The zero sequence voltage (or

minimum-maximum voltage) U, in—max 15 Obtained using the following expression:

_ max{uref u» uref Vv uref W} min{uref g uref Vv uref W} (46)
Umin-max = 2 + 2

In which the “max” function returns the maximum value of the three reference
voltages e r y, Urer v and Uyery and the “min” function returns the minimum value of

those references.

Uref U =@+ — u’rz'cf U
urcf %4 =® —> urz'ef v
u . — + z
ref W > —Dun,fW
o| min{ }/2
4] aF
> + Umin-max
»max{}/2

Figure 23 Zero sequence signal addition
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Now the modified reference signals are:

ufer = uref U~ Unin-max (47)
ufer = u’Ter — Unin-max (48)
ufefW = urefW — Unin-max (49)

Figure 24 shows the ideal reference signal waveform of three phase inverter before
(a) and after (b) adding zero sequence signal injected for (m = 1) and Figure 24 (d)
shows the inverter line voltage corresponding to the references with zero sequence. It
can be seen that the double step voltage in the line voltage is reduced more after use of

the zero sequence.
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) I | | II

(d)

Figure 24 Phase-shifted SPWM with zero sequence signal injection (a) reference sig-
nals (b) minimum-maximum sequence with zero sequence signal (c) modified refer-
ence signals (d) inverter line voltage
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3 Cascaded H-Bridge converter for the grid con-

nection of hybrid systems

As stated at the beginning of the thesis, the scope of this work was defined as the
examination of a grid connection of hybrid PV-Wind generation systems by using a
cascaded H-bridge converter. In the following, the complete system is

comprehensively described and analyzed with all its characteristics and features.

3.1 System Topology

The topology presented in [14] is modified here by connecting three PV sources to the
DC-links of the upper level H-bridges and by replacing the PV multi string DC bus
from the lower level H-bridges by DC-links fed by PMS generators which are coupled
to corresponding wind turbines. Figure 25 shows the proposed cascaded H-bridge
voltage source inverter for the hybrid PV-wind system. As shown in the figure, the PV
sources as well as the wind generators are connected to the DC-links of the H-bridges
directly without DC-DC-converters in order to improve the system reliability and to
reduce the number of components as well as the complexity of the control. In addition,
the utilization of a CHB allows to have an independent MPPT algorithm for each

power cell of the converter.

The power system that is considered in this work is depicted in Figure 25 and consists
of five main parts: The H-bridges of the CHB with their respective DC-links, the PV
strings that feed the upper DC-links, the permanent magnet synchronous generators
driven by the wind turbines together with the rectifiers to feed the DC-links, the grid
connection with an inductive filter and the optional isolation transformer. The CHB
converter consists of identical, series connected H-bridge cells. Each cell can generate
three output voltage levels. The series connection of the cells generates the output
voltage in all three phases by using SPM or PS-PWM to generate the three phase

output voltage.
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Figure 25 Hybrid energy grid integration system

In general, when n.,; H-bridges are connected in series, the output voltages referred
to the neutral point in each of the three phases can take n; = 2n.,; + 1 levels, if
assuming equal dc-link voltages in the cells. Hence, in the used topology with two
cascaded H-bridges per phase, the converter can generate five different voltage levels
of the phase voltage. An inductive filter is used for the connection of the converter to

the grid and a transformer is optionally used for isolation issues.

3.2 Operation modes of the hybrid generation system

The idea behind the use of a CHB inverter for the hybrid PV-Wind system is to
achieve an operation of the generation system and its grid integration during the day,
when PV- and possibly wind power is transferred to the grid, as well as during the
night, when no PV-power is transferred to the grid. For this purpose a single inverter
without any additional power electronic components is utilized. In addition, a control
scheme is proposed which can manage the different modes of operation without any
changes in the hardware and that can be implemented in a single processing unit like
digital signal processor. As it is discussed in the following, the inverter has to be

designed to handle the power in the operation mode with maximum power generation,
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i.e. the rated power of the PV as well as of the WT generators. For a better
understanding a single phase hybrid PV-WT grid connection system as shown in

Figure 26 1s analyzed.

5% | :
( ‘ | 4| }T
- i : +
PMSG B

- Uy g,
— Lo
TEET

Wind turbine Bus HB — Cell B

Figure 26 Single phase hybrid PV-Wind grid connection system using SL-CHB invert-
er

3.2.1 Operation of the wind generation sub-system

According to (30) and (31), the terminal voltages of each generator will be in good

approximation proportional to its rotational speed as:
|us| = we¥, (50)

where |gs| is the absolute value of the stator voltage space phasor, w, is the electrical
angular speed of the rotor, while ¥, is the amplitude of the flux linkage space phasor

produced by the rotor-mounted permanent magnets, which is nearly constant in

PMSG.
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Each generator is connected to a three phase diode rectifier with a capacitor filter. By
supposing that the rectifier is ideal, the DC-link voltage Uy, of the wind generator bus
on each HB will consequently also be directly proportional to the turbine speed w,,.
Therefore, the power vs. speed characteristics of a wind turbine can be translated to
power vs. voltage curves. Without loss of generality Figure 27 show as an example the
power vs. voltage characteristics of a wind turbine for different wind speeds that was

used as base for the present investigation.

In a period of 24 hours the wind speed is not constant and may vary between zero and
the rated value or more. In Figure 27 the red curve describes the possible maximum
wind power which can be obtained depending on the DC-link voltage. It is obvious,
that the system works in the maximum power point mode for wind speeds
between vy, (cui—in) S Vw < VU (rateqy Which is from 40% to 100% of the rated
value. The DC-link of the wind generator bus voltage will accordingly deliver voltages
in the range of Uy miny < Uwr < Uwr (ratea) Which is between 40% and 100% of
the rated voltage. Thus, it is evident, that the wide range of the wind speed leads to a
wide range of voltages in the DC-links of the inverters. Accordingly the power

produced by the WT generator varies in the range of Pyr miny < Pwr < Pwr (rateq)-



52 3 Cascaded H-Bridge converter for the grid connection of hybrid systems

Parking Mode Generator Control Pitch Control

< o |
< . »>
|
|
|
|

v, = 1,0pu

100 /PWT,(rated) E MPP trajectory MPP

i Uw(rated)

0,73

0,51

0,34

021
0,12
006 ¥

Wind turbine generator bus power P+ [pu]

I
o

_ 04 05 06 07 08 09 1'OKU

UWT,(min) WT,(rated)

Wind turbine generator bus voltage Uy,; [pu]

Figure 27 Power vs. voltage characteristics of a wind turbine for different wind
speeds

3.2.2 Operation of the solar generation sub-system

In the case of the solar generator the situation is different. If all temperature effects are
first neglected and only a wide range of sun irradiance is considered, the voltage at the
outputs of the PV strings will only slightly change. The effect of the sun irradiance on
the voltage is low compared to the impact of the wind speed in the case before. Again,
without the loss of generality these relationships are illustrated for a concrete case
depicted in Figure 28, in which the sun irradiance S;p varies in the range Sz (min) <
Sir < Sir(rateqy Which is from 10% to 100% of the rated value. However, the PV
string bus voltages Upy in the maximum power point only varies in the range
of Upy,tmin) < Upy < Upy (rateay Which is between 90% and 100% of the rated

voltage while the power produced by the PV generator varies in the range

of P PV, (min) = Ppy < P PV, (rated)-
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Figure 28 Solar panel power vs. voltage characteristics for different values of sun
irradiance

3.2.3 Hybrid operation of wind turbine and PV cells

For the better understanding of the hybrid operation of the converter, it is assumed that
the wind turbine generator and PV-panels are designed in a way, that under rated

conditions (rated sun irradiance Sig (rqteqy and rated wind speed vy, rqteq)) the rated

power produced by each generator i1s equal (Ppy rqteqa = Pwrratea)-

The rated DC-link voltages of both generator busses can be selected freely by
adjusting either the winding of the permanent magnet synchronous generator or by
choosing the proper amount of series connected PV-panels. But the question is how to
choose the proper value of the rated DC-link voltages to prevent massive oversizing on
the one hand and to allow the injection of power to the grid in the partial load region
on the other hand. In order to answer this question, two quantities ky,r and kp, are

introduced which help to describe the behavior of the system in the partial load region:
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U .
kyr = UWTM (51)
WT,(rated)
UPV,(min) (52)
kpy = 7———

UPV,(rated)

where kyr is the ratio between the minimum DC-link voltage Uyr min)
(at Uy, (cut—iny)) Of the WT generator bus and the rated voltage Uyr ratea)
(at Vyy (rateay)- In the same manner, kpy is defined as the ratio between the minimum
DC-link voltage Upy (min)y at Sig,min) Of the PV generator bus and the rated voltage
generated Upy (rqteq) at Sig (ratea)- In the examples in Figure 27 and Figure 28, the two

ratios are kyr = 0,4 and kpy, = 0,9.

In order to inject power to the grid with unity power factor, the fundamental

component of the inverter output voltage must be slightly higher than the grid voltage:

fleyp1 = V2Us (53)

where the fundamental component of the inverter output voltage is the sum of the

fundamental component of the two series cell voltages:
Ucypy = Ua1 +Up (54)

Based on these relations, the system must be designed in such a way that the DC-link
voltage is sufficient to inject power to the grid even in the partial load region. The
lowest power mode is therefore considered as the worst case of operation. Now two

worst case scenarios are analyzed:

e (ase 1: The PV generation is zero (for example in the night) and the wind speed is

at its minimum level i.e. vy, (cye—iny:

In this case, the DC-link voltage bus of the PV generator will be zero while the DC-

link voltage bus of the WT generator will be at the minimum level Uyt imin)-
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Therefore, in order to inject the power to the grid only the wind-cell can be used to

generate the required voltage:

ﬁCHB,1 = ﬁ3,1 = \/EUS (55)

where Uyt (miny, the minimum required DC-link voltage is equal to the amplitude

ig 1 of the fundamental component of the output voltage.
UWT,(min) = ﬁ15?,1 = \/EUS (56)
Thus, the rated DC-link voltage of the WT generator is:

Uwr,min) V2Us

UWT,(rated) = Ko Korr (57)
The modulation index will be at its maximum limit of My 1 (max) = 1:
V2Us Up
Myt (max) = = ‘ =1 (58)

Uwr,miny  Uwr,min)

In this case if the rated power of WT generator is injected to the grid at rated DC-link
voltage Uyt (rateq)> the minimum modulation index applies to the HB — cell B as in

the following expression:

V2Us g,

UWT,(rated) UWT,(rated)

(59)

My =

By substituting (51) in (59), the minimum modulation index in this case (Ppy =

zero and Py = rated) follows:

kyr - a3,1
Mwr =7 — (60)
WT,(min)
and from (58) U”l = 1, so that the minimum modulation index applied in this

WT,(min)

case is:
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Myt = Kyr (61)

In general the power produced and delivered by the WT generator at unity power

factor (PF = 1) is:
Pyr = Uyr " lyr = Up " Is (62)
e (Case 2: The wind generation is zero and the sun irradiance is at its minimum level:

In this case, the DC-link voltage of the wind generator is zero while the DC-link
voltage of the PV generator will be at the minimum level Upy (min). With the same

considerations like explained above this leads to:

ﬁCHB,l = ﬁA,l = \/EUS (63)

where Upy (min)» the minimum required DC-link voltage is equal to the amplitude 4 ;

of the fundamental component of the output voltage:
Upy (miny = fla1 = V2Us (64)
Thus, the rated DC-link voltage of the PV generator is:

Upy,(miny _ V2Us

UPV,(rated) = Koy Kpy (65)
The modulation index will be at its maximum limit of Mpy ey = 1:
V2Us Uy
Mpy (max) = = : =1 (66)

Upv,(miny  Upv,(min)

In this case if the rated power of PV generator is injected to the grid at rated DC-link
voltage Upy (rateq), the minimum modulation index applies to the HB —cell A as in

the following expression:
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V2Us i,

UPV,(rated) B UPV,(rated)

(67)

Mpy =

Substitute (52) in (67), the minimum modulation index in this case (Pyr =

zero and Ppy, = rated) will be:

kpy - ﬁA,l
Mpy = 7 (68)
PV,(min)
and from (66) UﬁL = 1, so that the minimum modulation index applied in this
PV,(min)
case is:
mpy = kpy (69)

In general the power produced and delivered by the PV generator at unity power factor

(PF =1) is:
Ppy = Upy " Ipy = UA,1 "I (70)

Now the case when both, the PV as well as the WT generators are work at their rated

values 1s considered. So that:

aA,l + aB,l = aCHB,l = \/EUS (71)

The rated current I rqteqy is flowing to the grid at unity power factor. By assuming
that both generators produce the same rated power (Ppy (ratea) = Pwr,(ratea))> and the

same rated current flowing through both HB cells, (i.e. HB —cell A and HB —
cell B), thus:

~ ~ 1A 1
Ug1 = Upy = JUcHB1 = ﬁUs (72)

For the WT generator the modulation index applies to the HB — Cell B in this case

will be:



58 3 Cascaded H-Bridge converter for the grid connection of hybrid systems

~ 1y
Up1 Nt 1
My = — 2 =~ - (73)

UWT,(rated) UWT,(rated)

The same for the PV generator where the modulation index applies to the HB —

Cell A in this case will be:

~ 1y
Yar 27 1 (74)
UPV,(rated) UPV,(rated)

= -k
7 Py

Mpy =

Thus, the total power injected to the grid at unity power factor (PF = 1) is:

PS,(rated) = PPV,(rated) + PWT,(rated) = IS,(rated) ’ (UA,l + UB,l) (75)

So that the inverter is operated in the minimum modulation index in order to generate

the required RMS voltage at the inverter terminal to inject the grid by the rated power.

Taking all significant operating modes (zero power, lowest power, rated power) of the
two generator bus bars together, the system may face nine modes of operation during a

24 hours period. These modes are:
e Zero mode of operation:

In this mode of operation, the sun irradiance is zero or more precisely below the
minimum sun irradiance level suitable to transfer power and the wind speed v, is
slower than cut-in wind speed (or higher than rated wind speed). In this mode of
operation the wind turbine will be blocked to standstill and there is no power injected

to the grid.
e Eight active modes of operation

In each one of the active modes of operation, the two energy sources i.e. PV or WT are
working either at their limits or in the range between the maximum and rated values of
irradiance or wind speed. Depending on the available power on each of the sources,
the available voltages in the DC-links are different and the modulation index of the

inverter has to be adapted for delivering a constant output voltage.



3.2 Operation modes of the hybrid generation system 59

The so defined different modes of operation are summarized in Table 1 that includes
the limit values taken by the sun irradiation and the wind speed for each mode. There

are two cases in which one of the sources is not delivering any power

e [f the wind speed is outside of the permitted limits, the turbine is blocked and the
corresponding HB is bypassed by turning on the switches in one of the half bridg-
es.

e [f the sun irradiance is not high enough, i.e. night operation, the PV is not deliver-

ing power and the associated HB is bypassed as in the previous case.

Table 1: Different modes of operation for the hybrid energy grid integration system

Mode PY geperator WT generator
Sun irradiance S;z Wind speed v,,
1 0 0
2 0 vw,(cut—in)
3 SIR,(min) 0
4 0 vw,(rated)
5 SIR,(rated) 0
6 SIR,(min) Vw,(cut—in)
7 SIR,(rated) vw,(cut—in)
8 SIR,(min) vw,(rated)
9 SIR,(rated) vw,(rated)

It can be concluded from the nine modes described above, that the whole system
should be carefully designed from the point of view of rated voltage and power. The
DC-link of each HB cell must be designed to handle the rated voltage and current, i.e.
the switches in each HB cell must handle the voltage limit of the DC side and the
current limit at the ac side. The case of zero power in one of the sources and minimum
power in the other one is the critical situation, which leads to the oversizing in the
voltage capability of the inverter. Even though the CHB- topology offers some
redundancy and fault tolerance, these critical cases define the operational limits of the

system.
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3.3 Proposal for reducing the oversizing of the inverter

The idea of a hybrid generation system connected to the grid by means of a CHB

inverter has some advantages and disadvantages that are interrelated with each other.

One of the main disadvantages of the system is the problem of oversizing. As
explained in 3.2, the DC-link is designed in such a way that at cut-in wind speed or
minimum sun irradiance the DC-link voltage is still sufficient for the grid connection.
However, this leads to a much higher DC-link voltage in the rated operation than
necessary. Consequently, both HB cells of the inverter work in the low modulation

index and will handle the same inverter output current g 4teq). Therefore, the

switches have to be dimensioned for a safe operation at rated current and voltage for
the expected maximum temperature. The design for the worst case can yield to an
oversizing of the power switches even if the worst case will seldom or never occur.
Additionally, the operation with low modulation index tends to be less efficient,
depending on the used power semiconductors. On the one hand, the on-times of the
IGBTs are quite short in this operating point, which leads to low conduction losses in
the IGBTs. However, during the off state of the IGBTs the corresponding diodes will
conduct the current, which in general only slightly reduces the overall conduction
losses of the inverter. On the other hand, the switching losses are much higher as the
DC-link voltage in this mode is also higher. Hence, in general the inverter losses at
same output power are higher for higher the DC-link voltage and low modulation

index.

In the case of the three phase inverter as proposed in this work there is a possibility to
alleviate the problem of oversizing, which is the switching between star and delta
connection of the inverter or of the isolation transformer. In this section only the idea
of this proposal will be discussed. The detailed investigation can be left for future

works.

For the explanation the single phase example above is extended to the three phase

topology. By assuming that the grid side line voltage is Up, the isolation transformer
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(if any) has a unity turn ratio and the primary side has a fixed connection (always star

or always delta), there are three possible scenarios of grid integration:

a) If the inverter is connected directly to the grid or to the fixed isolation transformer,
there is the possibility to switch the inverter topology between star and delta
connection as depicted in Figure 29. Note that the filter inductors are connected in the
delta arms of the inverter, which is not drawn in the figure for the sake of simplicity.
The star connection is used, when the sum of the cell fundamental voltages (Uy; +
Ug ) 1s lower than Us. The phase current of the inverter is the same as the line
current Ioyp = I, the inverter is switched to delta connection when the sum of

Uy, + Up, is higher than Us. In this case when the rated power is injected (case

number 9 in Table 1), the inverter current Iy is reduced with the factor of /3

reducing the oversizing of the HB switches by this factor

Icup,a-vy = \/%Is (76)
And the inverter voltage is:
UCHB,(A—Y) = \/§Us (77)

The advantage of switching to the delta configuration when sufficient DC-link voltage
is available is thus the reduction of the inverter current while injecting the same power

which leads to both, less switching as well as less conduction losses.

However, the delta configuration of the CHB has the drawback of circulating currents
which flow through the H-Bridges of the inverter and lead to further losses, especially
when injecting third harmonic voltage components to increase the maximum line to
line voltage. Hence, the switching of the inverter topology to the delta configuration is

quite complex and needs to be examined more in detail.
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Isolation Transformer

3-phase 5L-CHB Inverter Isolation Transformer

Figure 29 Star-Delta connection at the inverter side (a) Star connection (b) Delta con-
nection

b- If the inverter is fixed to star connection but the secondary side of the isolation
transformer is able to switch between the star and delta connection as shown in Figure

30, the same results of the previous scenario is achieved.

c- The third scenario of the star-delta connection is achieved by combining the two
previous scenarios as shown in Figure 31. Three different cases can be achieved by
switching both: the inverter and the secondary side of the isolation transformer from

star to delta and vice versa depending on the required connection.
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\ ) ) -
3-phase 5L-CHB Inverter Isolation Transformer
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Figure 30 Star-Delta connection at the transformer side (a) Delta connection (b) Star
connection

In the configurations depicted in Figure 31 a), the inverter voltage at the (Y — A)

configuration Ucyp y-y) 18 €xpressed by:

UCHB,(Y—A) = %Us (78)

And in (Y —Y) (Figure 31b) configuration it is expressed by:

UCHB,(Y—Y) = Us (79)

And in (A —Y) (Figure 31c) configuration is expressed by:
UCHB,(A—Y) =3 Us (80)
From the expressions (78),(79) and (80) it can be written:

UCHB,(A—Y) =3 UCHB,(Y—A) 1)
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Figure 31 Star-Delta connection at both inverter and transformer side (a) Star in-
verter — Delta transformer (b) Star inverter and transformer (c) Delta inverter — Star
transformer

The inverter current at the (Y — A) configuration I¢yp (y_a) is expressed by:

ICHB,(Y—A) =3l (82)

And in (Y — Y) configuration is expressed by:



3.4 Control scheme for the grid connection of the Hybrid PV-Wind system 65

ICHB,(Y—Y) = I (33)

And in (A — Y) configuration is expressed by:

ICHB,(A—Y) = 715 IR (34)

From the expressions (78), (79) and (80) it can be written:

1
ICHB,(A—Y) =3 ICHB,(Y—A) (85)

Thus, when the power is injected has its rated value, the inverter current I pp is

reduced by a factor of 3 times alleviating the oversizing of the HB switches.

However, the star-delta solution still has some disadvantages like the costs of the
contactors used to execute the star-delta reconfiguration. By comparing this solution
with the conventional one, which uses additional DC-DC converters for each DC-link
of the inverter to offer a constant DC-link voltage, the costs for the additional
contactors for the star-delta-switching have to be put into relation to the expenditures
for the DC-DC converters. Furthermore, the conventional solution with DC-DC
converters will need ancillary devices, circuits, controllers etc. that may increase the
complexity, the size and the cost, while reducing the overall system reliability. Thus,
the proposed system offers a single inverter to perform the grid integration for
different types of energy sources, without additional DC-DC units and with only one

central controller.

3.4 Control scheme for the grid connection of the Hybrid PV-
Wind system

In the area of the grid integration of regenerative power sources the main task of the
inverter is to control the amount of active and reactive power which is injected into the
grid. For this purpose there are two well-known control techniques: Direct Power
Control (DPC) and Voltage Oriented Control (VOC) [9][12]. In the current work the

VOC methods is adopted because it contains a modulator stage in the control loop
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while the DPC does not. The modulator unit is very important in this work since it
yields a simple maximum power point tracking algorithm (MPPT) which is applied to
each H-bridge cell individually. In addition it is suitable for dealing with the power
unbalance issues as it is explained in the following discussion in the feedforward

modulation index compensation stage.

3.4.1 Voltage oriented control (VOC)

Voltage oriented control (VOC) is one of the common methods, which is used for the
integration of the inverter to the grid. The control scheme presented in this work is

based on the one proposed in [14].

Similar to the field oriented control for electrical machines, the voltage oriented
control uses the space phasor equations and the system is described in a d-q rotating

frame of coordinates aligned with the space phasor of the grid voltage.

The space phasor diagram of the VOC is depicted in Figure 32 and the block diagram
of the VOC scheme is depicted in Figure 33.

All the quantities, the currents and the voltages are transformed from natural U-V-W
reference frame to the grid voltage fixed d-q frame of coordinates by using the well-

known transformation formulas.

First, the phase currents in the U-V-W system of coordinates are transformed to the

orthogonal @ — f§ coordinates by using:

1 1 1 l

] _ 2 2 Tz |7
[iﬁ]—g 0o B vl|Y (86)

7 24 Ly

As long as the sum of all stator currents is zero (the star point is not connected) the
three phase quantities can be transferred to the orthogonal system without loss of

information.
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A second transformation is used for changing from a — f coordinates to the rotating

d-q frame that has an angular displacement 8 with respect to the a-axis.

[EZ] _ [_cos 6 sin 9] . [la] (87)

sinf cosf@l |ip

The same relationships are wused for the transformation of the voltages

Uyn, Uyn, Uy 1O Ug, Ug.

i

q

Figure 32 Space Phasor diagram of voltage oriented control (VOC)

The advantage of this rotating system of coordinates is that the controlled quantities
become DC-values in steady state and that there is a simple relationship between

active and reactive power and the components of the current space vectors [51], [52]:

pd(t) = udid + uqiq (88)

qq(t) = ugiyq — uqiy (89)

where p,(t) is the instantaneous active power and q,(t) is the instantaneous reactive
(or non-active) power. With the definition of the voltage fixed reference frame used

here (u, = 0) follows:
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Pa(t) = ugiy (90)

dq ) = _udiq oD

From the classical VOC diagram in Figure 33 which is generally applied to
conventional inverters with a single DC-Link, two types of control loops can be
recognized: the voltage control loop and the current control loop. The voltage control
loop is the outer loop that is used to control the DC-link voltage of the inverter while
the current control loop or the inner loop is dedicated to control the power flow

between the inverter and the grid.

In the voltage loop the DC-link voltage up. is measured and compared with the
desired reference voltage uy,.. The reference voltage error ep is controlled to zero by
using a linear proportional integral controller (PI) that delivers the reference value
of ij;, which is proportional to the active power to be injected to the grid. If the voltage
error ep. is negative, i.e. the DC-link voltage is lower than the desired value, the
controller will reduce the active power transferred from the DC-link to the grid and the
DC-link voltage will rise to the desired value. If the voltage error is positive, the
inverse action will be applied to increase the injection of the active power to the grid

and reduce the DC-link voltage to the desired value again.

In the current control loop two of the phase currents injected to the grid ij; and i, are
measured and first transformed to the a-f reference frame (i, and iz) and then to the
d-q system with the currents i; and i;. The component of the grid current ij is
compared with the reference i;; which is directly proportional to the active power p,
(which is given indirectly from the results of the voltage loop) while the second part of
the grid current i, is compared with the reference iy, which is directly proportional to
the non-active or reactive power q,. The reactive power component iz is chosen
depending on the system requirements. In the case of renewable energy generation it is
normally set to zero in order to inject the current to the grid with unity power

factor (PF = 1). The d-q current components are controlled by P/ controllers and the
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results are the d-q reference voltages (Uyer 4 and U, 4). These values are converted to
a-f values (Urer o and U5 g) and finally to the U-V-W system (Uyef y, Uref vy Urer w)
and sent to the modulator unit in order to generate the suitable gate signals for the

IGBTs of the inverter.

Urefa] _ [cos@ —sinO] [Urefd
[uref /3] h [sin ) cos 9] ' [uref q] ©2)
and
1 0
uTef U 1 \/§ u
luref V] =z z|.[.7]] (93)
Urefw 1 _E rer b
2 2

In the current work a S5L-CHB inverter is used to perform the grid connection of the
hybrid PV-Wind energy. Figure 34 shows the modified VOC block diagram with CHB
inverter. There are two additional blocks added to the classic VOC as depicted in
Figure 33, one block is dedicated to perform the MPPT calculation and the other one
makes a compensation of the modulation index as it will be explained later. In the
proposed scheme the control error for the voltage loop e;is obtained from the
difference between the sum of all measured DC-Link voltages and the sum of all

reference values calculated by MPPT algorithm

ey = z Upc-HBij — § UMPPT-HB ij

i=UV,W
j=12

(94)

where upc_pp;j 1s the DC-link voltage of the upper (j = 2) or lower (j = 1) cell in

€C 99
l

phase (which may be either phase U, V or W). uyppr_pp ;j is the reference voltage
for the certain DC-Link which is obtained by the maximum power point tracking unit.
It is important to point out, that a positive error means that the sum of all DC-Link

voltages is higher than the reference.
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Finally, the grid phase voltages are measured for the synchronization of the control
with the grid voltage, i.e. for obtaining the angular position of the d-q frame of

coordinates which is aligned with the grid voltage space phasor. In this work a

Quadrature Phase Locked Loop (QPLL) is used which is described in the following.

DC-Link
I |
Voltage
uDC/L Measurement
I I
+ » Ureru
M epc o] ld + o] Yrefd Uref a
u
DC N/ PI \_/ PI aﬁ uvw urefv 81 .
i u Uper p Modulator Inverter
R
i
Ly
Uiy
Voltage
o QPLL Uran Measurements
Upzy Cj_ _l
- N
1 i iy
‘a aff a uvw :
4
lg dq iy op iy _
Transformer

Figure 33 Classic VOC diagram
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3.4.2 Phase Locked Loop (PLL)

For the grid connection of the system, the amplitude and the phase as well as the
frequency of the grid voltage are essential information. In order to ensure the correct
alignment of the d-q system of coordinates, the detection of the phase angle of the grid
voltage must be fast and correct [53]. The Phase Locked Loop (PLL) scheme is widely
used for the detection of the orientation angle because of its excellent noise-rejection
capability [54]. It can detect the phase and frequency of a sinusoidal signal with high
resolution even in presence of noise and ensures a very wide dynamic range of
operation. The Quadrature Phase Locked Loop (QPLL) is used in the grid integration
and in motor control applications [41][55]-[60]. It uses two orthogonal sinusoidal
signals (sine and cosine) as input signals obtained from the measurement of the grid

voltage.

Three basic components of the QPLL are depicted in in the block diagram in Figure
35: a phase detector (PHD), a PI and an I controller. In the same figure 6; and 6,
represent the angle of the input (real angle of the grid voltage vector) and output
(identified angle of the grid voltage space phasor) signals respectively and 6,
represent the phase error between the input and the output signals. The phase detection
in the quadrature PLL is based on a space phasor representation of the voltages. Thus,
the control loop is fed by the three measured phase voltages uyy, uyy, Uy that are

transformed to u,, ug and normalized by using the expression

ua
/ué + ug

Up
/ué + uf; )

The phase error between the measured voltage space vector and the one synthesized by

cos(6;) =

> (95)
sin(6;) =

the PLL 6, =6, —60, can be obtained by using the following trigonometric

calculations:
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vp = sin(6;) - cos(8,) — cos(6;) - sin(6,) (96)

by using the trigonometric transformations follows:

vp = sin(6; — 6,) = sin(6p) (97)

For small values of 8, v can be approximated as:

vp = 0p (98)

The PI controller has the function of reducing the phase error
vp = Op to zero by changing the frequency w, that is integrated for obtaining 6,, the

phase of the synthetized system.

Further information about the QPLL can be found in [54][55]. In this work the
modified version of a QPLL like presented in [41] was used as explained above. The

block diagram of the proposed modified QPLL is depicted in Figure 35.

u Cos(8)F PHD
Uyn —> Gtﬁ z > X OS( l) :®
vy I - Up w
Uyn —> >|: >| : > 0,
Uy N — UvVWwW uﬁ X Sil’l(@i) +
| | I— COS |«
L,/ué + U T Cos(6,)
sin [+
Sin(6,)

Figure 35 Modified quadrature phase locked loop (QPLL) block diagram
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Figure 36 Block diagram of the modified QPLL in the frequency domain

The transfer function of the modified QPLL can be written as:

O,(s) KpTys + Kg
0;(s)  s2Ty + KxTys + K

(99)

where K and Ty represent the proportional and time constant of the P/ controller

respectively. The last equation can be rewritten as:

0,(s)  Krs+Kg/Ty

= 100
0;,(s) s?+2¢w,s + w? (100)
Being
W, = T
\ (101)
_ KgTy
2 - KRTN )

where w, is the natural frequency of the modified QPLL and & is the damping
coefficient. Equation (101) means that different dynamic characteristic can be obtained
by selecting suitable parameter of the P/ controller. The performance of the modified

QPLL is presented in the next chapter within experimental results.
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3.5 Feedforward compensation of the modulation index

As it was mentioned in the previous chapter, the maximum power generated by the
PV-panels is affected by two factors: the operating temperature of the panels and the
sun irradiance. Even if supposing that all the PV-panels have the same operating
temperature, each HB cell of the inverter is connected to a large number of PV-panels
in several sectors and therefore they are operated under changing and distinct
conditions. As practical example, the clouds may cause a partial shading of the PV-
panels, that leads to an operation, in which the maximum power points of the PV-

modules feeding the HB cells in the phases of the inverter may be different.

In the wind turbine generator the power generated by the turbine depends directly on
the wind speed. It is also affected by the maximum power point of the wind turbine
system which may change from one turbine to the other even if they are located close
to each other in the same field. In order to perform the grid integration of the hybrid
PV-Wind energy using a CHB inverter, two very important issues must be taken into
account: the first is that the power injected to the grid should be balanced. This means,
the current injected to the grid must be balanced as the grid voltage is normally
balanced. An unbalanced injection of the current is not allowed by the grid code and
generates pulsations in the power signals. The second aspect to be taken into account
is that all the possible power generated by the PV and wind turbine must be utilized
and injected to the grid in order to keep high performance of the conversion with the
highest efficiency. In order to achieve these two objectives, two types of feedforward
compensations can be applied in addition to the VOC. As explained in the following
the feedforward loop acts on the reference voltages generated by the voltage oriented

control before they are sent to the modulation stage:

e The first type of feed forward is called per-phase compensation which is achieved
through the modification of the reference phase voltages.
e The second one is called per-cell compensation which is attained by compensating

the reference signal of each individual HB cell.
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3.5.1 Compensation of the reference signals (per-phase compensation)

In the conventional VOC scheme as depicted in Figure 33 the current loop will
generate a balanced three phase system described by the three reference voltages that
are sent to the modulator unit in order to generate the output phase voltages of the
inverter. However, in the system described here, each HB of the inverter may deliver a
different power to the grid even if the system has the same DC-Link voltages
(especially in the PV-panels) resulting in an unbalanced current system injected to the
grid. By assuming a balanced voltage on the grid an unbalance of power is the result.
In order to overcome this problem, an inverse unbalanced voltage must be added to the
inverter output voltages that have to be proportional to the power unbalance. That can
be achieved by a shifting of the neutral point of the inverter [14]. The phase voltage

equations of the grid side as depicted in Figure 25 can be written as:

. di

uUM == uLlN + RfI’U + Lf% + uMN (102)
. di

uVM = U;oN + RfI'V + Lf% + UpmnN (103)
. diyy

where Ry and Ly are respectively the winding resistance and inductance of the filter,

uyy 1s the common mode voltage difference between the inverter (M) and grid (N)
neutral points. The average value of this voltage is equal to zero under balanced

operation conditions.

From the equations above it is obvious that the currents in each phase not only depend
on the inverter output voltage in the corresponding phase but also on the common
mode voltage u,,y. Thus, it is possible to redistribute the power generated by the three
phases of the inverter in order to guarantee balanced currents at the grid side even
under unbalanced power distribution in the HB cells by shifting the neutral point of the
inverter. In this way the inverter phases can inject a different power to the grid while
the current remains balanced. In other words, the phase of the inverter which has a

cell operated at lower MPP will generate a lower output phase voltage with the same
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current like the other phases working at normal MPP (desired operation point)
resulting in an unbalanced three phase voltage system. Nevertheless, it results into
balanced inverter line voltages, currents and power. Figure 37 shows the phasor
diagram of the inverter output voltages for both the balanced and the unbalanced

conditions.

To perform the shifting of the neutral point some methods have been proposed in the
literature. In [7] the neutral point is moved to the new position by changing the phase
angle between the inverter voltages, in order to rebalance the output currents for the
CHB under fault or under reduced power conditions. In the present work the proposed
scheme is based on the idea presented in [14] where the movement of the neutral point
is performed through the injection of a zero sequence in the modulation stage. It is a
straightforward method with a simple implementation. Moreover, as the injected
voltage is a zero sequence it does not affect the line-to-line voltages of the inverter,
allowing the symmetrical operation even under unbalanced operating conditions. The

proposed compensation scheme is depicted in Figure 38 (a), where U .r y , Urer v and
Urerw are the reference voltages obtained from the VOC scheme and Uy, Urer v

and uy,fyy are the compensated reference voltages by the per-phase compensation.
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UUV

UV M

UWU

() (b)

Figure 37 Phasor diagram of the inverter output phase and line voltages (a) for bal-
anced operation conditions (b) for unbalanced operation conditions
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Figure 38 Reference signal compensation (a) Block diagram (b) Reference signal be-
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(d) Reference signal after compensation for unbalanced conditions
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To perform the compensation, an imbalance ratio is computed for each phase (1, 1y

and ry,) as:
pav
r, = — 105
v Pu (105)
an
r, = =2 106
V=, (106)
N . (107)
Pw

where, py, py and py, are the summation of the instantaneous input powers of both
cells (upper and lower) of the corresponding phase (U, V and W) of inverter (i.e.
Pu = Poc-uBu1 + Poc-nBu2s Pv = Ppc-uevi + Ppc-upve and pw = Ppc-upwi +
Ppc—ue w2) (the grid power in the three phases is equal due to the per phase balancing
method) and the average power p,,, over all three phases is calculated as:

__ butpv+pw
Pav = 3

(108)

After obtaining the factors 7y, 1, and 7y, the min-max sequence u,,,, 1s calculated

according to the following equation:

_ max{TU “Urer s Tv " Urer v) Tw-Uref W}
Uzero = 2

(109)

mln{rU-uref UV Urer v, Tw " Upef W}
2

In which the “max” function returns the maximum value of the three instantaneous
arguments and the “min” function returns the minimum value of the three

Instantaneous arguments.

The compensated phase reference voltages are computed as:
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u;‘er = Urefu — Uzero (110)
u;er = Urefv — Uzero (111)
url‘efW = Urerw — Uzero (1 12)

The method of compensation described above has some advantages: there is no need
to install extra current measurements or to implement additional estimators to calculate
the power delivered by each DC-link of the inverter because these values are already
calculated and required for the MPPT algorithm. Moreover, the computational effort is
very low because it computes the zero sequence in (109) by using the trivial minimum-
maximum sequence functions and delivers a simple scheme of additive compensation
to the original references. Therefore, this control structure offers a good and fast
dynamic response. The compensation will occur as soon as the unbalance in the power
produced by the different cell is detected and takes the system back to the balance
operation. The original and the modified reference voltages are depicted in the Figure

38 (b, c and d).

3.5.2 Compensation of the individual reference signals (per-cell com-

pensation)

Once the reference signals have been changed by the per-phase compensation unit, the
redistribution of the power of the two cells in one phase of the converter is still
required. If a phase-shifted PWM is used, the reference voltage that results from the
voltage oriented control (VOC) and is compensated by the above explained per-phase
balancing method results to be the same for both, upper and lower HB cell of one

phase of the inverter.

In a CHB inverter, the multilevel stepped waveform is produced based on the phase
shift between the carrier signals. This kind of modulation produces the same average
utilization of the cells and leads to similar average powers in both cells. However, in
the proposed hybrid system the power produced by the PV panels is not necessarily

equal to the power generated by the WT generators as it was previously discussed in
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this chapter. For this reason the redistribution of the power between the HB cells in the
same phase becomes mandatory, especially when there is only one type of energy

generation present (either solar or wind) and the other one is bypassed.

This type of imbalance was investigated for a single phase CHB PV system in [§][9]
and for a three phase CHB PV system in [10][12][14]. The same approach used in [10]

is utilized in this work.

The idea behind this type of compensation mechanism is to redistribute the usage of
the cells of one phase in the same proportion of the unsymmetrical power generated by
each HB cell. For this purpose the ON and OFF times generated by the PWM unit are
redistributed. By changing the conduction times of the switches, the voltage and
finally the active power delivered by the cell is increased or decreased. In other words,
the total required voltage which the inverter needs to generate in one phase is the sum
of the two corresponding cells. The voltage distribution is now set according to the
actual DC-powers of the two cells. E.g. if the upper cell delivers currently the double
power compared to the lower cell, the upper cell will generate 2/3 of the phase
voltage while the lower cell generates 1/3 of the phase voltage. This simple

compensation scheme is shown in Figure 39 (a).
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The DC-link voltage error for each individual HB cell is obtained from the difference
between the voltage reference generated by the MPPT algorithm uyppr_yp and the

actual, measured DC-link voltage upc_yg-

Uerror-HBij — UMPPT-HBij — UDC-HB ij

(113)
i=UV,W;j=12

The result is normalized and fed to a PI controller that adjusts the amplitude of the

individual reference signal Uy, ;. The compensation acts in a manner that the



84 3 Cascaded H-Bridge converter for the grid connection of hybrid systems

amplitude of the references used for each HB cell is modified proportionally to the
error of their respective DC-link voltages. A feedforward correction that redistributes
the ON and OFF times as shown in Figure 39 (b) is obtained in this manner,

where Uy, ;1 is the compensated reference voltage by the per-cell compensation. The

ON /OFF-times of the power switches depend on the modulation indices i.e. to the
ratio between the modulation and the carrier (triangular) function. Hence, the same
waveform with higher instantaneous value i.e. higher modulation index produces
larger ON-times while lower OF F -times are achieves the desired redistribution of the

power in the cells.

The same procedure can be applied if a SPM technique is used, yet its implementation
1s not straightforward like in the case of PS-PWM because the compensation has to be
carried out in the state machine unit by modifying the ON/OFF time calculated by the
SPM algorithm after each cycle of modulation, which demands a higher computational
effort. For this reason, in this work the PS-PWM is used, it is simple, it represents a
straightforward approach, leads to less computational efforts and is easier in the

implementation.

3.6 Maximum power point tracking (MPPT)

The tracking of the maximum power point (MPP) of a photovoltaic (PV) array and of
a wind turbine (WT) is an essential task in the operation of PV and WT systems. It is
well known that the solar and wind turbine generators have nonlinear power-voltage
characteristic which varies with the sun irradiation and temperature in the case of a PV
generator or with the wind speed in case of the WT generator as it is depicted in Figure
27 and Figure 28. Both characteristics have only one maximum power point (MPP), in
which the PV or WT systems are operated at maximum efficiency and generate their
maximum output power, whose amplitude depends on ambient conditions. For the
optimum operation of the system, the location of the MPP has to be found online.
There are several methods for fulfilling this task. Two of them are commonly used.
The first approach is a model based method that requires the exact knowledge of the

weather conditions, e.g. sun irradiance, wind speed, etc. as well as all the parameters
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for the PV or WT generator. Since these values are in general not known, the second
approach is favored which is based on search algorithms. By using one of these

procedures, the PV arrays or WT generators are kept working at their MPP [61].

In the PV generator a DC-DC converter is normally used to interface the PV module to
the load or to the grid connected inverter. This DC-DC converter adapts the load to the
PV array in order to ensure that the PV module works at its maximum power point and
maximum power is transferred from the array to the load. For this purpose the duty
cycle of the DC-DC- converter is changed by the control until the optimum power
point is obtained [61]. One of the contributions of the present research work is that the
PV array and the WT generator are connected to the HB cell without requiring a DC-
DC-converter in between. Therefore, the adaptation has to be performed in the
modulation stage. As discussed in a previous section, in this stage the reference signal

of each HB cell is individually modified by adding compensation signals.

The shape of the power-voltage curve of the WT generator is principally similar to the
power-voltage curve of the PV array as it is depicted in Figure 27 and Figure 28, thus

the same maximum power point tracking techniques can be used.

The Perturb and Observe method (P&O) is the most frequently used algorithm to track
the maximum power for PV system [61]-[66] as well as for WT system [67]-[71]. It is
based on the idea that the operating voltage of the PV generator is perturbed in a given
direction by a small voltage disturbance and the change in power is observed. If the
power delivered from the generator increases, the operating point is being moved
toward the MPP. Therefore, the operating voltage must be further perturbed in the
same direction. If the power delivered from the PV array decreases, the operating point
is being moved away from the MPP. In this case, the direction of the perturbation of
the operating voltage must be reversed [64]. Thanks to its simple structure, that it
requires few parameters and that it is easy to implement, it has become a standard
MPPT method in many applications [63]. Figure 40 show the flow chart of the P&O-

MPPT algorithm used in the current work.
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Figure 40 Flow chart for P&O MPPT algorithm

Based on the previous operation principle, the perturbation and observation process in
the proposed hybrid system including WT and PV generator is realized in the present
work as explained in the following. Without loss of generality, the PV array connected
to the upper HB of phase U is considered (HB-Cell UI) but the same procedure can be
applied to the other HB cells. At each sampling time, the voltage and the current of the
PV are measured and the power is calculated. The voltage and power are compared
with the values obtained in the previous sample time, depending on this, four different

cases are possible and summarized in Table 2.



3.6 Maximum power point tracking (MPPT) 87

Table 2 Four different cases of P&O MPPT algorithm

Upc-HB U1,(n) T Upc-HB U1,(n) l
Case 1 Case 2
Poc-uButm) T UMPPT—HB U1,(n) = UMPPT-HB U1,(n-1) T UmpPPT-HB U1,(n) — UMPPT-HB U1,(n-1) —
AUyppr AUyppr
Case 3 Case 4
Ppc-HB U1,(n) \ UMPPT-HB U1,(n) — UMPPT-HB U1,(n-1) — UympPT-HB UL,(n) — UMPPT-HB U1,(n-1) T
AUyppr AUyppr

e C(Case 1 and 4: The reference voltage uyppr_pyp y1 1S iIncremented by a small pertur-
bation value (AUyppr) and the power injected to the grid ppc_pp y1 18 reduced,
while the amplitude of the reference signal Uy, in the compensation unit is re-
duced.

e Case 2 and 3: The reference voltage is decremented and the power injected to the
grid increases as the amplitude of the reference signal s, in the compensation

unit increases.

The process is repeated periodically for each sample time until the MPP is reached.
The system is operated around the MPP. This variation can be minimized by reducing
the size of the perturbation value. In this work, the perturbation value of the MPPT
process used for the WT generator is only 10% of the perturbation value used in the
MPPT process for the PV generator because the dynamic response of the WT
generator i1s much slower than the dynamics of the PV generator due to the high inertia

of the turbine, the gearbox (if any) and the generator.
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4 Simulation and Experimental Results

4.1 Introduction

The effectiveness of the control scheme and of feedforward compensation technique
for the grid integration of the hybrid PV-WT system has been verified by experiments
in the laboratory. This chapter is divided in two sections: the first section is dedicated
to the detailed explanation of the laboratory setup, which include the emulator system
for both PV and WT generators. The second section deals with simulation and
experimental results of the steady state operation using hybrid PV-WT generator for

both balanced and unbalanced operation conditions.
4.2 Laboratory setup

4.2.1 Grid connection system

The structure of the laboratory set up for the grid integration of the hybrid PV-WT
system 1s shown in Figure 41. The utilized experimental five-level, three-phase
modular cascaded converter, shown in Figure 42 (a), was built by using six identical
H-bridge modules (two H-bridges per phase). Each H-bridge is placed on a single
module containing four discrete IGBTs of type IRGPH40UD and the heat sink. Figure
42 (b) shows one of the single H-bridge modules. Six isolated DC-links were
connected to the inverter, each HB cell of the upper layer (HB U1,V1 and W1) was
connected to a corresponding emulator for the PV generator. The lower layer cells
(HBU2,V2and W2) were each connected to a separate emulator of the WT
generator. The overall cascaded converter switched output was connected to the 50-Hz

grid via an inductive filter and transformer.

The system is controlled by a single floating-point digital signal processor unit
(TMS320F28335 eZdsp). This board is especially devised for control tasks. It includes
sixteen channels of 12-bit A/D converters and up to 18 PWM channels. The DSP was

programed in C code and compiled to machine language using the software “code
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composer studio v3.3”. The communication between the DSP board and the computer
1s carried out by using a built-in standard USB interface. Fiber optic communication

interface is used in order to avoid the influence of noise in the switching signals.
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Figure 41 Structure of the laboratory set up for the grid integration of the hybrid PV-
WT system




90 4 Simulation and Experimental Results

(b)

Figure 42: (a) Three phase 5-level CHB inverter (b) Single H-bridge cell

4.2.2 Photovoltaic and Wind turbine emulator

The PV and WT generators were emulated in the experimental set-up. Figure 43 shows
the block diagram of the PV and WT emulator system. An extra DSP was used to
control the emulation process. The PV panels were emulated by using three
programmable DC supplies; each device offers the possibility to control either the
current or the terminal voltage, in the implemented set-up the current control mode
was used and the produced terminal DC voltage was measured and sent to the DSP

through an A/D converter for its processing.
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Figure 43 PV and Wind turbine emulator system

The typical voltage-current characteristics curve was programed in the DSP using a
lookup table. Each emulated PV array was set to generate 60V at a current of 64 in the
MPP (360W) at rated sun irradiance Sig (rqteq)- The reference value for the current of
each CD-source that is calculated from the lookup table was sent to the corresponding
DC-converter by using an isolated channel. First, the reference values for the currents
in all DC-links of the upper cells were converted to a 50 kHz-PWM signal that is
transmitted via optical link. The received binary signals are low pass filtered (LPF) for
obtaining the mean value that is used in the corresponding programmable power
supply in order to control the current and close the emulator control loop. Figure 44
shows the voltage vs. power characteristic used in the emulation of the PV generator

and Figure 45 shows the PV emulator system.



92 4 Simulation and Experimental Results

MPP
360
PPV,(TatEd)
= 9
)
= &
=4 N
[=9 ’»QQ
§ 7
»
E PPV,(mL'n) do‘w
MPP
;D T T —
(=W _ 300 W’
SxR.U“m
0,0
0,0 Upy (miny—>57 60 Upv (rated)

PV generator bus voltage [V]

Figure 44 PV generator Voltage vs. Power characteristics curve

Figure 45 Emulator system for the PV-panels

The WT generators were emulated by using three identical PMSGs. Each generator
was connected to a separate three phase diode rectifier. The rated DC voltage of the

WT generator bus at rated wind speed v, (rqteq) Was set to be 70V while each of the

generators produces 315W at the MPP. The generators are coupled mechanically to a
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single induction machine via toothed belts and pulleys. The induction machine was
driven by an inverter, which has the possibility to control either the motor torque or the
speed. In the designed set-up, the speed control mode was used while the motor torque
that is calculated by the drive is sent to the control board through an A/D converter.
The torque-speed characteristics curve was programed in the DSP by using a lookup
table as well. As in the case of the PV-Emulator the output value of the lookup table
was sent via pulse width modulated signal with low pass filtering to the drive of the
induction machine in order to control the speed of the generators and close the
emulator loop. Figure 46 shows the voltage vs. power characteristic used in the
emulation of the WT generator and Figure 47 shows the WT emulator system. Figure

48 shows the complete laboratory set-up for the grid connection of the hybrid PV-

Wind system.
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Figure 46 WT generator Voltage vs. Power characteristics curve
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Figure 47 Emulator system for the wind-turbines

Figure 48 View of the inverter and control part of the laboratory set-up
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4.3 Experimental results of the modulation methods

First the two implemented modulation techniques were validated by means of
measurements in open loop operation and by using a resistive load, the DC-link
voltages of the all HB cells of the inverter were set to the fixed value of 50V by using
six isolated DC supplies.

4.3.1 Space phasor modulation (SPM)

The results of the SPM were obtained at a modulation frequency f; = 2,5kHz and a
modulation index m = 0,95. As it was mentioned in section 2.6.1.3 there are two
types of the modulation sequences: the continuous - PWM (C-PWM) and
discontinuous - PWM (DC-PWM). Figure 49 and Figure 50 show the inverter output
phase voltage uy, and line to line voltage uyy, for the discontinuous and continuous

modulation respectively.
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Figure 49 Inverter output voltages in the case of discontinuous modulation (DC-PWM)
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Figure 50 Inverter output voltages in the case of continuous modulation (C-PWM)

4.3.2 Phase-shifted pulse width modulation (PS-PWM)

The results of the PS-PWM were obtained at a modulation frequency f; = 5kHz and a
modulation index m = 0,95. Figure 51 shows the inverter output phase voltage uyy

with and without zero sequence voltage injection method.
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Figure 51 Inverter output phase voltage

Figure 52 (a) shows line to line voltage uyy, at the output of the inverter without phase
shift to the carrier signals among the phases and without zero sequence voltage
injection. Figure 52 (b) shows the output voltage u;,, with phase shift to the carrier
signals among the phases but with zero sequence voltage injection while Figure 52 (c)
shows the output voltage uy, with phase shift to the carrier signals among the phases
as well as the zero sequence voltage injection method is used. The double-step voltage

is reduced in the figure (b) and more improvement is achieved in figure (c).



98 4 Simulation and Experimental Results

200p H | ‘WW“ - Double Step -
Wl |H I, —
Il \H Il

— 50
= I

~ 0
>
S 50

-100

| |
[ | | | S
i LI il )
| 1l L1

0 0.01 002 0.03 0.04 0.05 0.06
Time [s]

(a) Without phase shift of the carrier signals among the phases and
without zero sequence voltage injection

S 1l 1] H

= i
= |'|4| __________________________ 'f. __________________________ / ________________________ |

H Double Step ‘m

|

0 0.01 0.02 0.03 0.04 0.05 0.06
Time [s]
(b) With phase shift of the carrier signals among the phases and
without zero sequence voltage injection

200~ u I u‘ Il L

oy gy T
oo Uy

.
i

H‘ Double Step ‘ H

0 0.01 0.02 0.03 0.04 0.05 0.06
Time [s]

(c) With phase shift of the carrier signals among the phases and
with zero sequence voltage injection

Figure 52 Line to line voltage at the output of the inverter by using PS-PWM



4.4 Steady state operation of the hybrid system

99

4.4 Steady state operation of the hybrid system

4.4.1 Performance of the QPLL

Figure 53 illustrates the performance of the QPLL. Figure 53 (a) shows the grid

connected to the grid. The QPLL starts the calculation of the grid reference angle 6 as
shown in Figure 53 (b). The orientation to the grid voltage is achieved within one of

system frequency period where the control error v, was reduced to almost zero at

t = 0,035s as shown in Figure 53 (¢).
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voltages frame u, and ug in the a-f coordinates. At t = 0,015s the system is
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4.4.2 Performance of the per-phase and the per-cell compensation

The performance of the two types of compensation, the per-phase compensation and
the per-cell compensation, that were discussed in the previous sections were examined
in the laboratory. If all HB cells of the inverter work with the same DC-link voltage
and produce the same power, the compensation is not active, thus the reference

voltages are not modified and directly sent to the modulator.

However, if the DC-link voltages of all HB cells are equal but the power produced by
the upper layer cells of the inverter (HB — U1, HB — V1 and HB — W1) are different
than the power produced by the lower layer cells (HB — U2,HB — V2 and HB —
W?2), only the per-cell compensation is applied to the reference voltages and balanced

power is injected to the grid.

If the DC-link voltages of the upper layer cells of the inverter are different from the
lower layer DC-link voltages as it is the case in the current hybrid setup, the per-cell
compensation will become active for the whole time regardless of the symmetrical

power situation.

The unsymmetrical power produced by different cells in the same phase, leads to
unbalance in the power injected to the grid. In this case, both types of the
compensation will work to redistribute the power between the two cells in the same

phase and rebalance the injected power to the grid.

For the sake of simplicity, in the experimental setup, the PV panel temperature is
considered to be constant and the wind turbine only works in the MPP region. As
explained above, the rated DC voltages of the PV generator busses at the MPP were
set to 60Vand the rated power produced by each PV generator was set to 360W. The
rated DC voltage of each WT generator bus was set to 70V and the each generator
produces a rated power of 315W at the MPP. The grid line to line voltage U, ,;, at the
secondary side of the isolation transformer was set to 80V, so that a minimum DC-link
voltage of 66V is required to inject power to the grid. The setup was designed for a

total rated power injected to the grid Pr,.,; of 1800 . Based on these considerations,
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the behavior of the grid integration of the hybrid PV-WT system was experimentally
examined in three different modes of operation according to Table 1 which was

already discussed in 3.2.3:
- Mode 9: Rated PV-Power and Rated WT-Power

In this mode of operation, the WT generators are operated emulating a rated wind
speed vy, (rqteqy @and produce the rated power. In this scenario, the effectiveness of the

feedforward compensation was tested by considering the changes in the power

produced by the PV generators in three different cases of operation:
Case 1

Balanced operation: all the PV generators for cell U1,V1 and W1 produce their rated
power at the maximum power point with emulated rated sun irradiance of Sig (rateq)y =

1000 W/mz.
Case 2

Single cell unbalanced operation: the power produced by cell U1 is reduced to 30% of
its rated power due to the emulated reduction in the sun irradiance to the minimum

value (Sig,miny = 300 W /m?) as a result of partial shading to the PV generator of

cell U1, while the power produced by HB cells V1 and W1 stay at the rated value.
Case 3

Double cell unbalanced operation: the power produced by cell U1 and V1 are both
reduced to 30% of the rated power due to the emulated reduction in the sun irradiance
to the minimum value Sig (min). The power produced by cell W1 stays at the rated

value.

- Mode 8: Minimum PV-Power and Rated WT-Power
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In this mode of operation the power produced by the upper layer HB cells
U1l,V1and W1 are all set to 30% of the rated power due to the reduction in the
emulated sun irradiance to Sk (miny- The cells stay working in the maximum power

point. The WT generators work at rated wind speed and produce the rated power.
- Mode 7: Rated PV-Power and Minimum WT-Power

In this mode of operation the power produced by all the PV generators is at the rated
value and the cells work at the maximum power point while the power produced by
WT generators is reduced to 38% of the rated power due to the emulated reduction in

the wind speed to the minimum value v, (mny. The lower layer cells stay working in

the maximum power point region.

Table 3 shows the generated voltages and the power produced by each HB cell as well
as the total power injected to the grid for different cases and different modes of

operation.
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Table 3 the power generation and injection for the different modes of operation

Power calculations

Values 1\(/312;1:19 l\égsee 29 l\égg:?? Mode 8 | Mode 7
Upc—uguv1 (V) 60 57 57 57 60
Upc—ugvi (V) 60 60 57 57 60
Upc—ugwi (V) 60 60 60 57 60
Upc—uguvz (V) 70 70 70 70 50
Upc—ugvz (V) 70 70 70 70 50
Upc—ugwz (V) 70 70 70 70 50
Ipc—upu1 (A) 6 1,9 1,9 1,9 6
Ipc—uvi (A) 6 6 1,9 1,9 6
Inc-npw1 (4) 6 6 6 1,9 6
Ipc—up u2 (A) 4,5 4,5 4,5 4,5 2,4
Ipc—ugv2 (4) 4,5 4,5 4,5 4,5 2,4
Ipc—ugw2 (A) 4,5 4,5 4,5 4,5 2,4
Poc—upur (W) 360 110 110 110 360
Ppc—upvi (W) 360 360 110 110 360
Poc—uswi (W) 360 360 360 110 360
Poc_uguz (W) 315 315 315 315 120
Ppc—ugvz (W) 315 315 315 315 120
Poc—upwa (W) 315 315 315 315 120

Total power generated by PV (W) 1080 830 580 330 1080
Total power generated by WT (W) 945 945 945 945 360
Total power generated (W) 2029 1772 1521 1275 1438
Total power injection (W) 1800 1593 1386 1178 1316
Total power losses (W) 228 178.,5 135 98 122
Inverter line current I; (A) 13 11,5 10 8,5 9,5
Reduction in the total power 0% 12,7% | 25% | 37,1 % | 29,1 %
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4.4.3 Simulation and experimental results in balanced operation

Since the experimental results focus on the compensation process, the results of the
balanced operation (mode 9 / case 1) will be the reference for the other cases and
modes. Figure 54 shows the reference voltages U,qr y, Urery AN Uperyy sent to the
compensation stage as the output of the current controller loop. The green triangle
signal corresponds to the zero sequence injection voltage u,,,,. Figure 55 shows the
reference voltages resulting from the per-phase compensation unit. It is clear that the
min-max of the zero sequence voltage is kept unchanged because there is no

unbalance.
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Figure 56 shows the reference voltage of phase U where the signal in the black color is

the reference voltage u,.;; before per-cell compensation. The one in the blue is the

reference voltage .y, of HB cell U1 and the one in red is the reference voltages

Urer yo Of HB cell U2 after compensation. The compensation process slightly increase

the modulation index of the cell U2 from 0,57 to 0,6 because cell U2 has a higher DC-

link voltage 80V and injects lower power of 315W while cell U1 has a lower DC-link
voltage of 60V and higher power injected to the grid (360W) so that the compensator

increase the modulation index of the reference voltage for cell U1 to 0,75.
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Figure 57 shows the rated inverter line currents injected to the grid. The current is 134
RMS and is balanced in all phases. Figure 58 show the phase voltages of the inverter

and their fundamental.
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Figure 57 Inverter currents injected to the grid for mode 9 / case 1
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Figure 58 Inverter phase voltages and their fundamentals for mode 9 / case 1

Figure 59 shows the inverter line to line voltages. Figure 60 shows that the currents
were injected to the grid with almost unity power factor. In this figure the blue lines
represent the grid phase voltages u; 1y, U;oy and u; sy while the red lines represent the

corresponding inverter line currents iy, iy, and iy, .
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4.4.4 Simulation and experimental results in single cell unbalanced

operation

In mode of operation 9 case 2 according to Table 3 the unbalanced operation occurs
due to the reduction in the power produced by HB cell U1 from 360W to 110W. The
reference voltages before the compensation process Urery, Urery AN Upery, are
almost symmetrical with amplitude of 0,7 as shown in Figure 61. In Figure 62 the
reference voltages Uyor y, Urery AN Upepy after the per-phase compensation and the
min-max of the zero sequence are shown. The min-max sequence is changed here in
order to compensate the difference between the power processed by the phases
(py, pv and py,) and the average power p,,,. Because of phase U is generating less
power, the zero sequence signal u,.., is in phase with its reference voltage Uy y.

This becomes obvious for the phases V and W, which are modified to redistribute the
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power and increase the current in phase U. Now, in relation with the redistribution of
the power delivered by the cells of phase U, Figure 63 clearly shows how the
amplitude of each cell voltage reference is modified in order to redistribute the
ON /OFF times of the cell accordingly with the produced power which ensures that the
PV generator of HB cell U1 keeps working at the maximum power point. As it is
shown in Figure 63 (a), the reference for the cell U1 has dropped to 0,3 approximately,
because its radiation has dropped to 30% of the rated value . Figure 63 (b and c) show
the reference voltages before and after per-cell compensation for phase V and W
respectively. It is clear that the amplitude of each cell voltage reference is modified

while the ratio between the reference voltage for the upper cells (Uyef 1, Urer w1) and
the lower cells (Upesya, Urepwz) are kept constant in order to compensate the

reduction in the total power of phase U which leads to the rebalance of the injection of

the power to the grid.
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Figure 63 Reference voltages before and after per-cell compensation for mode 9 /
case 2

Figure 64 shows the inverter line currents injected to the grid under unbalanced
operation condition. From the figure it is clear that the currents remain balanced and
exhibit a RMS value of 11,54 which is lower than the rated value in casel because the
total injected power has dropped to 1593W due to the reduction in the power
production of phase U. Working at low modulation index leads to a reduction in the
number of output voltage level as shown in Figure 65. From the figure it can be seen
that the number of levels of phase U is reduced to 3-levels while the other phases keep
working in 5-level mode. Moreover, the inverter phase voltages are unbalanced in

amplitude and phase. As shown in the previous figure, the fundamental components
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Uypm 1, Uy and uyy 1 of the inverter phase voltages have different amplitudes and

different phase shift among them.
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Figure 64 Inverter currents injected to the grid for mode 9 / case 2
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Figure 65 Inverter phase voltages and their fundamentals for mode 9 / case 2

The performance of the modulation index compensation becomes obvious in the
results of Figure 66 with the inverter line to line voltages. The fundamental harmonics
of the line to line voltages uyy 1 , Uy 1 and Uy, remain balanced in the amplitude
and phase because the neutral point was shifted in the direction that allows the inverter
to balance the line voltages. The unsymmetrical operation of the current controller

keeps the injection of the power at unity power factor as shown in Figure 67.
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Figure 66 Inverter line to line voltages and their fundamentals for mode 9 / case 2
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Figure 67 Grid phase voltages and the corresponding currents at unity power factor
for mode 9 / case 2

4.4.5 Simulation and experimental results for two cell unbalanced op-

eration

In the mode 9 of operation, case 3 according to Table 3, the unbalance occurs due to
the reduction in the power produced by HB cell U1 and U2 from 360W to 110W'.
The reference voltages before the compensation process stay symmetrical as shown in
Figure 68. In Figure 69 the reference voltages after the per-phase compensation are
shown. Like in case 2 above, the min-max of the zero sequence u,,,, 1s modified in
order to achieve the per-phase compensation due to the difference between the power
produced in the phases. However, in this case both phase U and V are producing less
power and the zero sequence signal u,,,., is 180° out of phase with the reference
voltage of phase W. From Figure 70 (c), it becomes obvious that the reference voltage
of phases W is modified to redistribute the power and to increase the current in both

phase U andV. Figure 70 (a and b) illustrates the modification in the reference
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voltages in order to perform the redistribution of the power delivered by the cells of
phase U and phase V respectively. In both phases the amplitude of each cell voltage
reference is modified in order to redistribute the ON /OFF times of the cell according

with the produced power which ensures that the PV generators of HB cell U1 and V1

keep working at their maximum power point.
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Figure 68 Reference voltages before per-phase compensation for mode 9 / case 3
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As shown in Figure 70 (a) the reference for the cell Ul has dropped to
0,3 approximately, because its radiation has dropped to 30% of its rated value. The

same reduction is done for cell V1 as shown in Figure 70 (b).
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Figure 70 Reference voltages before and after per-cell compensation for mode 9 /
case 3

Figure 71 shows the inverter line currents injected to the grid. The currents are
balanced and have a RMS value of 104 which is lower than the rated currents in case
1 and the currents in case 2 because the total injected power have dropped to 1386W
due to the reduction in the power production of phase U and phase V. Figure 72 shows
the inverter phase voltages. Like in the previous case, the fundamental components

(Uym 1 Uy, and uyy 1) of the phase voltages of the inverter have different
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amplitudes and different phase shift among them, while the line voltages are balanced
as shown in Figure 73. The fundamental of the line voltages uyy 1, Uyy 1 and uyy 4
remain balanced in amplitude and phase due to the shift of the neutral point in the

direction that leads to resynthesize balanced line voltages.
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Figure 71 Inverter currents injected to the grid for mode 9 / case 3
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Figure 73 Inverter line to line voltages and their fundamentals for mode 9 / case 3

4.4.6 Experimental results at minimum PV-power and rated WT-

power

In the mode 8 of operation according to Table 3, the power produced by the phases is
equal. Yet an unsymmetrical operation occurs due to the reduction in the power
produced by the H-bridges of the wupper Ilayer cells U1,V1and W1

from 360W to 110W. The reference voltages Uy, Urepy and U,ry, before the
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compensation process are symmetrical with amplitude of 0,7 as shown in Figure 74. In
Figure 75 the reference voltages Uyory,Urepy ANd Urepy, after the per-phase
compensation and the min-max of the zero sequence u,.,, are shown. Like in the
mode 9 of operation / case 1 presented above, the min-max of the zero sequence is kept
unchanged deactivating the per-phase compensation because there is no difference in
the power produced in the phases. Figure 76 illustrates the modification in the
reference voltage of phase U due to the per-cell compensation in order to perform the
redistribution of the power delivered by the upper layer and the lower layer cells of the
inverter. In all phases the amplitude of each cell voltage reference is modified in order
to redistribute the ON/OFF times of the cell accordingly with the produced power
which ensures that the PV generators of the upper layer HB cells keep working at their
maximum power point. As shown in Figure 76 the reference voltage u;y; for the
cell U1 drops to 0,3 approximately, because its radiation has become 30% of its rated
value. The same reduction is done for cell V1 and W1, while the reference voltage
Ureryp Of the cell U2 has been increased to 0,7 approximately in order to compensate
the drop in the voltage of the upper layer cells. The same increment is done for

cellV2 and W2
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Figure 74 Reference voltages before per-phase compensation for mode 8
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Figure 76 Reference voltage of phase U before and after per-cell compensation for
mode 8

Figure 77 shows the inverter line currents injected to the grid. It is clear that the

currents are almost balanced and exhibit a RMS value of 8,54 which is lower than the
currents in mode 9 because the total injected power is now 1178W due to the

reduction in the power production in the all PV generators to their minimum values.

Figure 78 shows the inverter phase voltages. In this case the fundamental components

of the inverter phase voltages are balanced because there is no unbalanced power
production among the phases of the inverter, thus the neutral point of the inverter

remains in the origin. Figure 79 shows the balanced inverter line to line voltages and

their fundamental harmonics.
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Figure 77 Inverter currents injected to the grid for mode 8
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Figure 78 Inverter phase voltages and their fundamentals for mode 8
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Figure 79 Inverter line to line voltages and their fundamentals for mode 8

4.4.7 Experimental results for rated PV-power and minimum WT-

power

The behavior in the mode 7 of operation according to Table 3 is similar to the previous
results (mode 8) with the difference that the unsymmetrical operation occurs due to the
reduction in the power produced by the WT generation of the lower layer cells U2, V2
and W2 from 315W to 120W. The reference voltages Uy,f yy, Upery and Up,pyy, after

the per-phase compensation and the min-max of the zero sequence u,,,, are shown in
Figure 80. Like in the mode 8 of operation presented above, the min-max of the zero
sequence is kept unchanged deactivating the per-phase compensation because there is
no difference in power produced in the phases. Figure 81 shows the modification in
the reference voltages of phase U due to the per-cell compensation in order to perform
the redistribution of the power delivered by the upper and lower layer cells like in the
previous result (mode 8). In all phases the ON/OFF times of the cell are modified

according to the produced power due to the modification in the amplitude of the
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reference voltage for each cell of the inverter. Thus, the WT generators of the lower
layer HB cells keep working at their maximum power point. As shown in Figure 81
the reference voltage Uy, y, for the cell U2 has dropped to 0,3 approximately,
because the wind speed has been reduced to 38% of its rated value. The same
reduction is done for cell V2 and W2, while the reference voltage uyry; of the cell
U1 has been increased to 0,8 approximately in order to compensate the drop in the

voltage of the lower layer cells. The same increment is done for cell V1 and W1.
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Figure 80 Reference voltages after per-phase compensation for mode 7
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Figure 81 Reference voltage of phase U before and after per-cell compensation for
mode 7

Figure 82 shows the inverter line currents injected to the grid. The currents are
balanced and exhibit a RMS value of 9,54 while the total injected power is reduced
to 1178W due to the reduction in the power production of the WT generators to their

minimum values. Figure 83 shows the inverter phase voltages and Figure 84 shows the
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inverter line to line voltages. The fundamental component voltages of the previous

figures are balanced like in the results of the previous mode.
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Figure 82 Inverter currents injected to the grid for mode 7
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Figure 83 Inverter phase voltages and their fundamentals for mode 7



128

4 Simulation and Experimental Results

240 -
- Upyy
120 [ e b b
= N e FN — o
N 0f i NIl i i ', i N e
I ‘ H il
S il L i iy -
: -120 i um..ww“‘.um T a1 il
240 Experimental
0 0.01 0.04 0.06 0.07 0.08 0.09
240 f
— U
; 120 ||IHWN‘““” ~{ e LT i vw
— d ‘ ) . "™\ h “u \ — Uywa
> 0 \( / N "
§ 120 S |||“H\Hﬁ:w il ‘ |||mu‘n‘..‘“,ﬂ,lz.:.uu i |||||\ML...L-, el -
Experimental
-240¢ i i
0 0.01 0.04 0.06 0.07 0.08 0.09
e
240 t [ t
—_— U
= 120, wu
= — Uwua
:§ 0
s -120
E i |
240 r r | xperimenta
0 0.01 0.04 0.06 0.07 0.08 0.09

Time [s]

Figure 84 Inverter line to line voltages and their fundamentals for mode 7




S Summary and Conclusions

The present work fulfills its main objective namely the study of the utilization of a
multi-level cascaded H-bridge voltage source inverter as a suitable power electronics
topology to perform the grid integration of hybrid energy sources. In particular, the
connection of two different types of energy sources to the grid was examined, i.e. PV-
panels as well as wind turbines with permanent magnet synchronous generators. In
addition, the control and the operation of the whole hybrid system in the MPP-
operation without using the additional DC-DC converters as in the conventional

approaches was extensively analyzed by simulations and experiments.

The hybrid operation of PV cells and wind turbine system was initially
comprehensively described for a single phase topology, and was then extended to the
three phase one. The problem of the oversizing of the inverter was addressed and a

proposal for facing this problem was presented as well.

The research work comprises the practical experiments by using a laboratory setup
with a 5-level cascaded H-bridge voltage source inverter (SL-CHB-VSI), in which
each H-bridge of the inverter was fed by either PV panels, which were emulated by
using programmable DC supplier, or by wind turbines which were emulated using

permanent magnet synchronous generators driven by an induction motor.

The control of the grid connection was performed by using a voltage oriented scheme
in order to separately control the injection of active and reactive power to the grid.
Furthermore, two types of feedforward compensation methods were used. The first
one was performed by the injection of a zero-sequence signal to the reference signal of
phase voltage in order to balance the power flow to the grid in case of unsymmetrical
energy production among phases. The second was performed to control the amplitude
of the reference voltage signal of each HB cell of the inverter individually in order to
track the maximum power point of each connected energy source. The proposed
control scheme including feedforward modulation index compensation was realized by

using a single DSP.
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The performance of the feedforward compensation methods used in the hybrid system
was examined by simulation and experimentally for three different modes of
operation, in which the availability of PV or WT power varies due to the different

weather conditions.

The first mode was tested for the rated power production for all HB cells and then for
unsymmetrical power generation among the different phases by reducing the power of
one PV panel to 30% of the rated power and finally of the two PV generators in the

Same way.

The second mode was examined by reducing the generation of all PV panels to 30% of
the rated power while the third mode was tested by reducing the generation of all WT

generators to 38% of the rated power.

The simulation and the experimental results for the three operation modes show the
flexible operation of the system with the individual MPPT operation for each H-bridge
cell and without using DC-DC converters. The stable and balanced injection of the
power to the grid is ensured even under unsymmetrical generation conditions. The
cascaded H-bridge voltage source inverter is suitable topology for grid integration of

the hybrid energy sources.
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6 Appendix
6.1 Parameters of lab grid connection hybrid system
Upc 200V
CDC 6 mF
5L-CHB VSI
Irated 20 A (rms)
fswitching 5 kHz
Proted 2,2 kW
Urated 400 V
Induction machine Iratea 5,36 A (rms)
(VEM KPER 112M 6) Ny ated 940 min !
p 3
COS Prated 0’8
Prated 5 kW
PMSG Urated 400 \%
(SEMENS 1FT5) Nrared 3000 min”"
p 1
R¢ 0,065 Q
Grid connection filter
Le 7 mH
P ble DC suppl Prated d
rogrammable supply B
(EA-PS 8360-10 T) Uratea 0-360V
Lated 0-10A
P.ated 7,5 kW
ABB Inverter drive Uratea 0-415V
(ACS880-01-017A) L ated 17 A
Frequency 0-500 Hz
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