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Abstract

Distributed generation (DG) with a converter interface to the power grid
is found in many of the green power resources applications. This disserta-
tion describes a multi-objective control technique of voltage source converter
(VSC) based on multilevel converter topologies, for integration of DG re-
sources based on renewable energy (and non-renewable energy)to the power
grid.

The aims have been set to maintain a stable operation of the power grid,
in case of different types of grid-connected loads. The proposed method
provides compensation for active, reactive, and harmonic load current com-
ponents. A proportional-integral (PI) control law is derived through lin-
earization of the inherently non-linear DG system model, so that the tasks
of current control dynamics and dc capacitor voltage dynamics become de-
coupled. This decoupling allows us to control the DG output currents and
the dc bus voltage independently of each other, thereby providing either one
of these decoupled subsystems a dynamic response that significantly slower
than that of the other. To overcome the drawbacks of the conventional
method, a computational control delay compensation method, which delay-
lessly and accurately generates the DG reference currents, is proposed. The
first step is to extract the DG reference currents from the sensed load cur-
rents by applying the stationary reference frame and then transferred into
synchronous reference frame method, and then, the reference currents are
modified, so that the delay will be compensated.

The transformed variables are used in control of the multilevel voltage
source converter as the heart of the interfacing system between DG resources
and power grid. By setting appropriate compensation current references
from the sensed load currents in control circuit loop of DG link, the active,
reactive, and harmonic load current components will be compensated with
fast dynamic response, thereby achieving sinusoidal grid currents in phase
with load voltages while required power of loads is more than the maximum
injected power of the DG resources. The converter, which is controlled
by the described control strategy, guarantees maximum injection of active
power to the grid continuously, unity displacement power factor of power
grid, and reduced harmonic load currents in the common coupling point.
In addition, high current overshoot does not exist during connection of DG
link to the power grid, and the proposed integration strategy is insensitive
to grid overload.
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Resum

La Generacié Distribuida (DG) injectada a la xarxa amb un convertidor
estatic és una solucié molt freqiient en I'is de molts dels recursos renovables.
Aquesta tesis descriu una técnica de control multi-objectiu del convertidor
en font de tensié (VSC), basat en les topologies de convertidor multinivell,
per a la integracié de les fonts distribuides basades en energies renovables
i també de no renovables. Els objectius fixats van encaminats a mantenir
un funcionament estable de la xarxa eléctrica en el cas de la connexié de
diferents tipus de carregues. El meétode de control proposat ofereix la possi-
bilitat de compensacié de les components actives i reactives de la potencia,
i les components harmoniques del corrent consumit per les carregues. La
llei de control proporcional-Integral (PI) s’obté de la linearitzacié del model
inherentment no lineal del sistema, de forma que el problema de control del
corrent injectat i de la tensié d’entrada del convertidor queden desacoblats.
Aquest desacoblament permet el control dels corrents de sortida i la tensié
del bus de forma independent, perd amb un d’ells amb una dinamica inferi-
or. Per superar els inconvenients del metode convencional, s’usa un retard
computacional, que genera les senyals de referéncia de forma acurada i sense
retard. El primer pas es calcular els corrents de referencia a partir de les
mesures de corrent. Aquest calcul es fa primer transformant les mesures
a la referencia estacionaria per després transformar aquests valors a la re-
ferencia sincrona. En aquest punt es on es poden compensar els retards. Les
variables transformades son usades en els llacos de control del convertidor
multinivell. Mitjancant aquests llacos de control i les referencies adequades,
el convertidor és capac de compensar la potencia activa, reactiva i els cor-
rents harmonics de la carrega amb una elevada resposta dinamica, obtenint
uns corrents de la xarxa de forma completament sinusoidal, i en fase amb
les tensions. El convertidor, controlat amb el metode descrit, garanteix la
maxima injeccié de la potencia activa, la injeccié de la potencia reactiva per
compensar el factor de potencia de la carrega, i la reduccié de les compo-
nents harmoniques dels corrents consumits per la correga. A més, garanteix
una connexié suau entre la font d’energia i la xarxa. El sistema proposat es
insensible en front de la sobrecarrega de la xarxa.
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Chapter 1

Introduction

1.1 Background

The term Distributed Generation (DG) refers to any electric power genera-
tion technology that is on-site or close to the load center and is integrated
to the utility power grid. Distributed Power Generation Resources (DPGR)
based on renewable energy like wind power, photovoltaic (PV), and hydro
turbines are seen as a reliable alternative to the traditional energy resources
based on fossil fuel sources such as oil, natural gas, or coal. The electric-
ity business restructuring and necessity of producing more electrical energy
[1, 2], combined with the environmental regulations due to green house gas
emission [3], and the recent improvement in small scale resources of electri-
cal power generation are the main factors driving the energy sector into a
new era of power generation, where large portions of increases in electrical
energy demand will be met through widespread installation of distributed
power generation resources or what’s known as distributed generation re-
sources [4, 5, 6, 7, §].

DG technology has the potential of being less costly, more efficient, more
reliable, and facilitates the generation of electrical energy in proximity of load
centers. Therefore, DG technology can give industrial consumers various
options in a wider range of high reliability and low price combinations [9].
This type of clean, reliable and on-site power generation technique is based
on technologies such as turbines and engines powered by natural gas, biogas,
propane, wind, and small-scale hydropower resources as well as hydrogen-
powered fuel cells and photovoltaic panels.

Rural and household consumers are the cases which are mostly concerned
with the improvement of DG technology because of the overwhelming in-
vestments required to connect to a distant electrical network. For these con-
sumers, use of DG system especially based on renewable energy resources
(even the non-renewable energy resources) is more economical and efficient
than the central power station system plus associated transmission and dis-
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tribution line expansion. On the other hand, because of high reliability
and low cost effectiveness of DG system, many industrial companies, and
commercial consumers may decide to install DG system as a match with
the electric main source for their electrical consumptions. This can happen
when the particular application is of very low reliability and low cost or very
high reliability and high cost [5]. Moreover, DG system could appear as an
independent power system, which meets both the local loads and main grid
requirements, such as injection of active power into the utility grid, compen-
sation of higher harmonic components and reactive power of grid-connected
non-linear loads, power factor correction of main grid, backup generation
during overload condition, compensation of power quality events during dis-
turbances, peak shaving, and voltage reliability enhancement, in a right way
that is not possible with centralized generation [10].

Normally, environmental-friendly sources of energy, such as wind and solar
are commonly used as a source of energy to empower the DG systems. These
resources of energy meet both the increasing demand of electric power from
consumer side and environmental regulations. In addition, synchronous gen-
erators empowered by diesel engines or gas-fired can be used in DG systems
for power generation. But, the application of the DG technology in electrical
network is principally dependent on whether the interfacing scheme is based
on the direct coupling of rotary machines, such as asynchronous and syn-
chronous generators, or whether the DG system is interfaced by a converter
based on power electronic devices. Unlike large scale generators, which are
almost entirely based on 50 or 60 Hz synchronous machines, DG system
include high speed or frequency energy resources such as micro-turbines,
variable speed or frequency energy resources such as wind energy, and direct
energy conversion resources which producing dc voltages or currents directly,
such as photovoltaic and fuel cells energy resources.

Most of DG resources are interfaced to the electrical power grid or local
loads by using of dc-ac Pulse Width Modulated (PWM) current controlled
Voltage Source Converter (VSC), for its fast dynamic response, accurate
performance, ease of implementation and its inherent closed loop control for
the current to guarantee the required operating point [10]. Power electron-
ics are a crucial enabling technology which facilitates interfacing of different
sizes of DG units, ranging from few kW up to 1.6 MW [11, 12]. In addition,
modular construction of interfaced converters can increase the power capac-
ity; for example a 50 MW high voltage dc (HVDC) light system, based on
insulated gate bipolar transistors (IGBT), has been commissioned in 1999
[13].

Generally, power electronic converter interfaces make the DG resources
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more flexible in their control and operation in comparison with the con-
ventional induction and synchronous generators. These interfacing systems
introduce new issues, such as the limited overload capability, switching loses
and harmonics generation, absence of the physical inertia, susceptibility to
parameters variation, and wide-band of dynamics. It should be noted that,
when DG is installed in a weak or micro-grid network, a converter-based
DG system will be subjected to considerable grid disturbances and param-
eter fluctuations caused by the unexpected nature of the power grid. These
disturbances remarkably challenge the stability and control effectiveness of
a converter-based generator in DG system [14].

1.2 The Main Purposes of DG Technology

As mentioned in previous section, DG technology considered as a flexible
alternative in electrical power system and consumers, especially in many
industrial companies and commercial centers during recent years. Several
potential applications and purposes of DG technology in electrical network
and their consumers are discussed in the following sub-sections.

1.2.1 Continuous Power Source

The DG system can be used for a long time to generate electrical energy for
consumers on a relatively continuous basis. By considering this capability
of DG system, it can be utilized most often in a continuous power capacity
for industrial and commercial applications and supply the sensitive loads
because of high reliability.

1.2.2 Security

This includes issues of the system reliability and power quality factor. For
this case, DG technology can be used to generate electrical energy at a higher
level of reliability and power quality than typically available from the utility
grid. When one on-site generator fails, the spare capacity in the remaining
system resources can provide instantaneous reserve power which typically
known as spinning reserve. Even if the primary generator fails, critical
loads can be supported from on-site generators or overall system capacity.
DG system support power quality by preventing system wide problems and
mitigating grid problems before a grid-connected load detects them.
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1.2.3 High Efficiency and Low Cost

Normally, main grid source has developed energy-efficient technologies such
as natural gas combined-cycle systems. Therefore, these technologies require
continuous, reliable, and low-cost access to a natural gas fuel source and
are unsuited for small-scale deployment. As mentioned in previous section,
normally renewable energy resources with high efficiencies are used in DG
system. Renewable energy technologies use fundamentally local energy sup-
plies, and some non-renewable based DG technologies use easily transported
fuels other than natural gas. Other resources of energies such as energy stor-
age, co-generation, and demand-control devices help improve the efficiency
of whatever source of generation is being used. Therefore, increased energy
efficiency decreases both energy costs and greenhouse gas emissions per unit
of power generation.

1.2.4 Low Emissions

It is completely clear that, DG system based on renewable energy resources
is inherently greenhouse gas emissions free. However, some developed DG
technologies can also reduce emissions of conventional fuels which are based
on fossil fuels. DG system performs this through increased efficiency and
alternative energy conversion processes, such as found in a fuel cell, CO se-
questration reform, and production of gas. This application can be used by
energy companies to supply customers who want to purchase power gener-
ated with low emissions.

1.2.5 Combined Heat and Power (CHP)

To reduce energy losses, it is necessary to increase the fuel-to-electricity
efficiency of the generation plant or to use the waste heat during power
generation and transmission. The use of waste heat in DG close to the
user increases further the overall efficiency for water heating, space heating,
steam generation or other thermal needs. The ability to avoid transmission
losses and make effective use of waste heat makes on-site co-generation or
combined heat and power (CHP) systems 70 to 80 percent efficient. CHP is
most commonly used by industry customers, with a small portion of overall
installations in the commercial sector.
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Figure 1.1: Summary of DG applications in electrical networks

1.2.6 Load Management

One of the main objectives of DG operation in this case is to reduce over-
all electricity costs. DG units can be applied to reduce the main utility’s
demand charges, to defer buying electricity during high-price periods, or to
allow for lower rates from power providers by smoothing site demand. This
technique can improve system efficiency with on-site DG and economic effi-
ciency through demand-side management. This type of application can be
offered by energy generation companies to clients who want to reduce the
cost of buying electricity during high-price periods.

1.2.7 Transmission and Distribution Deferral

As mentioned in first section, installing DG units in rural and strategic loca-
tions which are far from the electrical network can help delay the purchase
of new and separate distribution or transmission line. A detailed analysis of
the life-cycle costs of the various alternatives is critical and issues relating
to equipment deferrals must also be examined closely.

Figure 1.1 briefly summarizes the different types of DG applications in
electrical network.



Chapter 1 Introduction

1.3 Technical Challenges of Converter-Based DG
Interface

Increasing the number of DG units in electrical networks requires new tech-
niques for the operation and management of the power networks in order
to maintain or even to improve the power supply reliability and quality in
future. In addition, the dynamic and unpredicted nature of a power grid
challenges the reliability, stability and control of the DG interface system.
The fact that a typical power grid is faced with inevitable disturbances and
uncertainties complicates the design of a practical converter-based DG inter-
face. Most of unpredictable disturbances in an electrical network are related
to the utility grid due to the relatively small size of DG energy resources.
Several different types of grid disturbances can be imposed on a converter-
based DG interface system. Different problems occur in the following ways
(14, 15]:

1. According to the grid configuration, a large set of grid impedance
value is yielded as DG system is commonly installed in weak grids
with long radial distribution feeders. Furthermore, effects of tempera-
ture, saturation and cable overload are all the most important reasons
for possible fluctuations in the interfacing impedance seen by the in-
terfaced converter. The stability of the inner control circuit loops of
the converter-based DG interface, directly affected by variation in in-
terfacing impedance. Also, the grid impedance interaction with the
ac-side filter of the interfaced converter might excite high-frequency
resonance dynamics. In this case, the injected currents from converter
will be highly distorted and it can propagate through the system and
drive other voltage and current harmonics [16].

2. There is a high trend toward the use of current control technique for
PWM converters in DG systems which offer the possibility of high
power quality injection from the converters when it is properly de-
signed. In this case, it is commonly desired to design the inner cur-
rent control loop circuit with high bandwidth characteristics to ensure
accurate current tracking, shorten the transient period as much as
possible, and force the interfaced converter to act equivalently as a
current source amplifier within the current loop bandwidth. Never-
theless, if the current control loop is designed with high bandwidth
characteristics (e.g. deadbeat control performance), the sensitivity of
the dominant poles of the closed loop current controller becomes very
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high to uncertainties in the total interfacing impedance (the value of
impedance seen by the interfaced converter at the point of common
coupling (PCC), which is a function of the ac grid impedance). The
instability of the current control loop accompanied by the saturation
effect of the pulse width modulator leads to sustained oscillations in the
injected current from converter to the power grid or local loads. This
situation is addressed as the low-frequency instability in DG system.

3. The control performance of the interfaced converter in DG unit is
directly affected by the load voltage or voltage at the PCC. Due to the
high propagation of grid-connected non-linear loads, the voltage at the
PCC is more likely to be distorted; especially in weak grids with long
radial distribution feeders. The grid voltage distortion and unbalance
drive harmonic currents and increase the distortion in the exported
power.

4. Severe and random current component disturbances in utility power
sources might be initiated by non-linear and time-varying grid-connected
loads, grid faults, voltage transients caused by capacitor switching and
associated with parallel connected loads, and non-dispatchable power
generation. The DG interface should offer high inviolability and the
ability to revoke these disturbances; especially in case of utility sources
with high sensitive connected loads.

1.4 Research Motivations

As mentioned in previous section, the unpredicted behaviour and dynamic
nature of the power grid challenges the stability, reliability, security and con-
trol effectiveness of a grid-connected converter-based DG interface. Usually,
disturbances in electrical power grid appear in the form of unbalance currents
and voltages, voltage disturbances, interfacing parameter variations and grid
impedance, and interaction with existing grid harmonic components during
connection of non-linear load to the grid. Therefore, robust control of DG
interface system is an important issue in the presence of grid interconnec-
tion. To facilitate a safe integration technique and larger penetration of DG
units to the power grid, a robust control technique of DG system should be
improved to meet the requirements for the electrical network and overcome
these challenges.
Generally, the DG system should offer the following characteristics:
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. Fast dynamic response in tracking reference components according to

the grid characteristics and conditions.

. Accurate and robust current control performance with a strong ability

of compensating the grid current distortion and voltage disturbances
caused by interfacing parameters mismatch.

. Strong ability of compensating for converter system delays.
. Insensitivity to ac-side filter parameters and power system.

. Flexible operation to reduce the total cost of proposes system and

increases the reliability and accuracy of DG link.

. Stable and high power quality grid operation along the whole loading

trajectories of grid.

1.5 Research Objectives

This project aims at broadly developing an advance control technique of
multilevel converter for integration of DG resources to the power grid. The
proposed control technique can:

1.

8.

Connects DG resources to the medium and high voltage ac grid via
multilevel converter.

. Injects the maximum available active power of DG resources to the

power grid continuously.

. Provides load active power with accurate and fast dynamic response.

. Compensates load reactive power and increase the power factor of

power grid.

. Supply load harmonic current components.
. Guarantees balanced overall grid currents of unbalanced load.

. Fast dynamic response in tracking rapid variations in load active and

reactive powers.

Contribute to compensate load voltage drops.

To be fulfilled, the above objectives need to evolve and builds upon a
number of tasks. Key tasks are:
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1. Development of a grid-monitoring system for monitoring and measur-
ing the currents of grid-connected loads and voltages at the point of
common coupling.

2. Development of an effective interfacing system for the DG unit for
injection of current components under the connection of DG resources
to the medium and high power grid.

3. Development of an effective references system for the DG interfacing
system, by setting appropriate references of DG control loop circuit.

4. Development of an effective current control technique for the DG inter-
face capable of high power quality current injection of the grid under
the presence of grid current distortion, interfacing parameter variation,
and converter system delays.

5. Development of an interface-monitoring unit along with a grid-current
and grid-voltage interfacing scheme for converter-based DG units.

6. Development of a voltage control system for the DG interface featuring
fast grid voltage regulation and effective mitigation of fast and dynamic
voltage disturbances.

7. Integration of the developed control algorithms to realize a robust DG
interface for gird-connected interfacing systems.

1.6 Thesis QOutline

This thesis presents a multi-objective control technique of multilevel con-
verter topologies for integration of distributed generation resources based
on renewable energy (and non-renewable energy) resources to the power
grid. The proposed control technique of DG interfacing system is used to
improve the quality of power grid by injection of active and reactive current
components during integration of DG resources to the grid. In this disser-
tation we review and organize all pertinent subjects in an orderly way. The
remainder of this thesis is structured as follows:

Chapter 2 describes the state of the art and a critical literature review
on DG technology and different control techniques of converter-based DG
system. Initially, we chose to explore the most common DG resources, such
as wind turbines, photovoltaic systems, micro-turbines, and fuel cells. After
we cover the basis of the primary DG resources, our approach is to show
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how to integrate these sources of energy for electrical power generation and
power injection into the power grid.

Chapter 3 is, in essence, an extended introduction that describes and
discusses the state of the art of multilevel power converter main technologies.
The main applications and advantages of these topologies, and a briefly
reviews the attractive features and drawbacks of different types of multilevel
converter topologies are presented in this chapter. In addition, different
structures are presented in different levels for each topology.

Chapter J describes the proposed system model and proposed control
schemes for the interfacing system between DG resources and power grid.
The dynamic model of the proposed model is first elaborated in the station-
ary reference frame and then transformed into the synchronous orthogonal
reference frame. Therefore, the state-space model of the proposed model is
obtained and the large-signal and small-signal mathematical equations and
models in ac side and dc side of the model based on multilevel converter as
a general case, and a three-level NPC converter as a case study are devel-
oped, so that proper control circuit loops can be designed. In addition, the
reference current components are designed in this chapter for injection of
maximum available active power of DG resources to the power grid, provide
enough robustness against grid current disturbances during connection of
non-linear and unbalance loads to the grid; and retrain the full compatibil-
ity with digital platforms to maintain design flexibility.

Chapter 5 describes the principles of Space Vector Pules Width Modula-
tion (SVPWM) technique for multilevel converter topologies. The general
and basic concepts of the SVPWM switching method and its evolutions, ad-
vantages and limitations are investigated in this chapter. Subsequently, some
important contributions are presented in order to achieve efficient SVPWM
algorithms able to be implemented in a digital signal processor (DSP). By
using the SVPWM switching strategy, the multilevel space vector block di-
agram is derived, and the switching time calculation is described. The basic
steps in designing a switching sequence or sequence of vectors are defined
so that minimum switching frequencies in the devices are achieved. In addi-
tion, the various parameters considered in the design stage to minimize the
current ripple are considered. Finally, the multilevel SVPWM algorithm for
a three-level NPC converter is developed and investigated by extracting all
possible switching states.

Chapter 6 describes a current controller for a VSC-based DG interface,
and a voltage regulator for dc bus voltage regulation of a NPC converter. In
addition, a technique for balancing the voltage of dc bus cascaded capacitors
is presented. The proposed current controller is designed for different topolo-

10



1.6 Thesis Outline

gies of the ac-filter to achieve accurate current regulation performance in
the presence of grid uncertainties, converter system delays, and unexpected
events in power grid. In this chapter, the proposed current controller and dc
voltage regulator will be applied to the case of NPC converter output current
control, and dc bus voltage regulation, during connection of DG resources
to the power grid.

Chapter 7 presents the performances of the proposed control technique
for integration of DG resources to the power grid by means of simulation
results. In this case, the complete system model was simulated using the
“Power System Blockset” simulator operating under the Matlab/Simulink
environment. At first, capabilities of DG resources and flexibility of control
strategy for control of VSC in providing active, reactive, unbalanced and har-
monic current components of different grid-connected loads are presented,
and the capabilities of control method on reactive power tracking with con-
stant output active power are considered. In addition, the simulated results
have been used to analyze the Total Harmonic Distortion (THD) of the
utility grid current amid severe varying load conditions.

Chapter 8 describes hardware structure of the proposed control technique
for integration of DG resources to the grid. The proposed control technique
is digitally controlled by TMS320F2808 fixed-point digital signal processor
(DSP) for hardware implementation and real-time code generation of the
proposed control algorithm. The obtained results will verify the high poten-
tial of this topology for control of VSC during integration of DG resource
into the power grid.

Chapter 9 describes the thesis conclusions, contributions, and directions
for future work.

11
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Chapter 2

Review of Previous Research

2.1 Introduction

This chapter describes a short background on common types of DG re-
sources, based on renewable and non-renewable energy resources, and a de-
tailed literature review on the converter-based DG interface system. The
chapter is organized as follows: in section 2.2, different types of DG re-
sources are presented, and some of their main characteristics are described
briefly. Section 2.3 presents the DG interface system, particularly in case of
voltage source converter (VSC) and other related components. In addition,
a review of different current control techniques of DG interface system, effect
of grid impedance and harmonic excitation, and some other limitation are
presented in this section.

2.2 Distributed Generation Resources

DG technology is the application of small generators, scattered throughout
a system to provide electrical energy closer to consumers. Different and
common types of the source of energies that can be used in DG technology
shows in figure 2.1. The general features of these types of energy resources
are shortly introduced in the following subsections.

2.2.1 Wind Power

One of the most important reasons for continuing development of modern
countries is contingent on the sustainability of energy. The vulnerability of
the current energy resources chain, based on fossil fuel and non-renewable
energy resources, will provoke a collapse in society with the exhaustion of
its natural reserves. That is why generation of electrical energy from wind
power is highly advised in electrical power generating networks, where the
following factors are considered [5]

13
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Figure 2.1: Different DG resources and technologies

1. High cost of energy based on thermo and hydro-electrical generation.
2. Plenty of areas with fairly high average wind speeds ( > 3 m/s).

3. Need to supply remote loads, where a new transmission line is uneco-
nomical.

4. Non-existence of rivers or other energetic hydro resources in close prox-
imity.

5. Need for clean and renewable energy resources.

Base of wind power energy is derived from solar energy, due to uneven
distribution of temperatures in different areas of the earth. The resulting
movement of air mass is the source of mechanical energy that drives wind
turbines and the respective generators. A wind turbine consists of turbine
blades (usually two or three blades), a rotor, generator, coupling device or
drive, shaft, and the nacelle (the turbine head) that contains the gearbox
and the generator drive. Modern wind turbines can provide electricity as
wind farms or as individuals. Electricity capacity is limited by the amount
of wind, therefore; the wind plants should be installed in windy areas [17].
It has expected electrical efficiency of 20-40%, and the expected power sizes
are in the range of 0.3 kW to 5 MW [18].

Structures of wind turbines are based on four types; they are: Type A,
B, C and D. Between these four types technology, types A, B, and C are
connected to the power grid or to the local loads via a rotary machine, which

14
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is normally based on an induction generator. But in turbine type D, power
electronic based converter, (usually a voltage source converter), used for grid
interfacing system.

Generally, wind turbine farms have been found in areas with heavy wind
profile. Large ratings such as 108 MW have been reported in some real
projects [19]. Due to the extensive penetration of wind turbines technol-
ogy and the chaotic nature of wind power generation, the effects of the
wind power generation on electrical network performances are so significant.
Currently, several extensive research efforts are running in addressing and
mitigating the effects of wind power generation on power system operation
[20], stability [21], planning and reliability [22], power quality [23], economic
and market [24].

2.2.2 Photovoltaic

Sunlight is converted to electrical energy directly with modules consisting of
many photovoltaic solar cells. Such solar cells are usually square or round in
shape, and made of doped silicon crystal. These semiconductor based devices
have the capabilities of converting incident solar energy into dc current, with
efficiencies varying from 3 to 31%, which depending on the technology of
design, the temperature and light spectrum, and the material of the solar
cell [5]. Normally, the ratings of solar energy power based on PV vary from
0.3 kW to few MW. Nonetheless, because of the high cost of PV lands, weak
sunlight intensity in many areas and climate changes leading to uncertain
sun exposure, the larger sizes of PV generation units are limited [25, 26, 27].
Close to one acre of land is needed to generate 150 kW of electrical power
based on photovoltaic technology. Currently, the cost per kW of a PV system
is around $6000, whereas it is $900 in micro-turbine and $2800 in wind
power generation [14]. Until the 1990s, the creation of photovoltaic farms
(in analogy to wind farms) has been considered the preferred solution to
increase the penetration of PV arrays. However, up to now, manufacturing
costs and the relatively low electrical power efficiency of PV farms have been
major impediments to its widespread use. On the other hand, use of small
scale distributed PV panels (1-100 kW) yield cost effective solutions with
higher reliability.

Recently, some interests appear in use of large scale PV farms by many
countries, under the adoption of green energy policies. In general, the impact
of PV generation profile on the system level, mainly voltage fluctuations and
possible harmonic injection, is weak and it can be mitigated by injecting a
controlled-reactive power through the PV converter itself or via nearby con-
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trolled reactive power sources [28]. Therefore, the majority of photovoltaic
energy system studies are directed either towards the internal controls of
the PV generation system for better energy processing and precise power
tracking or towards the development of more exotic solar cell technology for
greater efficiency and to lower the overall power generation cost [29, 30].
Normally, large scale PV and wind farms are connected at the transmission
or sub-transmission power levels, where the grid stiffness is higher and the
impacts are less pronounced. Hence, research and studies related to PV and
wind farms in the context of distribution systems are not practical and will
lead to imperfect results [31]. Similar to the wind power generation system,
PV based generator is interfaced to the power grid or a local load via a
power electronic based converter; usually a voltage source converter [14].

2.2.3 Micro-turbine

Micro-turbines are small capacity combustion turbines, which can burn a
variety of fuels, including natural gas, gasoline, diesel, kerosene, naphtha,
alcohol, propane, methane, and digester gas. The majority of commercial
devices presently available use natural gas as the primary fuel. They are
small and use power electronics to interface with the load. Generally, micro-
turbines consist of a compressor, combustor, recuperator, small turbine, and
generator [5]& [32].

The main advantages of the Micro-turbines over conventional fossil-fueled
power systems are as follows [5]:

1. They are light generator sets and they have very low in weight per
horsepower.

2. They demonstrate pure rotary motion as opposed to stroking, result-
ing in less vibration, low noise compared to diesel generators, high
mechanical performance, and very high reliability.

3. A liquid cooling system is not required.
4. Some micro-turbines run on air bearings with very low maintenance.

5. They exhibit a very fast response to load variation, since they do not
need to build up pressure as in steam turbines or have high momentum
as in reciprocating engines.

6. They operate on a variety of fuels.

7. They produce very low emissions.
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8. Even low-power micro-turbines can provide recoverable heat for water
and space heating, and the larger units can be used for industrial
purposes or in a combined cycle with other turbines.

Because of the low price of natural gas, low installation cost of micro
turbine based system, and low maintenance cost during performance, micro
turbine technology is one of the most assuring DG energy resources today
[33]. Similar to the wind and PV power generation system, micro-turbine
generator is interfaced to the power grid or local loads via a power electronic
converter; usually a voltage source converter [14]. Being a dispatchable
source, micro-turbines do not cause intermittent generation problems.

2.2.4 Fuel Cell

A fuel cell (FC) is an electrochemical energy conversion system, where chem-
ical energy is converted directly into electrical energy and heat. Resulting
advantages of this technology are high efficiency almost at partial load, low
emissions, noiselessness (due to non existence of moving parts), and free ad-
justable ratio of electric and heat generation. The operation of a fuel cell is
closely alike to that of a battery system, except that it consumes fuel. The
energy savings results from the high conversion efficiency, typically 40% or
higher, depending on the type of fuel cell. When utilized in a co-generation
application by recovering the available thermal energy output, overall energy
utilization efficiencies can be in the order of 85% or more [34].

Unlike batteries, fuel cells do not need to be charged for the consumed
materials during the electrochemical process since these materials are con-
tinuously supplied [35].Fuel cell capacities vary from 1-kW to few MW for
portable and stationary units, respectively. It provides clean power and
heat for several applications by using gaseous and liquid fuels. Fuel cells can
use a variety of hydrogen-rich fuels such as natural gas, gasoline, biogas or
propane. They operate at different pressures and temperatures, which vary
from atmospheric to hundreds of atmospheric pressure for a wide range of
temperatures. Similar to the wind, PV, and micro turbine power genera-
tion system, fuel-cell generator is interfaced to the gird or local load via a
power electronic converter; usually a voltage source converter [14]. Being a
dispatchable source, fuel cells do not cause intermittent generation problems.

2.2.5 Other DG Resources

Other types of DG resources based on renewable energy resources, such as
bio-energy, ocean wave power, micro-hydro power, ocean thermal power,
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and geothermal power are not commonly used due to high cost of the initial
investment and low efficiency reasons.

2.2.6 Energy Storage Devices

New technologies develop efficient means of energy storage devices. Super-
capacitors, flywheels, batteries energy storage system (BESS), and super-
conducting magnetic energy storage system (SMES) are some general types
of energy storage devices [36]. These devices can have important roles in
DG technology, to enhancing the reliability, enabling fast load pick-up, and
flatting the generation profile in non-dispatchable energy resources [37].

Similar to the previous cases, energy storage generators are interfaced
to the power grid or local loads via a power electronic converter; which is
usually a voltage source converter [14].

2.2.7 Hybrid Systems

Hybrid DG energy resources based on renewable energy and non-renewable
energy resources have been proposed, to improve the energy efficiency and
power generation characteristics. For example, a solid oxide fuel cell has
been combined with a gas micro-turbine to form a combined cycle power
plant. The proposed combined power plant has an electrical efficiency of
greater than 70% with ratings range from 250 kW to 2.5 MW.

High efficiency power rate, such as 75%, can be obtained with combined
heat plants as well. In addition, the wind power resources have been used
with other DG resources, such as photovoltaic, micro-turbines, fuel cells,
energy storage devices or diesel-fired generators, particularly in weak and
isolated electrical networks [38].

2.3 DG Interface System

Unlike large generators, which are based on 50/60 Hz synchronous machines,
DG units have several different types of energy resources which are normally
based on renewable energy resources and work in different speeds and fre-
quencies. For example, some DG resources such as micro-turbine generators
are consist of high speed or frequency DG resources, and the other types
such as wind power are consist of variable speed or frequency DG resources.
In addition, other type of DG system which is based on direct energy con-
version resources such as photovoltaic and fuel cells producing dc voltages
and dc currents.

18



2.3 DG Interface System

Generally, a Voltage Source Converter (VSC) is necessary as the heart of
the interfacing system between DG resources and utility grid, for integra-
tion of DG resources to the power grid. In general DG units, the interfacing
system (VSC) is considered as one of the most important functional block.
Multilevel converters are a good trade-off solution between performance and
cost in high-voltage and high-power systems. The main advantages of multi-
level converters are reduced voltage ratings for the switches, good harmonic
spectrum (making possible the use of smaller and less expensive filters), and
good dynamic response. However, the control complexity increases com-
pared to conventional VSC. Figure 2.2 shows the schematic diagram of a
DG system based on three-level VSC interface and the related control algo-
rithm. As it can be seen that, a three-level VSC with ac-side impedance as
the filtering system, form the power circuit schema, whereas different control
loops form the converter control structure for integration of DG resources
to the power grid. In this case, the power management and control system
of interface converter should be able of providing flexible operation during
connection of DG link to the power grid. For instance, voltage regulation
of utility grid might not be required if the grid voltage is strong enough
during the grid connected mode of DG system. In this case, the DG system
will behave as a PQ generator system and the voltage control will not be a
correct option. On the other hand, if the stiffness of the utility grid is not
strong enough, the DG system might support the voltage profile by working
as a PV generator.

In other operation modes of DG system like micro-grid operation mode,
voltage regulation might be critical in case of high power quality injection,
whereas the system control and power management system should take care
of close load sharing of micro-grid loads according to the ratings of individ-
ual converters in proposed system. Regardless of the DG operation mode
in system, the inner current control loop is necessary in DG control system
in order to achieving a close control characteristics on the injected current
and to force the interfacing system to work as a current-source amplifier in
range of the current control bandwidth. In addition, an accurate integra-
tion strategy is also needed to obtain a controllable power flow in proposed
network.

PWM switching strategy would guarantee that the current components in-
jected from the interfaced converter to the local loads and unpolluted power
grid is free from low-order harmonic distortion components. Nevertheless,
the high-frequency current distortion due to the switching frequency must
be attenuated to cope with the power quality standards for connection of a
converter to the power grid; which is the main function of the ac-side filter.
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Figure 2.2: Schematic diagram and control functions of DG system based on
three-level VSC

In fact, the behavior of interfacing system in DG system mainly based on
the effectiveness of the proposed control loops. Moreover, it will be shown
in this dissertation that many of system-level affects on the power genera-
tion performance of DG system and vice-versa (i.e., DG system affects on
system operations) can be addressed by applying the appropriate mitigation
strategy in the DG control circuit loop. As a similar case in the micro-grid
operation mode, the frequency and voltage stability of the micro-grid system
lies during the voltage and power controls of individual interface converters.
The state-of-the-art of the controls of an interface converter in DG system
is presented in the following subsections.

2.3.1 Current Control Technique in DG

The key element in the control scheme of a converter-based DG system is
current control circuit loop of interfaced VSC.
The main objectives of the current controller in DG system are:

1. Provide a relatively high bandwidth to ensure accurate current track-
ing.

2. Reduce the transient time during DG integration and load compensa-
tion.
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3. Force the VSC to act as a current source amplifier within the current
loop bandwidth.

4. Responsible for the power quality of injected-current from DG link
to the local loads and power grid, and over-current protection during
sudden connection of local loads to the main grid.

Harmonic components in voltage of the utility grid, unbalance and non-
linear grid-connected loads, grid parameters and switching transients di-
rectly affect the performances of DG current control circuit loop and might
impair the power quality of injected power from DG unit to the unpolluted
grid and loads, and even the stability of the interfacing system. Recently,
the effects of grid harmonic components on the control effectiveness of DG
interfacing system have begun to be investigated widely in many researches
[39, 40]. Ref.[39] presents a robust control technique to regulate the grid
current entering a distribution network from a three-phase VSC system via
an LCL input filter. The presented results show that small distortion in
the grid voltage highly increases the total harmonic distortion (THD) in the
injected current from DG link to the power grid and eventually, converter
instability can be reached due possible interaction between grid distortion
and converter’s power circuit filter. Therefore, grid disturbances suppression
is one of the most important subjects that should be considered precisely in
design the circuit loop of current controller in a converter-based DG system.
The main strategies to regulate the injected current of a current-controlled
VSC which is basically empowered by DG resources, include either a fixed-
switching frequency schemes, such as the ramp comparison, stationary and
synchronous frame proportional-integral (PI), and deadbeat predictive cur-
rent control schemes or variable switching frequency such as the hysteresis
control scheme [41]. Hysteresis current control techniques give fast transient
response during transient times; but they are reported to impair from inter-
phase distortion, and poor steady-state performance with high errors up to
twice the hysteresis band. In addition, they result in unpredictable average
converter switching frequency that varies with the load parameters and con-
sequently the load current harmonics ripple is unpredictable. Even though
some strategies are documented to constrain the variations in switching fre-
quency, the incompatibility with full-digital platforms and the additional
complexity make this scheme far from being practical. Ramp comparison
control using a PI regulator in the stationary reference frame is used for a
long time; but it has the problems of sensitivity to system parameters and
steady-state phase errors [42].
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Resonant stationary-frame controllers have been proposed to null the
phase errors, however, resonant controllers provide internal model dynam-
ics at preset frequency modes, and the tuning process of these controllers
is not straightforward [43]. By using the synchronous rotating frame, the
PI regulator can be used without the phase lag associated with stationary
frame PI regulators [44, 45]. Yet, this scheme does not yield the optimal
dynamic response from the converter due to its relatively slow transient re-
sponse and the non-defined robustness properties. From the point of view
of stabilities against grid disturbances, the compensation capability of the
low-order harmonics in the case of PI controllers, either in the stationary or
the synchronous reference frames, is very poor; yielding a major drawback
when they are used in grid-connected and micro-grid operation mode. Res-
onant controllers, tuned for selective harmonics elimination, can relax this
problem. However, these controllers are tuned at preset frequencies and the
stability is not verifiably guaranteed for a large band of harmonic cancel-
lations. These drawbacks are mentioned in [39], where a stationary-frame
resonant controller for grid-side current regulation is proposed. The same
mistakes can be traced in [40], where resonant synchronous-frame controllers
are emerged in the current control structure to mitigate the effect of grid
harmonics. An additional drawback of using the resonant controllers, either
in the stationary or the synchronous reference frame is the interaction with
variations in the grid impedance and ac-side filter parameters. Instability is
created when a mismatch in the grid impedance or ac-side filter parameters
shifts the bandwidth of the current controller to be lower than any of the
resonant frequencies.

A robust high bandwidth current control technique of VSC can be used
instead of using a resonant controller in DG system. Use of mentioned ro-
bust method can extend the capabilities of the converter control operations.
The Important subject is the high disturbance rejection performance that
can be obtained to reject low-order harmonic components caused by grid
disturbances. In addition, the tracking ability of a high bandwidth current
controller makes it feasible to be applied to regulate the injected current
from DG link in the natural and stationary reference frames. Therefore, the
negative effect of unbalanced grid voltages on the current injection perfor-
mance of the DG link can be effectively reduced. Further, with a robust
high bandwidth current control loop, current profiling can be made feasi-
ble. In addition, the internal current dynamics will appear almost ideal to
the outer power sharing controls, hence, reducing the coupling among these
loops; this is an important feature in power grid stability. However, the
realization of a high bandwidth current regulation scheme, in the presence
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of inherent system delays and plant uncertainties, is a challenging task.

If the applied current control loop is designed to yield a deadbeat response,
a fast transient response of the current control loop can be achieved. Dead-
beat current control techniques offer the potential of achieving the fastest
transient response during integration time, more precise current control dur-
ing tracking the reference currents, zero steady-state error after synchroniza-
tion, and full-compatibility with digital-control platforms in a real time sys-
tem test bed. In addition, this control scheme is found to provide the lowest
distortion and the lowest current ripples; and, increasing the power quality
of the injected currents from DG link to the local loads and polluted power
grid [46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56]. However, inherent plant de-
lays associated with the control voltage calculation, the nature of the PWM
converter as a zero-order-hold (ZOH), and synchronous frame rotation limit
the bandwidth of a deadbeat current regulation algorithm and eventually,
the deadbeat gain, and accordingly the closed-loop bandwidth, should be re-
duced to account for system delays. In addition, as a model-based controller,
conventional dead-beat current controllers show large sensitivity to plant un-
predicted events. In the presence of grid harmonics and unbalance, there is
no a priori information of plant dynamics; i.e. a complete plant model is not
known in advance. Considering the delay issue, there are three approaches
to implement a digital dead-beat current controller. First, it can be imple-
mented with a relatively long control period, so that there will be enough
space for control voltage calculation and dispatching the reference voltages
to the modulator. This approach has been used in ref. [57] to implement a
complex multi-variable state-feedback current controller strategy. However,
in discrete-time control, it is always required to have a short control pe-
riod to enhance the control precision and to increase the control bandwidth.
Therefore, a longer control period results in lower control accuracy and lower
bandwidth characteristics, hence, loosing some of the favorable features of
the deadbeat control. In the second approach, the calculation of the control
voltage is implemented on programmable logic devices such as erasable pro-
grammable read-only memory (EPROM) or field-programmable gate array
(FPGA) [46]. In other cases, an FPGA co-processor structure is used in
parallel with the main processor to give more computational resources [47].
By this way, the calculation time of the deadbeat algorithm is determined
by the access time of the logic device, which is very small as compared to the
control period. However, this approach requires additional hardware mod-
ules specific to the questioned application; and only simple control algorithm
can be implemented due to the high engineering design costs associated with
complex programmable logic devices. In the third approach, a small con-
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trol period is selected and the deadbeat controller is implemented with a
delay compensation method. In ref. [48], a delay compensation method
employing a feedback of the summation of current errors is proposed. How-
ever, this method shows a large overshoot and long transient period. In
ref. [49], digital deadbeat controllers for single and three-phase VSCs are
proposed. The method compensates for the calculation and sampling de-
lays by employing linear extrapolations for the line-voltage and a predictive
observer for the current. However, the stability margin for parameter mis-
match is poor. In ref. [50], a discrete-time predictive current controller is
proposed. The controller employs a delay compensation method by adopt-
ing a predictive observer for the current. However, the algorithm is sensitive
to parameter variation. Furthermore, the algorithm does not provide the
necessary phase advance for the reference current in order to minimize the
phase lag in the measured current. The nature of the deadbeat controller
as a model-based controller makes it sensitive to plant uncertainties. In
addition, the sensitivity of the deadbeat algorithm to plant uncertainties
increases when the line voltage is estimated [51, 52]. In ref. [52], only 20%
error in the load inductance can be tolerated when the back electromotive
force (EMF) voltage is estimated. The parameter sensitivity issue is fur-
ther addressed in ref. [53], where a PI regulator is connected in parallel
to the deadbeat controller. However, the performance is un-satisfactory as
the PI controller is working against unknown error dynamics. In ref. [54], a
fuzzy-logic-tuned deadbeat controller is proposed to overcome the parameter
sensitivity problems. However, the control algorithm is based on assuming a
fundamental back EMF voltage component, and it is complex for real-time
implementation. Improved robustness can be achieved by estimating the
voltage disturbance, which is caused by uncertainties, and using the esti-
mate in a feed-forward control manner. This technique is employed in ref.
[55] and ref. [56]; where the disturbance is estimated using the disturbance
observer theory in ref. [55] and the time delay control approach is used in
ref. [56]. However, in both methods, the disturbance is estimated based on
the inverse current dynamics, which yields a noise-prone estimate, and a low
pass filter is adopted in the proposed estimators. The phase delay between
the real voltage disturbance and the actual voltage disturbance degrades the
compensation characteristics and limits the robustness range. Recently, an
improved robustness against uncertainties in load inductance is reported in
ref. [51] by assuming, instead of zero, the targeted current error at the end
of the period k is equal to the difference between the previous two current
errors. However, the robustness and stability range is up to 53% mismatch in
the load inductance. Even though the robustness range has been extended,
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the relative stability is still reduced with parameter variation; and there is
a chance of instability for an unpredicted change in interfacing inductance
and resistance, which remarkably vary with the grid impedance. A deadbeat
current control technique that guarantees injection of the high power quality
current under the presence of grid voltage distortion, interfacing parameters
variation, and converter system delays demands special attention.

2.3.2 Effect of Grid Impedance and Harmonic Excitation

A DG system based on VSC interfacing system is a multi-input-multi-output
non-linear power system with coupled dynamics. Wide range of dynamics
can be yielded in a VSC interface system, which starting from the low fre-
quency power generation sharing dynamics in the range of few Hz, to the
high frequency dynamics of the ac-side filter in the range of few kHz. Based
on the variable behaviour of electrical network, there is a possibility for
dynamic interactions between the interfacing system and the power grid
dynamics.

On the other hand, the grid impedance can shift the resonance frequency of
the ac-side filter of the interfaced VSC. The presence of grid harmonics gives
chances to harmonic excitation. In addition, instability in the interfacing
impedance which is a function of the grid impedance affects the stability of
the current control in DG system.

Up to now, just a few research projects and studies have addressed the
interaction between the DG interface system and dynamics of electrical grid.
The effect of impedance of electrical grid on the stability of the converter-
based DG is addressed to some extent in [58]. However, the study considered
only the case of resonant current controllers. Moreover, the proposed solu-
tion depends on accurate information of the grid impedance, which is an
optimistic assumption.

2.3.3 Other Design Limitations

In the presence of the proposed system challenges in DG operation, some
design limitations might be considered. Particularly, it is necessary to in-
crease the power system reliability and reduce its cost calls for an interfacing
plan with a reduced number of sensors. Along with the cost and reliability
enhancements, huge performance developments can be achieved by omitting
the grid voltage sensors in DG interface system. The grid voltage is key
information in control of a DG interface system. Some functions based on
signal processing techniques, such as phase locked loop (PLL) and sequence
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detection are developed on the grid voltage signals.

Nevertheless, during measurement of the grid voltage in power system,
some errors, such as an accumulated grid vector position and a residual
negative sequence error are yielded.

Moreover, errors in the voltage measurement signals used for the feedback
and close loop control can highly affect the power sharing in operation of
power grid, due to the open loop nature of the power-sharing controllers.
The errors occur by voltage measurement may result from the voltage sen-
sors or sensor-filters not quite being precisely identical. Since the injected
currents are highly sensitive to instance variations in the voltage command,
which highly depends on the feed-forward components and the instantaneous
angle of voltages at point of common coupling (PCC) or load voltages, it
can be interesting to propose and design a control system for the interfacing
without using sensors for grid-voltage. This is addressed as a grid-voltage
sensor-less interfacing scheme, where the voltage information is estimated
based on the current measurements. By this way, the extreme sensitivity
to voltage measurements would be eliminated. Some research works are
reported on the sensor-less operation of PWM rectifiers [59, 60]. The prin-
ciple of direct power control is applied to realize voltage sensor-less control
of a PWM rectifier system [59]. A direct control of instantaneous current
of the converter, based on the direct power control and the estimation of
the line voltage waveform, is proposed in ref. [60]. The mentioned voltage-
sensor-less control technique, however, assume exact information of the grid
impedance parameters at the point of common coupling. System param-
eters are time-varying on the distribution voltage level and directly affect
the performance of the control system and estimation algorithms. Normally,
any model-based grid-voltage estimator is by nature parameter-dependent.
While the grid and interfacing parameters are time varying, the sensitivity
of the interface control system to uncertainties in the interfacing impedance
becomes higher as the voltage estimator dynamics is dependent on system
parameters. The development of a robust grid voltage sensor-less interfacing
scheme for converter-based DG demands special attention.

In addition, reliability and cost limitations might call for a functions-
fusion feature during the DG interface system, where a single unit can works
for multiple objectives, such as grid monitoring, synchronization, and self-
commissioning /self-tuning control. A single unit that performs these func-
tions in a computationally efficient manner has to be developed.

26



2.4 Conclusions of the Chapter

2.4 Conclusions of the Chapter

A critical literature review on the different types of DG resources, different
control strategies used in the converter-based DG interface system and effects
of different parameters of power grid in control system has been presented
in this chapter. As mentioned in this chapter, the increasing number of DG
units in electrical networks requires new techniques for the operation and
management of the power networks in order to maintain or even to improve
the power supply reliability and quality in future. As a consequence, the
control of DG unit should be improved to meet the requirements for the
electrical network. Therefore, design of a technique, which considers different
situations of the electrical networks, become of high interest for connection of
DG units to the electrical power system. The main objective of this chapter
is to pinpoint the lack of robustness in existing control strategies against
electrical network disturbances. Therefore, the development of flexible and
multi-objective control strategies of DG interface system for integration of
DG resources to the power grid, and overcome the aforementioned problems
demands a special attention.
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Chapter 3

Multilevel Power Converter
Topologies

3.1 Introduction

Numerous multilevel converter topologies have been introduced in electrical
systems during the last few years [61, 62, 63, 64, 65, 66]. Among the proposed
power converter topologies for medium and high-power applications, the
most common topologies are the Neutral-Point Clamped (NPC) converter
(or neutral-clamped converter), the Flying Capacitor (FC) converter (or
capacitor clamped converter), and the Cascaded H-Bridge (CHB) converter
with separate dc sources (SDCS). Recently, many researchers have developed
new topologies and unique modulation schemes. Several surveys of multilevel
converters have been published to introduce these topologies [67, 68, 69, 70].
This chapter describes the attractive features of multilevel power converters
in general.

This chapter is organized as follows: Multilevel converter topologies are re-
viewed and the fundamental operation of these structures is also presented
in section 3.2. Different main topologies of multilevel converters are pre-
sented in section 3.3. In this section, main applications of different topologies
in electrical systems, and their advantageous and drawbacks are presented
briefly. The general characteristics of main multilevel converter topologies
are summarized in section 3.4. Finally, several potential applications of mul-
tilevel converter topologies in electrical network are mentioned in section 3.5.

3.2 Multilevel Power Converter Features

Recently, multilevel power converters have received a great deal of attention
in numerous high-power medium-voltage industrial applications [67, 68, 69]
& [71, 72,73, 74]. A multilevel converter uses a series of power semiconductor
switches to perform the power conversion by synthesizing the ac output
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terminal voltage from several dc voltage levels, and, as a result, staircase
waveforms can be generated. Compared to standard two-level converter
topology, multilevel converter topologies offer great advantages such as lower
harmonic distortion, lower voltage stress on converter connected loads, lower
common-mode voltage, and less electromagnetic interference. Therefore,
by reducing filtering requirements, they not only improve the efficiency of
converters, but also increase the load power and, hence, the load efficiency
by improving the load voltage with a lower harmonic content.

Multilevel converters are basically developed to increase a nominal power
in the converter. The higher number of voltage levels in these topologies re-
sults in higher quality output voltages. The concept of multilevel converters
was introduced in 1975 [75], and the term “multilevel” first meant “three-
level” [76] but now refers to converters with more than a two-level output
voltage. Multilevel topologies have been developed by increasing the num-
ber of semiconductor switches or the number of power converter modules
(i.e., multiple converter modules). The trend toward a greater number of
voltage levels is necessary due to the benefits of higher voltage ratings with
a very low total harmonic distortion (THD). By increasing the number of
voltage levels, the converter’s fundamental output voltage can be produced
with a lower harmonic content, and will significantly improve the quality of
the output voltage and eventually approach a desired sinusoidal waveform.

The conventional two-level converter can produce high-quality outputs for
low-power applications by using a high switching frequency. However, for
medium- and high power applications, the maximum switching frequency is
limited by the switching devices due to the high switching losses. In this
case, different topologies of multilevel converter can be used to lower the
switching frequency, and a high quality output waveform can be produced.
The superior features of multilevel converter topologies over two-level con-
verter topology can be briefly summarized as follows [70, 72, 77, 78]:

1. They can generate output voltages with very low THD. Multilevel out-
put PWM voltage can reduce the converter switches blocking voltage
and the dv/dt stress on the load such as a motor. The lower voltage
stress on a load can reduce the number of Electro-Magnetic Compati-
bility (EMC) problems.

2. They can produce a lower common-mode voltage. Therefore, the life-
time of a motor connected to a multilevel converter drive can be in-
creased due to the reduced stress on the bearings of the motor.

3. By generating a staircase voltage waveform, they can produce lower
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converter input current distortion. The lower current ripple can reduce
the size of a capacitor filter in a dc-link.

4. They are capable of operating at both a fundamental switching fre-
quency and a high switching frequency PWM. In high-power appli-
cations, a lower switching frequency can reduce the switching loss,
resulting in an efficiency increase.

However, the trade-off for such increased performance in multilevel con-
verters is that they require a greater number of power switching devices. The
number of semiconductor switches together with their related gate drive cir-
cuits can increase the overall system cost and the control complexity. There-
fore, they can be used only where the application and power level justify the
choice of multilevel topologies. They have been selected as a preferred power
converter topology for high-voltage and high-power applications.

3.3 Multilevel Power Converter Structures

The multilevel converters have different characteristics such as the number
of components, the modularity, and the control complexity. Each converter
topology can be chosen for a specific application. This section describes the
major multilevel structures and their main applications in electrical power
system.

3.3.1 Diode-Clamped Converter

In 1981, the first diode-clamped converter, also called a Neutral-Point Clamped
(NPC) converter, was proposed by A. Nabae, I. Takahashi, and H. Akagi
in [76]. The three-level NPC topology is based on a modification of the
standard two-level converter topology by adding two new switching devices
per phase, as shown in figure 3.1. The blocking voltage for each switching
device of NPC is half the blocking voltage of the two-level converters with
the same dc-link voltage. The multilevel output voltage is achieved by using
clamping diodes and cascaded dc capacitors. This topology is extendable
to higher number of voltage levels such as four- and five-level topologies.
However, the three-level NPC has found wide applications in high-power
medium-voltage drives. It can be seen in figure 3.1, to provide a floating
neutral point; the two cascaded dc capacitors split the dc¢ input voltage of
the converter. The two diodes in each converter leg connected to the neutral
point are called the clamping diodes. When switches S; and Sy are turned
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Figure 3.1: Three-level NPC converter

on and S3 and Sy are turned off, the converter output terminal is connected
to the positive dc-link voltage +vg4.; when switches S and S are turned off
and S3 and S, are turned on, the converter output terminal is connected
to the negative dc-link voltage —vg.. When switches So and S are turned
on, the converter output terminal is connected to the neutral point through
one of the clamping diodes, depending on the direction of the load current.
In this condition, the dc link capacitors (normally charged to v4./2) can be
charged or discharged by the neutral current, causing a neutral-point volt-
age unbalance. Thus, the PWM control strategy is needed to balance the
neutral-point voltage deviation, making the control algorithm complex. By
using proper PWM switching, the average device switching frequency can
also be increased to twice the actual switching frequency.

After a short time around the 1990s, several researchers published many
articles that have reported experimental results for different levels diode-
clamped converter for such uses as medium and high-power system inte-
grations, static var compensation (SVC), and variable speed motor drives
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[68, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91]. Figure 3.2 shows the
schematic diagram of a three-phase six-level diode-clamped converter. It
can be seen that, each of the three phases of the proposed converter shares
a common dc bus, which has been subdivided by five cascaded dc capacitors
into six levels. As shown in this figure, the voltage across each cascaded ca-
pacitor is vg., and the voltage stress across each switching device is limited
to vg4. through the clamping diodes. Table 3.1 describes all the possibilities
for output voltage levels for one phase of the proposed six level converter
with the negative dc rail voltage vy as a reference point. The same as NPC
converter, the term of state condition 1 declares the switch is on, and term 0
declares the switch is off. As shown in figure 3.2, five complementary switch
pairs are in each phase, such that turning on one of the switches of the pair
require that the other complementary switch be turned off. For example,
the complementary switch pairs for phase leg (a) are (Sq1, S,1), (Sa2, Shs),
(Sa3s Si3), (Saa, Siy), and (Sgs, Sis). In addition, table 3.1 shows that
in a diode-clamped converter, the switches that are on for particular phase
legs are always adjacent and in series. For six-level converter, a set of five
switches is on at any given time. Each active switching device is required
to block only a voltage level of v4., the clamping diodes require different
ratings for reverse voltage blocking. By considering phase (a) of figure 3.2
as an example, when all the lower switches S/, through S/ are turned on,
D4 must block four voltage levels, or 4vg.. Similarly, D3 must block 3vge,
D> must block 2vg4., and D1 must block vge.

In general case, for an n-level diode-clamped converter, (n-1) consecutive
switches of each leg must be in the on-state. Therefore, a specified voltage
level of the cascaded dc capacitors in dc-side of converter is connected to
the output of converter. Figure 3.3 shows a three single-phase with n-throw
switches, can carry out as a functional diagram of an n-level diode-clamped
converter.

All of the possible combinations of proposed converter are summarized
in equation (3.1). The control functions of the single-pole n-throw switches
are defined by S;;. These variables describe the position of the different
switches, therefore they have the unity value when the i output is connected
to the j point, otherwise they are zero (S;;=[0,1]).

n—1
Y Sij=1 with i={a,b,c} (3.1)
j=0

By referring all of the voltages to the lower dc-link voltage level (0 ref-
erences), each output voltage consists of contributions by a determinate
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Figure 3.2: Schematic diagram of three-phase six-level diode-clamped
converter
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Voltage Switch State
Va0 Sas | Saa | Saz | Sa2 | Sar | Shs | Sha | Shs | Sha | Sia
U5 = DV, 1 1 1 1 1 0 0 0 0 0
v4 = 4vg, 0 1 1 1 1 1 0 0 0 0
v3 = 34, 0 0 1 1 1 1 1 0 0 0
vy = 2v4. | O 0 0 1 1 1 1 1 0 0
V1 = Vdc 0 0 0 0 1 1 1 1 1 0
v9 =20 0 0 0 0 0 1 1 1 1 1

Table 3.1: Voltage levels and corresponding switch states for a six-level
Diode-clamped converter

Figure 3.3: Schematic diagram of the n-level diode-clamped converter
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number of consecutive capacitors will be obtained as:

n—1 J
Vio = (Sij > _vep) with i={a,b,c} (3.2)
j=1 p=1

When balanced distribution of the dc-link voltage among the cascade dc
capacitors is assumed, the output voltage can be expressed as:

n—1
Vdc . . .
Vio = T jgl JjSij with = {a,b,c} (3.3)

Under balanced condition, the maximum forward voltage applied to the
switches of the bridge is the voltage of one single capacitor.

The three line-line voltage waveform for a three-phase n-level diode-clamped
converter is shown in figure 3.4. The line voltage v, consists of voltage of
phase-leg (a) and phase-leg (b). The resulting line voltage is an (2n-1)-level
staircase waveform. This means that an n-level diode-clamped converter
has an n-level output phase voltage and a (2n-1)-level output line voltage.
Although each active switching device is required to block only a voltage
level of vg., the clamping diodes require different ratings for reverse voltage
blocking. For example, by considering phase (a) in figure 3.2, when all the
lower switches S!; through S/ are turned on, D4 must block four voltage
levels, or 4vg4.. Similarly, D3 must block 3vg., Do must block 2vg4., and Dy
must block vg4,.

If the converter is designed such that each blocking diode has the same
voltage rating as the active switches, D,, will require n diodes in series;
consequently, the number of diodes required for each phase would be (n —
1) x (n—2). Therefore, the number of blocking diodes is quadratically related
to the number of levels in a diode-clamped converter [68]. For the general
case of a multilevel diode-clamped converter, (n-1) consecutive switches of
each leg must be in the on-state. As a result, a defined voltage level of the
cascade dc capacitors is connected to output of converter.

The main applications of multilevel diode-clamped converter are as fol-
lows:

e Can be use as an interface system between HVDC transmission line
and ac transmission line [68].

e Interfacing between renewable energy resources and power grid.

e Can be use as a variable speed drive for high-power medium voltage
motors [75, 86, 90, 91, 92].
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Figure 3.4: Line voltage waveform for an n-level diode-clamped converter

e Can be use as Static var compensation.

The main advantages of the diode-clamped topologies over the other
topologies are as [67, 68, 92]:

e The switches can be selected with lower blocking voltages.

e Any number of voltage levels can be obtained by increasing the number
of switches in this topology.

e Low number of capacitors is used in this topology, and the capacitors
can be pre-charged as a group.

e Efficiency of this topology is high for fundamental frequency switching.

The main drawbacks of this topology are:

e The capacitor voltage deviation.
e The requirement for a complicated PWM switching strategy.

e The different blocking voltages of the additional clamping diodes.
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3.3.2 Flying Capacitors Multilevel Converter

A Flying-Capacitor (FC) converter was proposed by Meynard and Foch
in 1992 [93]. Figure 3.5 shows a typical configuration of a 3-level flying-
capacitor converter. Compared to NPC, this topology uses dc capacitors
connected to the cascaded switches instead of using clamping diodes. This
topology has a ladder structure of dc side capacitors, where the voltage on
each capacitor differs from that of the next capacitor. The voltage on each
capacitor demonstrates the size of the voltage steps.

One advantage of the flying-capacitor-based converter is that it has re-
dundancies for inner voltage levels; in other words, two or more valid switch
combinations can synthesize an output voltage. Table 3.2 shows a list of all
the combinations of phase voltage levels that are possible for the six-level
circuit shown in figure 3.5.

Unlike the diode-clamped topology, the flying-capacitor converter does
not require all of the switches that are on (conducting) be in a consecu-
tive series. In addition, the flying-capacitor topology has phase redundan-
cies, whereas the diode-clamped topology has only line-line redundancies
[68, 92, 94]. These redundancies allow a choice of charging or discharg-
ing specific capacitors and can be incorporated in the control system for
balancing the voltages across the various levels. In addition to the (n-1)
dc-link capacitors, the n-level flying-capacitor multilevel converter will re-

(n—1)(n—2)
2

the capacitors is identical to that of the main switches.

quire auxiliary capacitors per phase if the voltage rating of

The main application of multilevel flying capacitor converter is static var
compensation.

The main advantages and disadvantages of multilevel flying capacitor con-
verter topology are as follows [68, 92]:

e The large number of capacitors enables the converter to ride through
short duration outages and deep voltage sags.

e Real and reactive power flow can be controlled by this topology.

e Phase redundancies are available for balancing the voltage levels of the
capacitors.

and the main drawbacks of this topology are classified as:

e Control of this topology is complicated to track the voltage levels for
all of the capacitors.
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Figure 3.5: Schematic diagram of a six-level flying capacitor converter
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Voltage Switch State
Va0 Sas ‘ Saa ‘ Sa3 ‘ Sa2 ‘ Sa1 ‘ SZL5 ‘ S:z4 ‘ S(/lg ‘ S(IZQ ‘ S(/zl
Va0 = Dypdc (no redundancies)
B0de 111 [1]1]o]Jo]o]o]o
Va0 = 404, (4 redundancies)
DVde — Vde 1 1 1 1 0 0 0 0 0 1
A0ge 0] 11|11 l1]0]0]0]o0
5Ugc — 40ge + 3vge | 1 0 1 1 1 0 1 0 0 0
5Ude — Ve + 2vge | 1 1 0 1 1 0 0 1 0 0
DVge — 2Vge + Vde 1 1 1 0 1 0 0 0 1 0
Va0 = 3V (5 redundancies)
OVde — 2V4e 1 1 1 0 0 0 0 0 1 1
4Vge — Ve 0 1 1 1 0 1 0 0 0 1
3V4e 0 0 1 1 1 1 1 0 0 0
5vdc - 4vdc
T tlol 1| 1]lo]lol1]lolo]1
9Vde — Ve + Vde 1 1 0 0 1 0 0 1 1 0
Moge—20getvge | 0 | T |1 01 1]0]0]1]o0
Va0 = 204, (6 redundancies)
SVde — 3V4e 1 1 0 0 0 0 0 1 1 1
SVge — 4V + Vge 1 0 0 0 1 0 1 1 1 0
4vge — 204, 0 1 1 0 0 1 0 0 1 1
4Vge — 3Vge + Vde 0 1 0 0 1 1 0 1 1 0
3Vde — Vde 0 0 1 1 0 1 1 0 0 1
30de —20getvae | 0 ] 0 | 1 10| 1] 110/ 1]0
2V, 0 0 0 1 1 1 1 1 0 0
Va0 = Vde (4 redundancies)
5Vge — 40ge 1 0 0 0 0 0 1 1 1 1
4v4. — 3Uqe 0 1 0 0 0 1 0 1 1 1
3Vge — 204, 0 0 1 0 0 1 1 0 1 1
2V4e — Vge 0 0 0 1 0 1 1 1 0 1
Vde 0 0 0 0 1 1 1 1 1 0
Vg0 =0 (no redundancies)
0 oJojJoJoJo 1 [1][1r]1]1

Table 3.2: Redundant voltage level and corresponding switch states of six-
level Flying-capacitor converter
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e Precharging of all the capacitors to the same voltage level and start-up
are complex.

e Switching utilization and efficiency of this topology are poor for real
power transmission.

e The large numbers of capacitors are both more expensive and bulky
in comparison with clamping diodes in multilevel diode-clamped con-
verter topology.

e Packaging is also more difficult in this topology with a high number of
levels.

3.3.3 Cascaded H-bridges Converter with Separate dc Sources

The cascaded H-bridge converter is composed of multiple units of single-
phase H-bridge power cells as shown in figure 3.6. In this topology, each
converter level can generate three different voltage outputs (+vg., 0, and
—vg.) by connecting the dc source to the ac output by different combinations
of the four switches, Sy, S, S3, and S4. Switching states in figure 3.6, are
define as:

+Vge —> 51,84 are ON
0— 51,5 or S3,54 are ON (3.4)

—Vge — S2,53 are ON
The ac outputs of each of the different full-bridge converter levels are
connected in series such that the synthesized voltage waveform is the sum
of the converter outputs. The number of output phase voltage levels (n)
in a cascade converter is defined by n = 2k 4 1, where k is the number of

separate dc sources.
The main applications of multilevel cascaded converter are as follows:

e Static var generation.
e Interface between renewable energy resources and power grids.
e Battery-based applications.

As mentioned before, the cascaded topology is ideal for integrating renew-
able energy resources with a power grid, because of the need for separate
de sources (SDCS), which is the case in applications such as photovoltaic or
fuel cell. Cascaded converters have also been proposed for use as the main
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Figure 3.6: Single-phase schematic diagram of a multilevel cascaded H-
bridges converter
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traction drive in electric vehicles, where several batteries or ultra-capacitors
are well suited to serve as SDCSs [80, 87]. The cascaded converter could
also serve as a rectifier/charger for the batteries of an electric vehicle while
the vehicle was connected to an ac supply. Another application of cascade
topology is, it is to act as a rectifier in a vehicle that uses regenerative
braking.

The main benefits of the multilevel converter based on cascade topology
are:

e Its modular structure and high voltage operation without switching
devices in series, for these features eliminate the problem of equal
voltage sharing for series-connected devices.

e The number of possible output voltage levels is more than twice the
number of dc sources (n = 2s + 1).

e The series of H-bridges makes for modularized layout and packaging.
This will enable the manufacturing process to be done more quickly
and cheaply.

The drawbacks of cascade topology are:

e [ts requirements for a large number of isolated dc supplies and a switch-
ing device count.

3.4 General Data for Basic Multilevel Topologies

The general characteristics of main multilevel converter topologies are sum-
marized in table 3.3.

3.5 Application of Multilevel Converters

As we mentioned in previous sections, multilevel converters have been se-
lected as a preferred power converter topology for high-voltage and high-
power applications and they have several applications in medium- and high-
power systems. These types of converter topologies can operate either as
converters or as rectifiers. Several potential applications of multilevel con-
verter topologies in electrical network are mentioned in the following sub-
sections.
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Diode-Clamped

Flying Capacitor

Cascaded H-bridges

a 6(n-1) 6(n-1) 6(n-1)

b 6(n-2) 0 0

c 3(n-1)(n-2) 0 0

d (n-1) (3n-5) Even : (37?2_3), Odd : (3n2—4)

e (n-1) (n—1243Y" 2| Even: M, Odd : Brn-4)

£ UVdc Vdc Udcequiv 2
n—1 n—1 n—1

g (2n —1) (2n —1) (2n—1)

h (4n —3) (4n —3) (4n — 3)

i n3 23(n71) 23(n71)

il ndP—(n—-1)73 n —(n—1)° nd —(n—1)3

n | Number of level

a | Switches (with free-wheeling diodes)

b | Independent diodes (with different reverse voltages possible)

¢ | Independent diodes (series connection for same reverse voltage distribution)

d | Capacitors (with different voltages possible)

e | Real number of Capacitors

f | Maximum voltage applied

g | Line-to-Line output voltage levels

h | Phase voltage levels for star load connection

i | States of the converter (vectors of the SV diagram, including multiple ones)

j | States of the converter with different line voltages
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3.5 Application of Multilevel Converters

3.5.1 Boost Rectifier

They are the most popular power converter topologies used in high power
motor drive applications and three-phase PFC rectifiers. Since the converter
is reversible in this application, the rectifier allows bi-directional energy flux
so that the mechanical energy from the motor can be recovered into the
main source [95].

3.5.2 Superconducting Magnetic Storage Energy (SMSE)
Systems

The reversibility property is highly important for the operation of SMSE
systems, since the energy accumulated into superconducting coil must be
recovered into the ac side whenever it is required [96].

3.5.3 High-Voltage DC (HVDC) Transmission System

For long-distance transmission of energy, HVDC systems may be less ex-
pensive and suffer lower electrical losses. HVDC allows power transmission
between unsynchronized ac distribution systems, and can increase system
stability by preventing cascading failures from propagating from one part of
a wider power transmission grid to another. In addition, dynamic damping
of electrical system oscillations may influence the selection of HVDC trans-
mission system in preference to the ac transmission system. On the other
hand, it is possible to integrate two ac systems with different frequencies by
use of HVDC technique in transmission lines. Multilevel converter topolo-
gies are often proposed as a perfect solution for synthesizing HVDC systems
[97].

3.5.4 Power Injection into the Power Grid

These types of the converter topologies are very good alternative for inter-
facing between the source of energies and the power grid. By this topology,
it is possible to inject the electric energy into the electrical power grid. The
produced energy is applied as a source of energy in dc form into the dc-side
of the interfaced converter, and the ac side of the interface is connected into
the power grid. Some practical applications of this topology include Dis-
tributed Generations (DG) technology based on renewable energy resources
such as wind power and solar energies (Figure 3.7). The voltage generated by
variable-speed wind power generators, PV generators, and fuel cells cannot
be directly connected with the grid. Therefore, power electronics technology
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Figure 3.7: Power injection into the power grid by use of multilevel converter

plays a vital role in matching the characteristics of the dispersed generation
units and the requirements of grid connection, including frequency, voltage,
active and reactive power controls, and harmonic minimization [5].

3.6 Conclusions of the Chapter

This chapter has presented the state of the art of multilevel power con-
verter main technologies. The basic principles of different multilevel con-
verters topologies are discussed, and for each multilevel topology, different
structures are presented. Most of the chapter focus has addressed modern
and more practical industrial applications of different multilevel converters
topologies. A procedure for calculating the required ratings for the active
switches, clamping diodes, and dc-link capacitors with a design example has
been explained. In addition, different advantages and disadvantages of dif-
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3.6 Conclusions of the Chapter

ferent topologies have been described and main applications of them briefly
presented. It should be noted that this chapter could not cover all mul-
tilevel power converter related applications and details; however the basic
principles of different multilevel converter topologies have been discussed
methodically.
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Chapter 4

Analysis of Proposed DG Model Base
on Multilevel Converter

4.1 Introduction

This chapter analyzes the modeling of the proposed DG system based on
multilevel converter topologies and the dynamic model of the proposed
model during integration of DG resources to the power grid. In this model,
a voltage source converter which basically is a multilevel converter will be
used as a heart of interfacing system between DG resources and power grid.

The high frequency switching capabilities of the IGBTs used in multilevel
converter make it possible to use high frequency pulse-width modulation
(PWM) techniques which allow high performance control of the current while
minimizing the low frequency current harmonic components without the
need of large passive filters. The high frequency modulation also makes it
possible to use a low frequency model of the converter and to approximate
the behaviour of the converter as ideal controllable voltage sources. This is
possible thanks to the low pass nature of the physical systems connected to
the converters, which have the ability to filter the high frequency content of
the injected current by the interfaced converter. This allows applying the
well known linear system analysis tools to study the system and design its
controllers.

When studying the dynamic behaviours of proposed model and the design
of the control of the interfaced converter, a common approach is to divide
the design problem into a series of small problems. For example, as the
capacitor of dc bus is large, its dynamic responses are usually slower than
the dynamics of the current of the generator and the current on the ac grid
side. Therefore the design of the generator current controllers, the ac grid
side current and the dc side voltage is dealt separately.

This chapter is organized as follows: some general plans and information
of proposed DG model is presented in section 4.2. In section 4.3, schematic
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diagram of a three-phase system model based on multilevel converter for
integration of DG resources to the power grid is presented. In addition the
Park and Clarke transform matrix are presented in this section. In section
4.4, reference currents of the DG control loop are presented according to
the DG objectives. The dynamic equations of the DG model in phase and
line-to-line models are presented in section 4.5. The state-space model of
the proposed DG model, and the large-signal and small-signal mathematical
equations and models in ac side and dc side of the DG model based on
multilevel and a three-level converter as a case study is developed in section
4.6. The steady-state analyzes and equivalent circuit model of DG model
will be evaluated in this section to design a proper controller for this model.

4.2 Proposed DG Model Based on Multilevel
Diode-Clamped Converter Topology

Different types of multilevel converter based DG systems are required large-
signal model and small- signal model analysis for design an appropriate
controller according to objectives of the DG system.

4.2.1 Large-signal Model

Large-signal modelling is a common analysis method used in electrical engi-
neering to describe non-linear devices in terms of the underlying non-linear
equations. In circuits containing non-linear elements such as transistors,
and diodes, under large-signal conditions, ac signals have high enough mag-
nitude that non-linear effects must be considered. In this chapter, large-
signal mathematical models are used to obtain simulation results for the
multilevel converter based DG model. They are mathematically analyzed
and formulated in terms of control functions of the interfaced converter’s
switches in DG model. Therefore, if the switching states functions of con-
verter are substituted by their duty cycles, the output waveforms obtained
are free of certain components related to switching frequency of converter.
Large-signal models can be interesting in terms of ability to analyze tran-
sitory averaged evolutions of current and voltage components, as well as to
perform low-frequency analysis.

4.2.2 Small-signal Model

Small-signal modeling is a common analysis technique in electrical engineer-
ing which is used to approximate the behaviour of non-linear devices with
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linear equations.

A small-signal model takes a circuit model and based on an operating
point (bias) it linearizes all the non-linear components by some mathemati-
cal tools. Nothing changes in this model, because the assumption is that the
signal is very small that the operating point does not change. Small-signal
model of the system is needed to study and design different control loops
techniques in proposed electric system. As the control stage must achieve
the operation point of the system while disregarding high-frequency com-
ponents of the variables (switching frequency of the converter), this mathe-
matical model is formulated in terms of local averaged variables. In general
case, state-space formulation models are used for the small-signal model of
proposed electric system.

4.2.3 Control Structures for Grid-connected DG

The control structure applied to the grid-side interface converter consists
mainly of two cascaded loops. In general case, there is a fast internal cur-
rent control loop, which regulates the injected current from converter to the
power grid, and an external voltage loop, which controls the dc-link voltage
in dc side of the interfaced converter in DG model. The current control
circuit loop is responsible for power quality issues and current protection
in power grid; thus, harmonic and reactive current components compensa-
tion and dynamic behaviours of grid are the important properties of the
current controller in DG system. In addition, the dc-link voltage controller
is designed for balancing the power flow in the proposed model. Usually,
the design of this controller aims for system stability having slow dynamic
responses. In several research works and projects, the control of grid-side
controller is based on a dc-link voltage loop cascaded with an inner power
loop instead of a current control circuit loop. In this case, the injected cur-
rent from DG link into the power grid is controlled indirectly. In addition,
some control techniques employing an external power circuit loop and an
internal current circuit loop are also documented.

4.3 Voltage and Current Components in Different
Reference Frames

The proposed control technique of multilevel converter topologies in this

dissertation is based on the analysis of voltage and current vector compo-
nents in the special reference frames, e.g., 123(abc) to o0 and /30 to dq0
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Figure 4.1: Schematic diagram of proposed DG model based on multilevel
converter

transformation [98]. In this technique, synchronous reference frame control
also called dq control frame uses a reference transformation frame module,
e.g., abc—>dq, to transform the grid current and voltage waveforms into a
reference frame that rotates synchronously with the grid voltage. By means
of this technique, the control variables values become dc values; thus, fil-
tering and controlling can be achieved easily. Figure 4.1 shows the general
schematic diagram for a network connection of a gird-connected VSC, based
on multilevel converter topologies, used to interface a DG unit to the power
grid. Conventional signs of voltages and currents components are also indi-
cated in this schema, where R. and L. represent the equivalent resistance
and inductance of the ac filter, coupling transformer, and connection cables;
Rs and Lg represent the grid resistance and inductance up to the PCC, re-
spectively; v (k = 1,2,3)is the supply voltage components at the PCC; v
(k=1,2,3) is the grid voltage components; vg. is the dc-link voltage; and iy,
i1k , and i are grid, load and DG current components respectively. In ad-
dition, the DG resources and additional components are represented as a dc
current source which is connected to the dc side of the interfaced converter.
It can be seen that, the line switching functions have been used instead of
line-to-line switching functions for the switching model in figure 4.1.
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4.3.1 Synchronous Reference Frame Control

The synchronous reference frame or the Park transformation system maps
the three-phase current and voltage components in the abc phases into the
current and voltage components on the dq0 reference frame. The Park vari-
ables transformation matrix applied to three-phase voltages and currents
components is shown below in matrix form as:

cosf cos( — 2%) cos(0 + 2%

abe _ 2| : 2 , 2
Td(fo =3 sinf sin(f — %) sin(6 + ?ﬁ) (4.1)
1 1 1
2 2 2

where 6 is the rotating coordinate angle, which can be chosen as constant
or linear time-varying for different objectives. The inverse matrix of (4.1) is
calculated by (4.2).

cos 6 sin ¢ %
dq0 - :
Toge = (Tig) ™" = (Ta)" = 5 | cos(0— %) sin(0—3) 3| (42)
cos(f+ 3 sin(0+ %) 5

We define the Park transformed variables X0 of a three-phase abc signal
Xabe as:

X0 = Tyl xabe (4.3)

As mentioned in previous section, by use of synchronous reference frame
control, the grid current and voltage components transform into a reference
frame that rotates synchronously with the grid voltage. By means of this
technique, the control variables values become dc values; thus, filtering and
controlling can be achieved easily. As an example, a simple schematic dia-
gram of the synchronous reference frame control is shown in figure 4.2, [99].
As shown in this model, the dc side voltage is controlled and regulated in
accordance to the necessary output power of converter in ac side. It can be
seen that, its output is the reference current for the circuit of active current
controller, whereas the reference current for the reactive current is usually
set to zero, if the reactive power control is not allowed. On the other hand,
in the case that the reactive power has to be controlled in structure of the
proposed model, a reactive power reference must be imposed to the control
loop.
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Figure 4.2: General schematic diagram for dq control structure

The dq control scheme is generally associated with proportional-integral
(PI) controller since it has an acceptable behaviour when regulating dc vari-
able components. The matrix transfer function of the controller in dq coor-
dinates can be expressed as:

d
Gpi(s) = § . (4.4)
0 kp + —
s
where k, is the proportional gain and k; is the integral gain of the PI
controller.

4.3.2 Stationary Reference Frame Control

The Stationary reference frame or the Clarke transformation system maps
the three-phase instantaneous current and voltage components in the abc
phases into the instantaneous current and voltage components on the oS50
reference frame [98]. The Clarke variable transformation matrix of three-
phase components is defined as:

2
Tb
gﬁ%—\/;

The inverse matrix of (4.5) can be expressed as:

- g\H
[\)

| Snel 5] =
LW | =10

(4.5)

0
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Figure 4.3: General schematic diagram for o frame control strategy

0
T — 1 V3 (4.6)

abc T 3

We define the Clarke transformed variables Y*P0 of a three-phase abc
signal Y€ as:

Y PO = Taksyabe (4.7)

Stationary reference frame is a strong tool for structuring control circuit
loops in converter-based DG system. As an example, a simple schematic
diagram of the stationary reference frame control is shown in figure 4.3. By
application of the abc — a8 module, the grid current and voltage compo-
nents are transformed into stationary reference frame. Therefore, the control
variables are sinusoidal in this case. Some controllers such as proportional
resonant (PR) controller gained a large popularity in the last decade in cur-
rent regulation of grid-connected systems [99].

4.4 Calculation of Reference Currents for the DG
Control Loop

Figure 4.4 shows the voltage and current components vectors of DG model
which shown in figure 4.1, in stationary and rotating synchronous reference
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Figure 4.4: Voltage and current components in stationary and rotating syn-
chronous reference frame

frames.
The transformed voltage and current components from af to dq for a
three-phase balanced system are obtained by:

[ td ] =157 [ o ] (4.8)

llq ilg
Uld _ maB Vi 4
[ Uig ] Lag [ ug } (49)
where
b _ cosf sinf
dg | —sinf cos6

is transformation matrix («f/dq) which is based on park equations, i;4 and
ijq are direct and quadrature current components in rotating synchronous
reference frame respectively; and 6 is the instantaneous angle of load voltage
or voltage at the PCC. Using the two-axis power theory [98], the injected
instantaneous active and reactive power components of load can be obtained
as a function of the instantaneous voltage and current components. The
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instantaneous complex of load power (.5;) is defined as the product of the load
voltage vector (V}), and the conjugate of the load current vector (I;*), given
in the form of complex numbers. According to figure 4.4, and considering
the instantaneous complex value of load power will be obtained by:

« . 3 N iy
S =VIf= PL +jQL = Q(Ud +]'I}q)(lld — ]Zlq) (4.10)
3, . . L .

§ = 5 (vaiia + vqiig) + j(vgita — vatrg) (4.11)

3, . .
P, = i(vd”d + Uquq) (4.12)

3, . .
QL = i(quld — Vdilg) (4.13)

Equation (4.10) shows the total active and reactive powers injected from
power grid to supply the grid-connected loads. Considering the power bal-
ance of the ac side of the converter, injected power from converter to the
grid will be obtained by:

3

Po = 3 (vfhaith + viigity) = 3Re{VarL) (4.14)
3 S§S§ 88 S§S§ S8

Qc = i(UMchd — UMdch) = 3]m{VMIC} (415)

Whilst for the grid connection point of the converter inductances we have:

3

P, = 3 (v3iaiZi + viigiZ) = 3Re{Vi L) (4.16)
3

Qz = 5(vifgita — vitaizy) = 3Im{Vas L.} (4.17)

where different between S, and S, shows the losses caused by interfacing
impedances between converter and power grid. Considering the reference
voltage vector in direction of d-axis vector in this transformation, the vertical
component of the load voltage (q-component of voltage) in the rotating
synchronous reference frame is always zero (v,=0). As shown in figure 4.4,
instantaneous angle of load voltage can be calculated as:

0 =tan~122 (4.18)

Vo

In other word, if we consider the instantaneous angle of load voltage by
(4.18), the reference voltage vector will be in direction of d-axis vector of
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load voltage, and g-axis vector of load voltage will be zero (v,=0) [10]. Ac-
cording to figure 4.4, d-component of load voltage in stationary and rotating
synchronous reference frame can be calculated as:

va = [0ag| = 10aj] = \/v3 + 0} (4.19)

In real system, the term vy shows the magnitude of the voltage at the
PCC.

In the next stage, injected current components of DG link to the power
grid must be calculated according to the objectives of integrated system.
For achieving this purpose, it is necessary to measure the load currents,
and then transformed from abc frame to synchronously rotating reference
frame, i.e., in dq components. By taking into considering i;1=-(i;2+1;3) , and
substituting (4.5) in (4.8), d and g-axis of load currents can be expressed as:

sin(0+ =) sinf [ in } (4.20)

[ Ud } G
U cos(6 + 5) cos 6 U2

By (4.20), d and g-components of current in rotating synchronous refer-
ence frame can be calculated by means of current components in 123 variable

System.

4.4.1 Calculation of Reference Current to Supply Load Active
Power in Fundamental Frequency

As mentioned in previous section, in fundamental frequency (first harmonic),
the active power injected from VSC to the power grid will be obtained by:

3

where capital letter are related to fundamental frequency of current com-
ponents. Also, terms of v4 and v, are the voltage components in fundamental
frequency at the PCC. According to the assumption mentioned in previous
section regarding v,=0, d-component of reference current to provide active
current in fundamental frequency can be calculated by:

2Py
3?}d

*

cd —

(4.22)

where P, s is the power that VSC must provide and inject in fundamen-
tal frequency by connection of DG resources to the power grid. I, is the
d-component reference current of DG link in fundamental frequency which

58



4.4 Calculation of Reference Currents for the DG Control Loop

will be considered in current control circuit loop of DG system. Calculation
of d-component of reference current with this method, and considering max-
imum capability of interfaced converter and DG resources makes it possible
to control the maximum active power delivered to the power grid via DG
resources and interface system by changing reference active power. Con-
sidering the physical constraints, the preceding model is subjected to the
following limits. The injected current from DG to the power grid is limited
to the maximum continuous current of the interfaced converter or to the
maximum available current of the converter in a limited short-time oper-
ation. In addition, the load voltage is limited to the maximum available
output voltage of the converter, depending on the dc-link voltage value.
Since the power grid is uncertain and dynamic in nature and its parameters
vary frequently due to factors such as cable overload, transformer satura-
tion, and temperature effects, the uncertainty in system parameters should
be considered in control system design.

4.4.2 Calculation of harmonic components of reference current
of d-axis

Calculation of the load current in the dq reference frame by (4.20) makes
it possible to separate fundamental and harmonic current components. d-
component of the load current (i;4) can be separated into dc and alternative
current components as:

i1g = t1a + lia (4.23)

where ijq is alternative d-component of load current in rotating syn-
chronous reference frame which is related to harmonic components of load
current and Iy is the dc term of load current in this frame which is related
to fundamental frequency of load current. To compensate harmonic current
it is necessary to separate alternative and constant current components. For
this purpose, a high pass filter (HPF) must be used. To minimize the in-
fluence of the HPF’s phase responses, by means of a low-pass filter (LPF),
a minimal phase high pass filter (MPHPF) can be obtained, the transfer
function of this LPF has order and cut-off frequency the same as HPF.
Therefore, the proposed MPHPF can be achieved simply by the difference
between the input current signal and the filtered current, which is equivalent
to performing:

HMPHPF(S) =1- HLPF(S) (4.24)

99



Chapter 4 Analysis of Proposed DG Model Base on Multilevel Converter

A double-precision low-pass filter using the Chebyshev type-I fourth order
low-pass filter is used for this purpose. The filter considered has a cut-off fre-

quency f. = g( f = 50H z) which promises the elimination of dc components

in the non-linear load currents. Therefore, the harmonic components of load
current at d-axis are obtained. To use the proposed distributed generation
technology based on renewable energy resources as an active filter device in
the proposed system, harmonic current components of load current must be
supplied. For this purposes d-component of non-linear link reference current
is achieved by doing the sum of currents in (4.22) and alternative terms of
load current in (4.23):

ity =g+ I (4.25)

4.4.3 Calculation of Reference Current to Supply Load Reactive
Power

As shown in figure 4.4, in a rotating synchronous reference frame, q-component
of load current is perpendicular on d-component of load voltage ( vq L ijq).
Therefore, g-component of load current indicates required reactive power of
the grid-connected loads. To compensate load reactive power, VSC must
injects a current with g-component equal to ;4. For this purpose, it is suf-
ficient to set g-component of reference current in circuit loop of proposed
control strategy equal to q-component of the load current as shown in (4.26).

i, =il (4.26)

where 47, is the vertical component of DG link reference current that is
shown. By this consideration, reactive current of grid-connected loads is
compensated in fundamental frequency and harmonic reactive currents can
also be provided by DG system [100]. These obtained reference currents will
then be fed to a feedback current controller which will compare the desired
currents with the measured one and will calculate the current component
values to be applied to the power grid through PWM modulation of the dc
bus voltage.
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4.5 Dynamic Models of Multilevel Converter Based System

4.5 Dynamic Models of Multilevel Converter Based
System

Schematic diagram of the proposed model based on multilevel converter
topology is shown in figure 4.1. For the purposes of this dissertation, the
electric power system grid is composed of the generation system, the trans-
mission or, the distribution system, and the loads. The DG resources and
additional components are represented as a dc current source connected to
the dc side of the converter. To draw an appropriate plan to control the
integration of DG resources to the power grid, a dynamic analytical model
of the proposed power system should be developed.

4.5.1 Phase Model Analaysis of Proposed Multilevel Converter
Based Model

Kirchoft’s laws of voltages and currents applied to the DG model in figure
4.1, provide three differential equations in the stationary abc (123) reference
frame as [101]

vip = Le d —‘r Reici +v1 +onpm (4.27)
dlcQ
vorr = Le—— o T Reico +va + onp (4.28)
d’ch
vanp = Le e + Reics + v3 + vnns (4.29)
or it can be mentioned as:
ViM = L d + R Zcz + v; + UNM (430)

1=1,2,3

where v;;s is the voltage between the converter terminals and the dc bus
neutral, vy is the voltage of the neutral point, v; is the voltage of the power
grid or load voltage, i.; is converter current, L. and R, are total inductance
and resistance of interfacing system and isolation transformer. Summation
of three equations in (4.27)-(4.29), it gives,

3 3 )
di, )
WM — Lc Rc ci i
E ViM ;:1( o+ Relei v +vmnN) (4.31)

i=1,2,3
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A null value for the zero voltage component is assumed. Since the absence
of neutral wire is considered, the zero current component is also null, and
with the assumption that the ac source voltages are balanced, the following
relation is obtained from (4.31).

d . . . . . .
(vine +vanr +v3ar) = Le—(lc1 + te2 + ic3) + Re(ler + iea + ie3)+

dt (4.32)
(Ul + vo + Ug) + 3vnp
Then ac neutral point voltage term (vxps) can be obtained as:
3
(vim +vom +vzm) 1 1
NI = ; =3 ;vm = 3 F(S).ve (4.33)

As shown in (4.33), the value of vy, is depended to switching states of
converter and voltage of dc side of converter.

By referring to the (4.27)-(4.29), a first-order matrix equation will be ob-
tained which describes the ac side of the proposed multilevel based converter
model, such that:

d| | g ] g™ LA e
— | = i -—— | — | -
dt | Le |20 Le| o | " Le|
C C
. (4.34)
Ll
T UNM
L. 1
where (4.34) can be written as:
dic; R. . 1 1 1
===l — 7V + 7—vim — 7U.
TR PR PR A e R E (4.35)
i=1,2,3

The symbol Us in (4.35) is a conventional notation that defines for [1 1 1]7.
Figure 4.5 shows the dc side of multilevel converter which has been intro-
duced as proposed model for interfacing between the DG resources and the
power grid in figure 4.1. The following equation describes the current com-
ponents through the cascaded capacitors in the dc side of the interfaced
converter.
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. dve; . o . =
icj :cd—;] =ige— (i1 +i2+ ... +ip_1) :zdc—sz (4.36)
k=j
or can be written as:
d 1 ) 1 )
$UC = EUn—lzdc — EKNCZNC (437)
where v., iyc, and K¢ are defined as:
[ Ve(n—1) 1 - -
Ve(n—2) 1 00
11 00
Ve = . Kye=|: ¢ .+t |and
. 11 --- 1 0
Ve 11 - 11
v
- - - (4.38)
In—1
in—2
INC =
19
L 1

Equations (4.35) and (4.37) present the total system equations expected
for the switching stage of proposed model. The control functions of each
single-pole n-throw switch can tie in current and voltage components be-
tween the ac side and the dc side of the converter as,

) . T
ViM = Sci'Uc» KNCZNC = Scz‘lci

4.39
1=1,2,3 ( )

As mentioned in previous chapter about switching states of multilevel
converter topologies, and by considering the proposed DG model, the three-
phase output voltage of multilevel converter will be obtained by:

v = Sa n—1))V¢e(n—1) + Sa n— +Sa n—2))Ve(n—2) T - F
1M = (Sa(n-1))Ve(n—1) + (Sa(n-1) (n-2))Ve(n—2) (4.40)

(Sa(n—l) + Sa(n—2)+...+Sa2+Sa1 )7}01
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Figure 4.5: dc side of the proposed converter model

Vo = (Sp(n—1))Ve(n—1) T (Sp(n—1) + Sb(n-2)Ve(n—2) + -+
(4.41)
(Sbn=1) T Sb(n—2)+.+Sya+Sp1 ) Vel

UsM = (Sc(nfl))vc(nfl) + (Sc(nfl) + Sc(nf2))vc(nf2) +.t

(4.42)

(Se(n=1) T Se(n—2)+..+Se2+S1 ) Vel

By comparison between equations (4.40-4.42) and equation (4.39), the

switching matrix for a three-phase n-level diode-clamped converter topology
for proposed DG model will be defined as:

Sa(nfl) Sa(nfl) + Sa(an) T Z?;21 Sai Z?;li Sai
Sei = | Sptn-1) Spn—1) + Sbn—2) - Z?Qzl Sbi Z;:ll Sk | (4.43)
Sc(nfl) Sc(nfl) + Sc(n72) T Z?:_Z Sei Z?:_l Sei

By substituting (4.39) into (4.35) and (4.37), a general model of dynamic
equations which describing the switching state model of the proposed mul-
tilevel converter based model is developed in (4.44) and (4.45). This is a
general model and makes no assumptions other than the use of ideal switches
in the structure of interfaced converter in DG system.

die; R, . 1 n 1 g 1
= ——¢; — 7TV; — ¢V — 7V
dt Lc ci Lc i Lc ciVe Lc NM (444)
i=1,2,3
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d 1 . 1 .
%’UC = EUnflzdc - Esg;%i
i=1,2,3

(4.45)

Although these mathematical models can be utilized for simulation mod-
elling of the DG system, the term vyas must be obtained during the sim-
ulation analyze, which involves solving for voltage terms wvips, vops, and
vspr- For this case, it is necessary to transform the general equations of
proposed model into the synchronous reference frame, which by this tech-
nique, the term vy no longer affects any current components. It occurs
because the term vyjs is only involved in the homopolar current compo-
nent equation, which is always zero during absence of neutral wire in the
general mathematical model of proposed model. On the other hand, the
voltage-balancing process of the cascaded capacitors in dc-side of converter
will be performed by the modulation technique; therefore voltage vy s does
not provide any useful information for control of interfacing system. This
term can be avoided if the converter is modelled from the standpoint of
line-to-line components.

By substituting (4.33) in to (4.44), a set of dynamic equations describing
the switching model of the proposed multilevel converter based model is
developed in (4.46), as:

dii  R.. 1 1 1
= =7 lei — 7V + —(Sci — 3 F(5i))ve
TR LI e G LGl (4.46)
i=1,2,3

Equation (4.46) represents phase i dynamic equation of the proposed mul-
tilevel converter based model. By this mathematical model, switching state
function D,,; can be defined as:

1

Dpi = (Sei — gF(Si))

i=1,2,3

(4.47)

which is shows the value of D,,; depends simultaneously on the switching
functions of the three legs of the interfaced multilevel converter. This shows
the relation between the three phases in proposed model. By substituting
(4.47) into (4.46), dynamic equations of the interfaced multilevel converter
based model can be written as (4.48).
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d Z:cl _Rc 100 Z:cl 1 Dnl
- | 2 = 0 10 teg | + 5| Dn2 | Ve—
dt | Lef g0 1| i | | Dy
C. C. T
(4.48)
1|
i
Lo Vs

Considering i.1 + ic2 + i3 = 0, and a three-phase balanced voltage for the
power grid, the general current dynamics equations of the proposed multi-
level converter based model can be reasonably represented by the following
equations:

R,

. 0 .
d el L lel 1 Dnl 1 V1

St | Le . = o 4.4
dt [ G2 ] —R. { ic2 * Lo | Du2 | Lo | v2 (449)

0
Le

Equation (4.49) is a general equation model which defines dynamic model
of the DG model based on multilevel converter topologies.

4.5.2 Line-to-Line Model of Proposed Multilevel Converter
Based Model

For line-to-line analyze of multilevel converter based model of figure 4.1, the
voltage and current components of the consecutive equations in (4.27-4.29)
are subtracted from each other, thus, the line-to-line model can be expressed
as:

d(i.1 — 1 . .
VioM = ViM — VoM = Lc(ddtd) + Re(ic1 —ic2) + (v1 — v2)
p (4.50)
= Lc% + Rete12 + v12
d(ie9 — 1 . .
Va3M = V2M — U3M = Lc(CthCP’) + Re(ie2 — ic3) + (v2 — v3)
. (4.51)
dico3 )
= LCW + RCZ023 + vao3
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d(iCS - icl )

V3IM = U3M — VIM = LCT + Re(icg — ic1) + (v3 — v1) (452
4.52
di )
= Lc% + Reicg1 +v31

As shown in equations(4.50-4.52), the term of ac neutral point voltage
has eliminated from the dynamic model equations of proposed DG model.
By mathematical analysing in a way similar to that for the phase model
of proposed model, the final equations of the line-to-line model of proposed
multilevel converter based model can be expressed as:

d . R. . 1 1
L= _fcchL - fchL + L—CSLLUC (4.53)

And the dc side of the proposed model is obtained as:

%/UC = %Un—lidc - i

where Sy, is the switching matrix of DG model which is calculated by sub-

tracting the switching matrix of phase model, ir7, and vy, are line currents
and voltages which are defined as:

ST irr (4.54)

Sa (n—1) Sab(n—l) + Sab(n—Q) T Z:‘L:_QI Sabi Z?:_ll Sabi
Srr = Sbc(n—l) Sbc(n—l) + Sbc(n—2) T Z?;; Shei Z?:}l Spei |
Sca(n—l) Sca(n—l) + Sca(n—2) T Z?;Ql Scai Z?;ll Scai
112 V12
i = | i23 |, and vpp = | V23
i31 31
(4.55)

In addition, S;jx=Sik-Sjk; %,J = [a,b,c]; and k = [1,2,...,n — 1].
The number three in (4.54) can be calculated as:

. 1 . . . .
ip = g(saprIQ + Shepiaz + Seapiszi) with p=1[1,2,3,...,n—1] (4.56)
which can be indicated from following equation.

ip = Sapi1 + Sppia + Sepiz and i1 +ig +1i3 =0 (4.57)
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Figure 4.6: Proposed DG model based on three-level NPC converter

4.6 Three-Level Converter Based System

In this section, the general equations of multilevel converter based system
which obtained in previous subsections will be applied to a three-level case
study model. For this case, a three-level NPC converter is considered, for the
interfacing system between DG resources and power grid. Figure 4.6 shows
the schematic diagram of the DG model which is based on three-level NPC
converter. Conventional signs of currents and voltages are also indicated. In
addition, the DG source and additional components are represented as a dc
current source which is connected to the dc side of the interfaced converter.

4.6.1 Phase Model Based on Three-level NPC Converter

The general phase model equations (4.44) and (4.45) of proposed DG model
based on multilevel converters are now applied to a three-level NPC con-
verter (n=3). The ac side and dc side equations of this model can be ob-
tained as:

dic; R, . 1 1 1
= ——fy — —V; + —S4 — —U
I L. e chz+ I ci3LUC3L L. 3UNM (4.58)

i=1,2,3
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d 1 1
. T .
— V3L, = EUQch — ESciBLZCi

dt (4.59)

i=1,2,3

where, the voltages of cascaded dc capacitors and the switching matrix
for the NPC converter (n=3) are calculated as:

Vesr, = [ ve2 } (4.60)
(Za1

and
Sa2 Sa2 + Sal

Seist, = | Sk2  Sp2 + Sp1 (4.61)
Sc2 502 + Scl

Since each single-pole three-throw switch only can take one position at
any time,

SaO + Sal + Sa2 =1
Spo + Sp1 + S =1 (4.62)
SCO + Scl + Sc2 =1

Therefore, the switching matrix for a three-level base model can be ex-
pressed as:

SaQ 1-— SaO
SeisaL = | Sp2 1 — Sho (4.63)
Sc2 1— SCO

By substituting the switching matrix of proposed model in (4.63) into
(4.58) and (4.62):

Sa2 —Sa0 Ve
SeisLVesr, = | Sk2 —Sho vy | 020 (4.64)
Se2 —Sc0 ¢

ST = i (4.65)

Sa2 S SCQ] 1
i3

=S40 —Sw —S«

Therefore, the general equations of dc side and ac side of the proposed
DG model based on three-level NPC converter can be expressed as:
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die; R. . 1 1 1
= T 4+ —G. U —
o L. Gei chz + I i3LUe3L I 3(UNM — Vel) (4.66)
i=1,2,3
d 1 . 1 )
%UcSL = EUﬂdc - 253;3/;%1' (4 67)
i=1,2,3

Therefore, the new switching matrix of DG model which is based on phase
model of the three-level NPC converter, can be expressed as:

Sa? _SaO
Seist, = | Ska  —Sho (4.68)
SCQ —c0

Referring the AC NP potential (“N”) with the NP of the dc-link (“17), the
general equation of ac side of the proposed DG model based on three-level
NPC converter (4.66) can be expressed as:

di; R. . 1 1 1
— 4+ —8. U
It L. Lei chz + I. ¢i3LUe3L L. 3UNM (4.69)

i=1,2,3

This model is general, complete and makes no assumptions other than the
use of ideal switches, for the DG model based on three-level converter.

4.6.2 Line-to-Line Model Based on Three-level NPC Converter

The general equations of the line-to-line model of proposed multilevel con-
verter based system are applied now to the three-level NPC converter (n=3)
which is shown in figure 4.6. According to the (4.44) and (4.5), the ac side
and dc side equations of this model are obtained as:

dipr, R. . 1

= —— - — —S 4.70
a LCZLL LCULL + I. LL3LYVc3L ( )

d 1. 1 .

$%3L = EUQZdC — %SELSLZLL (4.71)

According to (4.38) and (4.55) dc voltage of converter and switching ma-
trix for the three-level converter (n=3) are obtained by:
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V3L = [ ch } (4.72)

and
Sab2 Sab2 + Sabl
Scrsr = | Seez Spez + Spet (4.73)
ScaQ ScaQ + Sctll

If the switching matrix is preferred to contain switching functions of the
higher and lower connection poles (“2” and “0” subscripts), it can be ob-
tained as:

Sav2 —Sabo
Serar = | Sbe2 —Sbeo (4.74)
Sca2 _ScaO

4.7 Control Model of the Proposed DG Maodel

The large-signal and small-signal mathematical equations and small-signal
circuit model of the DG model based on three-level converter are developed
in this section so that proper control circuit loops can be designed for the
DG model. The control model which is presented in this section mainly is
based on the phase model of proposed DG model, but it could be based on
the line-to-line model of proposed model without significant differences.

4.7.1 State-Space Model of Proposed DG Model

In order to facilitate the performance of proposed control strategy, and sim-
plifying as much as possible the study of proposed DG model equations,
usually the Park transformation matrix is applied to the variables, allowing
to suppress one of the equations during absence of neutral wire, and also
transforming the time varying sinusoidal signals in steady state in constants
if the right parameters of the transformation are chosen. By use of Park
transformation matrix, the dynamic model of proposed model can be trans-
formed to the synchronous orthogonal frame rotating at the grid angular
frequency, w, where all ac variables become dc variables; thus, filtering and
controlling can be easier achieved. From (4.34) the ac side of proposed model
can be extended as:
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0 0 — 0 0
d icl Le “R, lel Le 1
Rl - ; 0 0
dt | 2 L o L.
1c3 0 0 —R. %3 0 0 —1c
L L. | | Lc |
S
V1 — UiM E’i
vy — U2y | I UNM
V3 — V3N =9
[ Lc |
(4.75)

By transforming general dynamic equation of the proposed multilevel
based model (4.75) into the rotating reference frame according to the dq0

transformation by applying the coordinate transformation to (4.75) the fol-
lowing is obtained:

- _p -
<0 0
d a0 icl Lc —R a0 icd
7t Tisy | iz || =| O i3 © 0 | Ty | g |+
. c .
2c3 0 0 —LRC 2c0
- - - —— 1 (4.76)
— 0 0 -
Le -1 g0 | LT M dq0 Ei
0 7 0 T12(13 V2 — VoM + T12q3 f UNM
0 OC ~1, V3 — U3 =9
L c L LC .
and considering the matrix differential property:
d T rdgor. dqo @ .. d dqoy-
at {leqs [chqo]} = Ty @[chqo] + [$T12q3”%dq0] (4.77)

Therefore, the general current and voltage dynamics model of proposed
DG model in Park’s d-q reference frame can be reasonably represented by
the following equations:
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[ —R, -1
w 0 — 0 0
led Le led Le
iicsz_Rco z‘c+0_—10
dt | L. 1 L,
1c0 —R. 20 —1c
0 0 0 0
L L. | L c
0
Ud — VdM
0
Vg —VgM | + 3 UNM
Vo — VoM
L

(4.78)

where w is the grid voltage angular speed, and the transformed voltages
and currents components are defined as:

led lel VaM V1M
. 123 | 123
leq = 1L4q0 2 |5 | YgMm = Laq0 vor | ,and
TeQ 1c3 VoM UM
(4.79)
Vd U1
_ 123
Vg | = Lq4q0 | V2
(0 U3

where vard, Vag, eds teq are the d- and g-axis converter’s voltages and
currents; L. is the coupling inductance; R, is the coupling resistance; and
vg, Vg are the d- and g-axis components of the grid voltage at the PCC.

Since the absence of neutral wire is considered, the zero current component
is also null, therefore; there is no homopolar current component (i.=0),
thus, the AC NP voltage (vnar) does not affect any transformed current.
This voltage can be deduced from (4.78) as:

Vo — VoM

v =
NM \/g

It can be seen that, the voltage vxys (AC NP) only depends on homopo-
lar voltage components of the converter and the power grid. In addition,
when the voltage of power grid is balanced, the averaged value of vg is zero,
therefore; voltage vy depends only on the homopolar component of the
ac voltages of the interfaced converter. Considering the original position of
the power grid voltages in d-axis, voltage component of g-axis will be zero
(vg=0), and the other component will be equal to E, (v4=E), which is the

(4.80)
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value of the line-to-line RMS voltage of grid, therefore (4.78) can be written
as:

“R, 1 .
d [ icd ] _ | L o;% [ led | | Le 1 vam |
dt icq _ e Z’Cq 0 _ qu

© I (4.81)

1[E
L.| O
By substituting the switching state functions of the proposed model, the
equivalent model of (4.81) can be expressed as:

_Rc

d | icq L. “ led 1 | Dpg 1 | vy

| g = . - - — 4.82

dt |: Leq :| —w _RC leq + Lc an Ve LC 0 ( )
L

where the homopolar components of voltages and currents have been elim-
inated in both (4.81) and (4.82). On the other hand, from (4.37), the dc
side of the proposed multilevel converter based model can be obtained as:

Ue(n—1) 1 1 00 In—1
0 B I RS R N s
dt : T o e P I oo : .
Ve 1 11 10 19
| Ve | | 1] | 11 I 1] i1 |

To avoid the effects of switching functions, the general equation of the dc
side in (4.83) can be related to the ac side (4.81) by the power-balance equa-
tion. Taking into account that the dq transformation is power conservative:

P = ViMlel + Vamic2 + V3aie3 = VaMicd + Vghicq (4.84)

and considering 100% efficiency for the proposed model, the instantaneous
power of dc side can be obtained as:

p= (Ucl + V2 + ... + Uc(n—l))in—l + ...+ (UCQ + Ucl)ig + Ve1t1 (4 85)
= VgMled + VgMlcq '
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By making these two power values models equal to each other, current
in—1 can be expressed as:

; (/UdMZ.cd + Uincq) — (’Ucl + Ve + ... + Uc(n_g))in_g
1= — ...
" ('Ucl + V2 + ... + Uc(n—l))

(Ver + ve2)i2 + Veriy

B (Ve1 + Ve + oo+ Ve(n—1))

(4.86)

According to figure 4.1, the current through the capacitors in the dc side
of the multilevel converter (i.,—1)) is obtained from (4.87):

cdvc(nfl)
dt
Therefore, one of the most important large-signal equations of the pro-
posed DG model can be expressed by (4.88).

= ige — in_1 (4.87)

dvc(n,l) e (VaMied + VgMicg) — (Ve1 + Ve + ... + Uc(n,g))in_g

dt c c(Vel + Vg + v+ Ve(n—1))
(Ver + ve2)i2 + Veri1
C(Ucl + Ve ... + Uc(n—l))

(4.88)
ot

The general equation of this multilevel converter based model (4.88) is
applied to the three-level converter (n=3). Therefore, the dc side of the DG
model based on three-level converter is obtained as:

d [ veo 1. 1110 12
2 = Zige— - . 4.
dt|:Uc1:| cde c[l 1}[11] (4.89)

Like previous part, to avoid switching functions, the equation of the dc side
(4.89) can be related to the ac side (4.81) by the power-balance equalization
as:

P = ViMicl + VaMmie2 + UsMic3 = VaMicd + VgMicq (4.90)

and by considering efficiency of 100% for this model, the dc side instan-
taneous power can be expressed as:

P = (Ve1 + ve2)i2 + Veri1 = Vanmicd + VgMicq (4.91)

By making these two power values models equal to each other, current 9
can be obtained as:
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. VaMbed + VgMlca — Veltl
iy = i Lok MR (4.92)
Vel + Ue2

and by substituting this current into (4.89), the voltage changes in cas-
caded capacitors will be obtained as:

dvea _ UE . (UdMicd + Uincq) — Vel (4 93)
dt c c(Ve1 + ve2) '

dvey _ @ _ ('UdMicd + Uincq) + Veail (4 94)
dt c c(ve1 + ve2) '

The large-signal models of the proposed model based on n-level converter
are defined by (4.82) and (4.88). In addition, equations (4.93) and (4.94)
show these models for three-level converter based model. As mentioned
before, the modulation strategy will balance the NP voltage of interfaced
converter; hence, the control stage must only regulate the total dc-link volt-
age in dc side, and the ac currents in ac side of the interfaced converter.
Consequently, the proposed model can be simplified considering balanced

voltage in the cascaded capacitors ((ve; = veg = %)
Therefore (4.82) can be expressed as:
R,
d | icq L. bed 1 | Dpa 1| vg
. = — - — 4.95
dt [ leg } —w —Re leg " Le | Dng e cl 0 (4.95)

summation of two equations in (4.93) and (4.94), it gives:

dver dveo . @ . (UdMicd + 'Uincq) — Ve1t1 %_
dt dt c c(ve1 + ve2) c
('UdMZ‘cd + Uincq) + Veall

c(ver + ve2)

(4.96)

By considering ve; = vep = % and substituting in (4.95) and (4.96), the

following equation will be obtained:
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Vdc .

dvdc idc (UdMicd + UinCq) + 721 idc
a ¢ Ude | VUde Tt
0(7 ?)
v (4.97)
. . dc .
(UdMch + UqM'ch) - ?Zl
Vdc Vdc
Therefore, the final equation of (4.97) will be obtained as:
dvdc _ 2@ . QUdMicd + 'Uincq (498)
dt c CUqe

Equation (4.98) is a non-linear equation; consequently, it should be lin-
earized by some mathematical technique to obtain a useful control model for
DG model. Averaged variables are assumed, according to the local averaging
operator:

t
Pl = 4 / F(r)dr (4.99)
Tm t—Tm

By applying this linear operator to the proposed DG model in (4.81) and
(4.98), all components of the variables related to switching frequency will be
vanished. The variables of the proposed DG model are assumed henceforth
to be averaged variables. In case of the simplicity, no difference in notation
has been included. By considering this assumption, the dc-link voltage and

the reactive current component to be controlled:

Ipn =17 and vge = vy, (4.100)

Where terms I; and vy, refer the reference values in control circuit loop
of the proposed DG model.

In addition, the transformed ac voltages of the interfaced converter (vqas,
vgnr) are the control variables. Therefore, the DG model is simplified to a
two-input-two-output three-order system.

4.7.2 Steady State Analysis for Proposed DG Model

The steady-state behaviour of the proposed multi-variable process system
imposes certain necessary conditions on its dynamic behaviour, especially in
case of any feedback control system containing integral action. The subscript
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(“ss”) is added to the variables to identify the operating point of proposed
model in steady state conditions. Considering:

Vdss = EL, Vgss = 0, feges = I; and Vgess = V), (4.101)

The remaining steady-state variables are obtained by imposing zero into
the dynamic model of the proposed model; in other words, the steady-state
variables are obtained by making the derivatives of the variables equal zero,
as follows:

dicdss R.. 1 1
dt = _fclcdss + OJI:; + fcvdMss - ZEL =0 (4102)
di ) R 1
Ccl(;ss = —Wipges — fzI; + fcquss =0 (4103)
Qdcss _ oldess o VdMssledss T VgMssly o (4.104)
dt c vy,

The steady-state variables values are obtained by solving the equations
(4.102)-(4.104). Therefore, these values can be obtained as:

. Er vy, Er
ledss = \/(2]%)2 + ﬁzdcss - I;Z - 2R (4105)
c c c
VdMSS = EL + Rcicdss - WLI; (4106)
Vg ss = wlhicass + Rely (4.107)

The proposed model is linearized by applying Taylor’s series and expansion
around the selected operating point, by ignoring high order terms. This is
an acceptable low, if variations around the operating point are assumed
to be small; hence, the state-space equation of the small-signal model for
proposed system is obtained. In a general case, any function defined by
y = f(x1,x2,...,x,), which has the value yss = f(%1ss, T2ss, ---s Tnss), at the
operating point, can be developed using Taylor’s series around this operation
point and by approximating to the first-order terms can be expressed as:

of

8xn]58(xn—xnss) (4.108)

0 0
Yy~ yss"i_axfl|ss(x1_$lss)+8a;f2’ss(x2_x2ss)+---+

Then we can define a new set of states, inputs, and outputs as:
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0 0 0
Y—Yss = ai |55($1*SE133)+ 8:1{12 |ss($255235)+---+a:1}]:I |ss(xn*$nss) (4109)
or
__of, . of, of  _
N ——|ss —|ss ceo + ——|ssTn 4.11
U axl\ x1+ax2| Ty + +8xn‘ z (4.110)

where, the small variations around the operating point are defined as:
Tl = T1 — Tlss, T2 = T2 — T2ss, LTp = Tp — Tpss-

Finally, by applying this linearizing technique to large-signal model (4.81)
and (4.97) around an operating point results in the small-signal model as:

- _R. N . i
e Le
d | e “R, .
el — —w
dt | e L. ' )
Ydc _2UdMss _2quss 2(vdMsdess + UqMSsI )
T e Ve 1 (4.111)
_ 1 ; )
- . 0 —1 0
led ‘ 1 - Le E
ieg [ +] O = [Ud_M]Jr 0 0 [-.L}
; Lf VgM 2 Ydc
tde Ledss q* 0 4
_9 ° -9 _ -
L cvy, cvl,

4.7.3 Design of Equivalent Circuit

According to the (4.111), the equations of the state-space representation can
be calculated as:

dicq

vam — Er = LcW + Reieg — Wheicq (4.112)
dic, - _
Vg = Lcd—;q + Reieg + wlcica (4.113)
- c dv, V) - v - 1 y

et = g e e L iy o + gy

Vic Ve Ve Ve (4 1 14)
(UdMssicdss + 'UqusI;;) _
*2 Vdc
Ve
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Therefore, the following equivalent circuits are achieved, which are based
on the equivalent equations of proposed DG model in (4.112)-(4.114).

(¢)

Figure 4.7: Equivalent small-signal circuit

As an example, by considering the reference value of the reactive current
component equal to zero (I;=0 ) in equivalent small-signal circuit model of
the DG model (Figure 4.7), unity power factor will obtained. Therefore, the
equivalent circuit model in figure 4.7 is simplified, as are its corresponding
expressions. Figure 4.8 shows the simplified model of figure 4.7 for achieving
unity power factor:

For the other values for power factor of system, the reference value of the
reactive current will be obtained as:

Iq = :l:ZCdSS ﬁ —1 (4115)

In this equation, the negative sign is considered for the capacitive power
factors, and positive sing is considered for inductive power factors.
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Figure 4.8: Equivalent small-signal circuit model for unity power factor

4.8 Conclusions of the Chapter

Three-phase schematic diagram of the proposed DG model has been pre-
sented in this chapter. The proposed model composed of the thevenin model
of power grid, a full-wave thyristor converter which supplied an R-L load as
a non-linear grid-connected load, a DG source and other components which
has been shown by a dc current source, and multilevel converter as an in-
terfacing system between the DG resources and power grid. The proposed
interface model offers stable and high power quality injection from DG to
the grid. At first step, a brief explanation about the synchronous reference
frame control and the stationary reference frame control has been presented,
and voltage and current components vectors shown in o and dq reference
frames. In the next stage, reference currents of DG control loop have been
defined for compensation according to objective of integration. At the next
step, dynamic model of the DG model has been elaborated in the stationary
reference frame and then transformed into the synchronous orthogonal ref-
erence frame. The transformed variables are used in control of the multilevel
voltage source converter as the heart of the interfacing system between DG
resources and utility grid. The large-signal and small-signal mathematical
model of the DG model have been analyzed, and an averaged small-signal
model of the three-level converter described for the design of control loop
circuit.

The proposed interface and control model provides a powerful infrastruc-
ture for DG units to meet the stricter demands for integrated system to the
power grid.
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Chapter 5

SVPWM for Multilevel Converter
Topologies

5.1 Introduction

Several modulation techniques such as, Phase-shifted PWM, Selective Har-
monic Elimination (SHE), and carrier-based PWM have been proposed and
presented in many scientific reports. All these modulation techniques have
some motivations and weakness during special situations. Among the pro-
posed modulation algorithms, space-vector modulation (SVM) strategy stands
out, because it offers significant flexibility to optimize switching waveforms
and reduces the switching losses by limiting the switching to the two thirds
of the pulse duty cycle, as a converter’s gating signals generators. The space
vector modulation (SVM) technique is originally a PWM technique with
the difference that the switching times are computed based on the three-
phase space vector representation of the reference and the converter switch-
ing states rather than the per-phase in time representation of the reference
and the output levels [102]. Choi [103] was the first author to extend the
two-level SVM technique to more than three levels for the diode-clamped
converter. With the increase of the number of converter’s levels in case
of multilevel power converter topology, the number of allowable switching
states in the proposed converters are also rapidly increasing. This situa-
tion places significant computational difficulties in front of the space vector
PWM modulator, which is typically implemented in software and operating
in real time and for high switching speeds.

This chapter describes the application of space vector modulation tech-
nique for multilevel three-phase converter topologies, and is organized as
follows: First in section 5.2, the three-dimensional vector diagram of n-level
converter is presented, and this diagram is considered for a three-level diode-
clamped converter as a case study. Space vector model of the proposed
converter and its output voltage components is presented in this section.
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Figure 5.1: Schematic diagram of three-phase multilevel diode-clamped
converter

The relationship between the space voltage vectors and switching states is
presented in section 5.3, and some limitation area is discussed. In section
5.4, two methods for calculating duty cycles of vectors is presented. Some
equations for calculation of sectors, and regions in sectors, are presented in
sections 5.5, and 5.6. Section 5.7, describes the timing of switches, and se-
quence of switching for calculation of output voltage in proposed converter
topology.

5.2 Representation of Three-Dimensional Vector

Basically, multilevel converter is a voltage synthesizer tool that generates
its output voltage from many discrete voltage levels. Figure 5.1 shows the
general functional diagram of multilevel diode-clamped converter topology,
for the purpose studying of SVM switching technique.

It can be seen that, each phase leg of the converter can be represented
by a single-pole n-throw switch. Each of the three phases of the n-level
converter shares a common dc bus, which has been subdivided by (n-1)
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Figure 5.2: Schematic diagram of three-phase three-level diode-clamped
converter

cascaded capacitors into n-levels. Therefore, the voltage across each cas-

v
caded capacitor in dc side of the converter is (%) and the voltage stress
n

Vdc

across each switching device will be limited to ( 1) through the clamping

diodes in structure of converter. Figure 5.2 shows the schematic diagram of
a three-level diode-clamped converter (NPC), (n=3) [104, 105]. As shown in
this figure, dc-bus voltage in dc side of the NPC converter has been divided

between two cascaded capacitors into three-levels, and the voltage across

v
through each capacitors is (%), therefore; the voltage stress across each

Ude

switching device will be limited to ( 5 through the clamping diodes.

Figure 5.3 shows Space Vectors in the three-dimensional Euclidean di-
agram, for a three-level diode-clamped converter, with their correspond-
ing switching states, where each digit of the Space Vector identifier repre-
sents the voltage level to which the a, b, and ¢ phase legs are, respectively,
switched. The reason to naming the vectors with their corresponding switch-
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Figure 5.3: Switching states of a three-level converter

ing states is purely practical, because the converter switches are controlled
on a per-phase basis, and a decision must be as to which vector to switch, as
well as which switching state to select. On the other hand, representing vec-
tors in the line voltage coordinate space is a nice mathematical abstraction
to consistently explain the spatial relations between the switching vectors in
proposed converter model.

By application of the Kirchof’s voltage law, the sum of the line-to-line
voltages in balance system always adds up to zero, which is really an equation
of the plane in the line-to-line coordinate system. This means that all the
switching vectors of a three-level converter lie in the plane, and that is how
they are usually represented.

The voltage variables shown in figure 5.3 are the line-to-line voltages from
a three-level converter topology, which are defined as follows:

U= [Vap Ube vca}T (5.1)

86



5.2 Representation of Three-Dimensional Vector

if we define the positions of the equivalent phase switches of the phases a,
b and ¢ were in the locations i, j and k, respectively, where i,j,k € [0, n-1],
then that switching state could be represented by the switching vector as:

Vdc

v(ijk) =

1U—jj—kk—ﬂT (5.2)

where v(z}k) = [Vap Vbe Vea)T-

These vectors are labeled in order to simplify their notation. It is some-
what important to make the distinction between switching states and switch-
ing vectors, in the sense that different switching vectors can be implemented
with a various number of switching states. Note that, the NPC has three
phase and three output levels or switching states per phase, resulting in
33 possible combinations, hence 27 state-space vectors indicating that each
phase can have +1, 0 and -1 state. For the general n-level three-phase con-
verter, there are n? switching state which make nye.= 3n(n-1)+1 switching
vectors [102, 106]. Figure 5.4 shows the representation of the space vectors
for the three-level converter. According to figure 5.4, there are 24 active
states including 12 single vectors, six double vectors and the remaining one
triple vector are zero states (111,000,-1-1-1) that lie at the center of the
hexagon because of their null lengths. However, only 19 are different, and
eight are redundant.

Each integral point on the space vector plane has a fixed position in the
complex plane, and represents a particular three-phase output voltage state
of the converter. For example, the zero vector can be obtained in three ways,
connecting the three-phase outputs to the positive bus bar (v,n = vpy =
VeN = +04c/2), or corresponding to the switching state (+1,+1,+1), or to
the neutral point (ven = vpny = vey = 0), corresponding to the state (0,0,0),
or to the negative bus bar (v,ny = Vpny = Ven = —V4e/2), corresponding to
the state(-1,-1,-1). From the load point of view, redundant vectors have the
exact same influence, and it makes no difference which one is used. The
point (41, 0,-1) on the space vector plane means, phase (a) is connected to
the positive bus (v, = +vg4./2), phase (b) is connected to the neutral point
(vpy = 0) and phase (c) is connected to the negative bus (veny = —v4e/2).

From the load point of view, redundant vectors have the exact same influ-
ence, and it makes no difference which one is used, but from the converter
point of view, they are different switching states, and this can be used as
an additional degree of freedom for other control purposes. It is worth
mentioning that, since the possible output levels of the converters are fixed
(—v4e/2, 0, 4v4./2), the state-space vectors are also fixed. Note that for a
traditional two-level VSC, only seven different space vectors are obtained,
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Figure 5.4: Space Vectors states for three-level NPC converter

while by just adding a third level like in NPC, 19 different can be generated.
This increases over-proportionally in relation to the numbers of levels and is
in direct accordance with the output power quality, as a denser state-space
vector representation in the o — 8 plane is obtained, in the same way more
levels are a more dense coverage of the amplitude range in the per-phase
time representation.

Besides the output voltage state, the point (4+1,0,-1) on the space vector
plane can also represent the switching state of the converter and how many
upper switches in each phase leg are ON for a three-level converter. By these
considerations, the Switching states in figure 5.2 can be expressed as:

S = (Sa,5,5c), Sape € [+1,0,-1]
State(+1) — Sz1,Sz2 are ON
State(0) — Sg2,S5:3 are ON
State(—1) — Sy3,Sz4 are ON

— for x=a,b,c (5.3)
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State(+1) — van = +;)dc
State(0) — vony =0 p —  for x=a,b,c (5.4)
State(—1) — vy = _;)dc

5.3 Representation of Two-Dimensional Vector

In this section, the relationship between the space voltage vectors and switch-
ing states is derived. If we assume the three-phase balanced operation of the
converter, the relationship between phase voltages a, b and c is as follows:

'UaN(t) + UbN(t> + UCN(t) =0 (5.5)

where v, n, Upv, and v.y are the instantaneous grid or load phase voltages.
A space vector voltage can be generally expressed in terms of the oo — 3
voltages in the stationary coordination as:

v(t) = valt) + jus(t) (5.6)

where, by use of Clarke transformation matrix, the three-phase variables
can be transformed into equivalent o — 8 variables as:

L1 van ()
va(t) _ 2 2 2 opn (t) (5.7)
vg(t) 3 V3 V3
0 — — ven (t)
2 2
By substituting (5.7) into (5.6), we have
~ . 2
v(t) = va(t) + jug(t) = g[vaN(t) + avpy (t) + a?ven (t))] (5.8)
where @ = ¢ 3 =—+i— and a®> = ¢ 3 =-—-i—— voltages of the con-

verter (van, UpN, Ven ) for each possible switching state, the converter state-
space vectors can be obtained. Figure 5.5(a) shows the three unitary director
vectors of this transformation, while figure 5.5(b) shows an example for the
case in which v,0=100V, vpg=300V, and v,=-200V.

The main objective of the SVPWM is to generate a reference vector ()
in the same plane for each modulation cycle. As the reference vector may
not be the same as any vector produced by the converter, its average value
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(a) (b)

Figure 5.5: Clarke’s Transformation: (a)director vectors and, (b)example of
special vector

can be generated using more than one vector per modulation cycle by PWM-
averaged approximation. By selecting right vectors and applying them in a
suitable order helps the devices achieve low switching frequencies [104].Table
5.1 shows examples of mathematical equations to represent the phase output
voltages or value of voltage vector of the three-level converter in terms of
the switching states and dc-link cascaded capacitors.

The three-phase reference voltage vector can also be mapped to the o — 3
plane using the same transformation (5.8) but replacing the phase reference
voltages instead of the phase output voltages. Since the references are not
switched variables with fixed voltage values as the output phase voltages of
the converter, the reference space vector v,.r can be mapped anywhere in
the o — 8 plane and it is not necessarily coincide with any of the converter
space vectors, analogous to the per-phase time representation, where the
reference signal does not necessary match an converter output level. For
balanced three-phase sinusoidal references, as is usual in power-converter
systems, the resulting reference vector v,.s is a rotating space vector, with
the same amplitude and angular speed (w) of the sinusoidal references, with
an instantaneous position with respect to the real axis a given by # = wt as
the one illustrated in figure 5.4.

Figures [5.6] - [5.8] show the space vector model of the three-level diode-
clamped converter which is shown in figure 5.2 and generation of voltage
according to the switching state of the converter, and equation results of
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Chapter 5 SVPWM for Multilevel Converter Topologies

table 5.1. As mentioned before, each integer indicates how many upper
switches in each phase leg are ON and how many lower switches are OFF,
in three-level diode-clamped converter.

(c) (d)

Figure 5.6: Generation of zero voltage vectors according to the switching
states

Table 5.2 shows the magnitude of all different voltage vectors in three-
level NPC converter. According to obtained results in table 5.2, vy generate
the zero ac voltage as zero vectors in the origin of the diagram of space
vector plan. As shown in figure 5.6, they connect all of the outputs of the
converter to the same dc-link voltage level, and therefore, they don’t produce

. . Vdc
any current in the dc side. Vectors (v1-vg) generate the — ac voltage as the

output voltage state of the converter, and considered as internal vectors in
space vector plan. These vectors connect the ac outputs to two consecutive
dc-link voltage levels. As shown in figure 5.7, they are double vectors, which
mean that two states of the converter can generate the same voltage vector
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5.3 Representation of Two-Dimensional Vector

(c)

Figure 5.7: Generation of internal voltage vectors according to the switching
states

in output of converter. In addition, as shown in figure 5.7, they affect the
NP current in positive ways, therefore; proper utilization of these vectors
will help the NP voltage to achieve balance.

v
Vectors, (v7-v12) generates the i; ac voltage as the output voltage state of

the converter, and considered as middle vectors in space vector plan. These
vectors connect each ac output to a different dc-link voltage level. Under
a balanced system condition, their tip end in the middle of the segments
that join two consecutive large vectors. The length of the middle vectors
defines the maximum amplitude of the reference vector for linear modulation
and steady-state conditions. As shown in figure 5.8, one output is always
connected to the NP, therefore the corresponding output current will define
the NP current (i1). This connection produces voltage imbalances in the
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() (d)

Figure 5.8: Generation of middle and external voltage vectors according to
the switching states

cascaded capacitors, and these must be compensated. Vectors (vi3-v1g) gen-

2v .
erate the ——2 ac voltage as the large or external vectors assign the output

voltages of the three-level converter to either the highest or the lowest dc
voltage levels. Their length is double of the length of the small vectors in
figure 5.7. As they don’t connect any output to the NP, they don’t affect
the voltage balance of the cascaded capacitors. These vectors can generate
the highest ac voltage amplitude because they have the greatest lengths.
In fact, these six vectors are equivalent to the active ones of the two-level
converters [107].
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5.3 Representation of Two-Dimensional Vector

Type of Vectors | Vector’s Number | Magnitude (V)
Zero Vector [vo] 0
Internal Vectors [v1 — vg] fde
. Ud
Middle Vectors [v7 — v12] 2\/§
External Vectors [v1g — v1g] gvdc

Table 5.2: Voltage vectors magnitude in three-level converter

Figure 5.9: Limiting area to generate the reference vector by using the tri-
angle connecting of three vectors

5.3.1 Limiting Area in Space Vector Plan

Figure 5.9 shows the set of three voltage vectors v, v and v3 in space
vector plan (o — ). As shown in this figure, the mentioned vectors can
generate a reference vector m in the same plane by using PWM-averaged
approximation, if the reference vector lies in the triangle connecting the tips
of mentioned three voltage vectors.

The average value of reference vector can be calculated by consequentially
applying these vectors in a modulation period in accordance with:

1 T T +T5 1 Tm
— mdt / vidt —|— — vadt + — vadt  (5.9)
T 0 Th+T>
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where T, is the modulation period, and T} + 1> < T}, .

Considering an approximately constant value for reference vector during
a modulation period, which is acceptable if T}, is so smaller than the line
period (T), then (5.9) can be expressed as:

m = d10] + dov3 + d3v3 (5.10)

where terms di, do and d3 are the duty cycles of vectors vi, v3 and v3,
respectively, with the following additional constraint on the duty cycles:

di+ds+ds=1 (5.11)

using the nearest three vectors is the best way to synthesize the voltage
reference vector. By imposing zero value to one of the duty cycles, the
boundaries of the area that allows the reference vector to be generated can
be determined. For example, considering ds=0, and by using equations
(5.10) and (5.11), the reference vector can be calculated as follows:

m = dy (v — v3) + U3 (5.12)

Figure 5.10 shows the boundary of the area, which calculated when d3=0.
As all the duty cycles values could potentially utilize values in the interval
[0, 1], the tip of the reference vector is on the line that joins the extremes
of the vectors v, and v3, which can be verified by simply making d; vary
within that interval. Therefore, this segment is one boundary of the limiting
area. The other two remaining segments of the triangular region in figure
5.9 can be calculated by imposing zero to two other duty cycle values (dy
and dg) separately.

For any other reference vector outside of this area requires that one or
more duty cycles be negative value. In fact this assumption does not make
physical sense; therefore, it cannot be generated by this set of three vectors
in space vector plan.

5.4 Computation of Duty Cycles

5.4.1 General Method for Computation of Duty Cycles

This section describes a general strategy for calculation of duty cycles of
voltage vectors. Equation (5.10) can be written by the following exponential
equation:

m = mel? = dyv1e?? + dovae??? + dsvgel? (5.13)
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5.4 Computation of Duty Cycles

Figure 5.10: Boundary of the area, calculated by imposing zero value into
the ds

By this assumption, the duty cycle of the each voltage vectors can be
determined according to either of the following equation systems:

dq v1cosfl wvocosfh2 wv3cosh3 -1 m cos 6
do | = | visinfl w9sinf2 wv3sinfh3 msec 6 (5.14)
ds 1 1 1 1

or by considering these vectors in real and imaginary systems, (5.14) can
be written as:

-1

dy Re(vi) Re(vz) Re(v3) Re(m)
dy | = | Im(vi) Im(va) Im(v3) Im(m) (5.15)
ds 1 1 1 1

In general terms, given any bi-dimensional stationary base frame, orthog-
onal or not, the expression can be expressed as:

- - - -1 N
dy ’UI‘x ‘7)2’30 ’U3|$ ‘m|ac
da | = | |vily [v3ly [v3ly |73, (5.16)
ds 1 1 1 1
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Figure 5.11: Projections of the reference vector mi (p3 and pi)

The calculation of duty cycle values of vectors by this method requires in-
versing a matrix, which complicates the use of this technique to a real-time
processor system. In addition, the equation system may need to be solved
more than once per modulation period (75, ), since the region where the refer-
ence vector lies is previously unknown. Therefore, a simplified mathematical
process should be developed for calculation of duty cycles values.

5.4.2 Calculation of Duty Cycles by Projections

This strategy is based on determining some projections of the reference
vector, and it will be applied in order to simplify the modulation process.
Figure 5.11 shows the two vectors pi and ps which are the projections
from the reference vector m into the segments that join the extreme of v3
to v1 and to 03, respectively.
By paying attention into the figure 5.11, the reference vector can be cal-
culated as follows:

1 = pi +p3 + 03 (5.17)

By considering the instantaneous position of the vectors, value of the
reference vector can calculated as:

+ p2 + 03 (5.18)
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5.5 Determination of the Sectors

where [ and ls are the length of the vectors vi-v3 and v3-v3 , respectively.
At the end, the reference vector m can be calculated as:
=Dy P2 0 - 2L B2y (5.19)
Iy Iy lh s
From (5.19), the duty cycles of the vectors can be directly calculated as
follows:
L ly h Iy
If the balanced SV diagram is normalized to have triangular regions with
unity lengths (I;=Ils=1), the calculation of those duty cycles is simplified as:

dq

di =p1, dy=ps, and d3 = (1—pi —p2) (5.21)

In fact, calculation of the duty cycle values by this technique is very func-
tional. However, the former condition that all the areas must be equilateral
triangles is only possible if the voltages of the dc-link capacitors are bal-
anced. Thus, when dealing with the unbalanced case, these lengths can
no longer be considered to be unity because they change according to the
present imbalance. In that case, (5.20) must be applied [104].

5.5 Determination of the Sectors

The first step the modulator needs to perform is to determine the three
nearest vectors, which is really to identify the sector, or triangle in which
the tip of the reference vector, v,.y is located. The inner triangle is always
within a certain sixty-degree region. For the sector selection, the angle 6
of reference vector must be calculated. As shown in figure 5.4, the sectors
where the reference vector lies can be directly found in a hexagon the area of
the hexagon can be divided into six sectors (I-VI) and in case of three-level
converter, each sector has four region altogether 24 regions of operation.
From the value 6, the sextant where the reference vector lies can be directly
found. These relationships between 6 and sectors are illustrated in table 5.3.

5.6 Determining the Regions in Sectors

Coming back to the symmetry of all the sectors in previous section, it can
be interesting to consider the reference vector into the first sector in order to
reduce the number of relevant regions. Note that, they are (n®-n) regions for
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Angle 0° < 0 < 60° 60° < 6 < 120° | 120° < 0 < 180°
Sector (I) (I1) (I11)
Angle | 180° < 6 < 240° | 240° < 0 < 300° | 300° < 6 < 360°
Sector (V) (V) (VI)

Table 5.3: Determination of the sectors according to reference voltage angle

(n* = n)

In addition, the amplitude of the reference vector must be normalized to
match into a vector-diagram in which the sector regions have half of unity
lengths. Although, the maximum length of the normalized reference vector
is the one-unity value in theoretical system, but, in steady- state conditions,

an n-level converter, therefore each sector divided into the regions.

3
its length is imitated to \2[ due to the fact the longer of this vector will

be outside of the vector-diagram hexagon, and thus cannot be generated
by modulation. Figure 5.12 shows the maximum length of the normalized
reference vector in steady-state condition. In addition, the over-modulation

. . : 3
is occurred if the normalized reference vector assumes length longer than —

for some positions of this vector, but it can never be outside of the hexagon.

By considering of term (m) as a modulation index which potentially uses
values in the interval m € [0,1], for linear modulation, the length of the
normalized reference vector can be calculated as:

V3 3

Figure 5.13(a) shows the normalized reference vector which is decomposed
into the axes located at zero and sixty degrees, for obtaining projection m;
and mg respectively. Figure 5.13(b) show different vectors which are needed
for calculation of my and ms.

The lengths of the new vectors which have been shown in figure 5.13 can
be calculated by:

(5.22)

V3

b = masin(m/3) = —mg — mg = —=b = —msinf

5 =7 (5.23)

and

mi :mCOSO—chCOSH—(aCOS(g)) :mcosﬁ—% (5.24)
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Figure 5.12: Maximum length of the normalized reference vector in steady-
state condition

1 .
a=my — mi; =mcosf — ﬁmsmﬁ (5.25)
These values of m; and msy are the direct duty ratio of the vectors, as in
the following:

d100/0—1-1 = M1, di10/00-1 = M2 and
1 (5.26)
d111/000/—1—1—1 = 9 mip —ma
Figure 5.14 shows the different cases for which the normalized reference
vector is located in regions 1, 2, 3 and 4 of first sector [108].
Table 5.4 summarizes the information needed to ascertain the regions
where the reference vector lies in the first sextant.
From the values of my and mso and 6, the sextant where the reference
voltage vector lies can be directly found, as can the components m; and mso
of the equivalent reference voltage vector in the first sector.
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(a) (b)

Figure 5.13: Projection of the normalized reference vector in the first sextant

Region (1) (2) (3) (4)
m1 < 0.5 mi1 < 0.5
Case mo < 0.5 mq > 0.5 mo < 0.5 mo > 0.5
mi1 +mg < 0.5 mi1+msg > 0.5

Table 5.4: Summary of information for the SVPWM

5.7 Switching Times Calculation

The basic idea of Space Vector PWM (SVPWM) is to use the state-space
vector to combine or modulate three state-space vectors of the converter, so
that their time average equals the reference space vector, in the same way
PWM combines the levels to obtain a time average of the reference in the
per-phase representation. The modulation principle of SVPWM in figure
5.4 can be summarized by (5.27), where the reference vector is located in
region (3) in sector (1), and surrounded by vy,v2 and vy.

T.
0T, + v Ty + voT, = vmf; (5.27)

T.
where ?S:(TG—FTM—T ¢) is the switching time of the SVPWM control or

fixed modulation period (analogous to the carrier period in PWM), v1,v9
and vy are the three closest vectors to the reference (highlighted in red in
the qualitative example shown in figure 5.4). The vectors nearest to refer-
ence vector are the most appropriate selections in terms of their ability to
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(a) Region 1 (b) Region 2

(c) Region 3 (d) Region 4

Figure 5.14: Projection for regions 1, 2, 3 and 4 of sector (I)

minimize the switching frequencies of the power devices, improve the quality
of the output voltage spectra, and the electromagnetic interference (EMI).
The problem is then reduced to finding an algorithm capable of finding the
closest vectors to the reference and computing the ON times of each vector
T., Ty and T,.. Once these are computed, each vector is generated during the

corresponding time, achieving the desired time average over — that equals

the reference. In figure 5.4 the SV diagram of the three-level converter is
divided into sextants, and each sextant is then divided into four triangular
regions in order to show the vectors nearest to the reference. Figure 5.15
shows vy is located in the region (1) in sector (1) triangle, formed by the
voltage vectors v1,v9 and v7. For a given reference vector magnitude and
position, the three closest vectors are used to generate the main value over
the modulation period Ts. This strategy reduces distortion in voltage and
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Figure 5.15: Switching times calculation for first region of sector (I)

current. The next step is to determine the amount of time that must be
spent at each vector in order for the average voltage to be equal to the com-
manded voltage [109]. These time segments are then distributed in a certain
sequence in the sampling period (7%) so that the PWM wave is symmetrical
and the neutral point voltage remains balanced. The transfer characteristic
between the fundamental output voltage and the reference voltage is inher-
ently linear in the whole under-modulation region. This can be done using
some mathematical relationships. Following equations shows the analytical
time expressions for Ty, T, and T,, where 6§ is instantaneous angle of load
voltage, the rotating reference voltage vector v, s is synthesized using the
fixed vectors generated by the converter, and vg. is dc link voltage of the
converter. In steady-state conditions, the reference vector rotates at a con-
stant angular speed (w), which defines the frequency of the output voltages.
The amplitude of the fundamentals of those voltages is proportional to the
length of the reference vector.

Duration of the voltage vectors vy,vs and v7 which correspond to the
apexes of the first triangle of first sector, T, T, and T, can be calculated by
the following equations [110].
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5.7 Switching Times Calculation

A. Calculation of T in first region of sector (I):

. . . 7 V3 T.
v = VUpefrsSing — v = —wgsin(=) = ——w
ref(ﬁ) ref ref(ﬁ) Ts 2 (3) 9 Ts 2
. V3T, v v .
Upef Sinf = Ti% —T.=2V3 JZTSmnO
for k:2\/§w—ef:
Vde
T, = kT,sin6

B. Calculation of T, in first region of sector (I):

T, T. T
Upef(Q) = Vper cOS0 — Vper() = —v1 + —1v9 cos(—
ref( ) ref 7ef( ) Ts 1 Ts (3)

T, T.
= Tsvl + QTSUQ

Ta Vdc TC Ude Vde Tc

— _a’de Zde _ T 4+ =€

vrefl@) =75 ton s ~an et )

T,

3Tsvref cosfh = (Ta + 70) N Ta _ 3Tsv7“6f cosf@ — =€
Vde 2 Vde 2

T, = 3T, Uref cost — /3 Uref Tssinf
Vde Vde

re 1 . 1 .
Ta:2\/§v fTS(\/gcose—281n9)—kTs(\é§cosﬁ—281n9)

Vdec

T, = kT, sin(g —0)

C. Calculation of T} in first region of sector (I):

T, T,
T+ Tyt To=5 —Ty=5 ~To—Te

1 1
Tb:Ts[z—k?cos&—i—kzsinﬁ—ksine]
1 V3 I
—Ts[i—k—2 COS@—k§SIH9]

T T
Ty, = ?5[1 — k(V3cosf + sin )] = ?S[l — 2k sin(0 + g)]

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)
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Figure 5.16: Switching times calculation for second region of sector (I)

for the position of reference vector in other regions, a new o — 3 plan
with origin in one of the three vectors is defined, as shown in figure 5.16,
where v* is the new reference vector in the o/ — 3’ plan.

Both references are related to each other by the o/ — 3’ plan zero vector
(v1 in this case):

V= Vpep — 1 (5.40)
Then, the new mean value equation can be obtained as:
. 1
vt =l = o) Te + (o7 = v) Ty + (01 = 01)T0] (5.41)
S
T
5 = (T, + T, + T¢) (5.42)

The vector composition in the o/ — B plane gives v*=v,;4v;. By matching
the projections with the new mean value equation,

. 2T, lug| Ty
_ _ T, = —* =3 5.43
v =gl =) T = (5.43)
Ve 3]v/7| T

—u|l= = 5T, =112 5.44
[v7 — 1] 3 b= (5.44)

;2T sl T
=Sz —v) — T, = —3L =% 5.45
1)13 Ts (U13 vl) c |U13 . Ul| 2 ( )

106



5.7 Switching Times Calculation

Ude 3|U/13| T,
- = — T.=—=>— 5.46
v13 — V1] 3 — lc vde 2 ( )
T.
T, = 3 ~T,— T, (5.47)
From the geometric analysis,

lvs| = |v*| cos 6 — 0.5]vy3] (5.48)
vig] = o |sind’ (5.49)

v = —= |V |S1n .

13 \/g

Table 5.5 shows the analytical time expressions results for Ty, T and T, for

v

all the regions in the six sectors, where k:2\/§ﬂ. These time intervals are
Vdec

distributed appropriately so as to generate symmetrical PWM pulses with

neutral point voltage balancing.

Next step in the SVPWM scheme is to determine a sequence of switching
for the voltage vectors or vector generation sequence. This sequence can
be modified in order to reduce commutations, balance dc-link capacitors or
reduce common mode voltages while the reference vector rotates trough the
complex plane. For this case, the switching sequence in first region of first
sector (when v, v1, and vy are the closest vectors) will be from wvg-v1-va-vg-
v9-v1-vg. At the end of the sequence, the controller switching time T has
elapsed and the process is repeated with updating the commanded voltage,
identifying the three nearest vectors, calculating the switching times, and
scheduling the switching sequence. Figure 5.17 shows the direction of the
switching sequences for all regions in the six sectors [111].

Table 5.6 shows the summary of selected switching signals according to
switching sequence of phase voltages for all the regions in the six sectors of
converter. These sequences shows best minimize the switching frequencies of
the devices. Table 5.7 shows the segmentation of time intervals and switching
state in each phase, whenever voltage vector located in first region of first
sextant.

Figure 5.18 shows the corresponding PWM waves of the three phases in
first region of sector (1), where the switching states (+1,0,-1) for segments,
Ta, Ty and T, can be verified from figure 5.17. Each switching pattern

during ?S is repeated inversely in the next ?S interval with appropriate

segmentation of Ty, T and T, intervals in order to generate symmetrical
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Sector | Region-1 Region-2 Region-3 Region-4
T, = kT, sin(§ — 0) T, = Ts[1 — ksin(% +0)] T, = Z:[1 - 2ksin0) T, = % [2ksing — 1]
1 T, = L:[1 — 2ksin(% + 0)] Ty, = kT, sin 0 T, = Ea sin(% +0) — 1] Ty, = kT, sin(§ — 0)
T.=kT,sinf T. = \Ew sin(% — S 1] T. = 2k UEQ - %) +1] T, =T,[1 — ksin(§ +0)]
T, = kT, sin(f — 73) H@ =L2ksin(Z+0)—1] | Ta= ? — 2ksin(0 + %)] T, = Ts[1 — ksin6)
2 Ty, = Hm [1 — 2k sin 6] = kT, mEQ - %) Ty _w\a sinf — 1] Ty, = kT, mEAm +0)
= EJM sin(0 + %) ﬁ = T,[1 — ksind] T, = : —2ksin(0 — )] | T.=L[2ksin(d - %) - 1]
= kTssin6 T, = Ts[1 — ksin(0 — §)] To=%[1+2ksin(@+ %) | T,==F[2ksin(0+ %) +1]
3 H ? — 2ksin(0 — %)] T, = ISJ sin(f + 7 v Ty, = Ew sin(f — §) — 1] Ty, = kT, sin@
—kT,sin(0 + %) T. = L:[2ksin6 — : T. = Z:[1 — 2ksin 0] T, = Ts[1 — ksin(f — §)]
% = —kT,ssinf T, Wﬁw sin(0 — %) — 1] T, = ﬁ —2ksin(0 — §)] | To=Ts[1 + ksin(0 + )]
4 T, = H? + 2k sin(0 + %)) Ty, = —kT,ssinf T, = = ? + 2k sin(0 + %)) Ty, = kTssin(0 — %)
= kT, sin(0 — %) T. = T,[1 + ksin(0 + %)] T. = Z:[1 + 2ksin 6] T. = =F[1+ 2ksin 6]
= L&J sin(0 + %) T, =T,[1 + i:é Ty = Z[1 + 2ksin(0 — )] ﬁ = fm\aim —0) —1]
5 % = L:[1 + 2ksin S Ty, = kT, sin(§ — 0) T, = =F=[1 + 2ksin 6] = —kT,sin(5 +0)
ﬁ = kT, sin(% — 0) T.==E[1+2ksin(0+ §)]| T.= W: + 2ksin(0 + 3] ﬁ =T.(1+ \353
— kT, sin(0 + %) T, = —L[1 + 2ksin 6] T, = Z[1 + 2k sin 0] T, = To[1 + ksin(6 — 2)]
6 T, = w: + 2ksin(6 — 3] Ty, = kT, sin(5 + 0) T, = WE sin(Z — 60) — 1] T, = —kT,sin6
T. = —kTssinf T, = T,[1 + ksin(0 — 7] T.=2[1-2ksin(0+ %) | T.= L 2ksin(0 + Z) — 1]
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Table 5.5: Analytical time expression of voltage vectors in different regions and sectors
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Figure 5.17: Switching sequence for three-level converter

Voltage
Vo (% V2 Vo V1 () Vo () V1 Vo () V1 Vo
Vector
Switching | To| Ta| To| | Ta| T2 | | T2 | Tu| | T2 | T| T
Time 41 2122|2222 2|2 2| 2|4
Switching
state —phase| -1 |0 [0 |0 | +1| +1| +1| +1| +1{0 |0 [0 |-1
()
Switching
state — phase| -1 | -1 |0 |0 |0 | +1| +1|{+1/0 |0 [0 |-1|-1
(b)
Switching
state — phase| -1 | -1 | -1 |0 |0 |0 | +1|]0 |O [0 |-1|-1|-1
(¢)

Table 5.7: Time intervals and switching state of first region of first sector
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5.8 Simulation Results
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Figure 5.18: Sequence of voltage vectors for the first region of sector (I)

PWM waves. The Turn-on times for different phases can be derived with
the help of table 5.5 and figure 5.18 for all the regions in the six sectors.

Table 5.8 shows the segmentation of time intervals and switching state in
each phase, whenever voltage vector located in second region of sector (1).

Figure 5.19 shows the corresponding PWM waves of the three phases in
second region of sector (1). As shown in figure 5.18 and figure 5.19, the
transition from one switching state to the next involves only two switches
in the same converter leg, one being turned on and the other turned off.
The transition when v,y moves from one sector (or one region) to the next,
requires no, or few, additional commutations. Note that, the switching
sequence design is not unique, but mentioned points should be satisfied for
switching frequency minimization.

5.8 Simulation Results
Simulation results are obtained from the three-level NPC converter con-

trolled by the described SVPWM algorithm, using the “Power System Block-
set” simulator operating under the Matlab/Simulink environment. For this
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Voltage
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Table 5.8: Time intervals and switching state of second region of first sector
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Figure 5.19: Sequence of voltage vectors for the second region of sector (I)
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Figure 5.20: Switching state for six upper IGBTs in a NPC converter

example, the converter is supplied by a dc source v3.=1000V, the dc-link
capacitors are C=600uF and the switching frequency is fs=15 kHz.

Figure 5.20 shows the switching states of six upper switches in proposed
converter. Figure 5.21 shows the voltages of dc-link capacitors (ve1 and veg)
tend to be equal when the modulation index is 0.86.

One of the most important part of implementation of SVPWM in multi-
level converters is determines interval of the PWM period based on switching
times. By application of the gate signals for each vector over the correspond-
ing of time interval, and fallowing a specific sequence, finally the converter
generates the three phase voltage. Figure 5.22 shows the output voltages of
phase a (vgn) and line ab (vgp). As shown in figure 5.22, THD of phase and
line voltages are 68.38% and 41.39% respectively.

5.9 Conclusions of the Chapter

This chapter introduced the Space Vector PWM switching algorithm for
three-phase multilevel converter topologies. Different stages of this algo-
rithm have been presented step by step in different sections. The proposed
algorithm is general and applicable to different topologies of converters with
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Figure 5.21: Voltage of dc capacitors in a NPC converter

Figure 5.22: Phase and line voltages of NPC converter
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5.9 Conclusions of the Chapter

any number of levels, since the number of steps involved in computation is
always the same regardless of the location of the reference voltage vector.
In addition, the efficiency and the ease of implementation of this algorithm
make it well suited for software simulation and hardware implementation.
Therefore, it can become a very useful tool in further exploration of the
properties of multilevel power converters technology in electrical systems.
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Chapter 6

ac-Side Current Control and dc-Side
Voltage Regulation

6.1 Introduction

This chapter presents a current control approach for the control of the in-
jected current from the ac side of the interfaced converter to the power grid,
and also presents voltage regulation of the dc bus and balancing voltage of
dc-bus capacitors of this converter.

The current controller is designed to obtain a desirable transient response
(low overshoot, fast tracking,...), when compensating dynamic loads. The
synchronous frame proportional-integral (PI) current regulator has become
the standard for current regulation of the ac side of the DG interface sys-
tem. As we mentioned in chapter (4), in a synchronous reference frame
transformation system with the fundamental excitation, most of the system
variables becomes a dc quantity in steady state, that is easily controlled
and regulated to the desired value by using a PI controller or other well
known controllers, meant to track the step-wise reference signals and reject
step-wise disturbances, to control the current. In addition, a PI type com-
pensator for regulate the voltage of dc bus (vg4.) at a fixed value in dc side
of the converter is needed. In the next step, a technique for balancing the
voltage of the dc-bus capacitors must be considered. The chapter is orga-
nized as follows: first the design of the current controller for the DG’s model
control loop is analyzed in section (6.2) using the equations obtained in
chapter (4). In section (6.3), two possible modes of operation for dc voltage
control unit is presented. In subsections (6.3.1) a technique for regulation
of dc voltage of interfaced converter is presented. In addition, a technique
for balancing the voltage of the dc-bus capacitors is presented in subsection
(6.3.2). On the other hand, different effects of neutral point (NP) voltage
oscillation are discussed in subsection (6.3.3). Finally, section (6.4) presents
the Space Vector PWM representation of the NPC converter for integration

117



Chapter 6 ac-Side Current Control and dc-Side Voltage Regulation

of DG resources to the power grid.

6.2 Proportional-Integral Current Control Technique

In order to obtain a low overshoot, high accuracy and fast dynamic re-
sponse to provide load active and reactive power and also harmonic current
components of different types of the grid-connected loads, two equations
in the equivalent model of the proposed model (4.82) must be controlled
in two different and independent loops. As we mentioned before, all the
Park-transformed variables of the DG system will become constant value
in steady state condition. By this technique, it is possible to design the
current controllers using the well known controller design tools meant for
regulation problems instead of having to design more complex controllers
to track general time-varying reference signals. Therefore, by referring to
(4.82) the DG’s model equations can be express as:

di ) )
L, d;d = —Reicg + Lewicqg + Dygvde — vd (6.1)
dicq o . .
L. T —Lewicq — Reieg + DngVde (6.2)

where different terms have been defined before. By considering A4y =

L, dicq

of proposed model can be calculated in synchronous reference frame as:

+ Reicqq, the switching state function as the original control inputs

Ad — Lewicg +vg

Dyq = 6.3

’ ! (63)

D, = Ag + Lewicq (6.4)
Vdc

As shown in (6.3) and (6.4), the cross-coupling terms Lowicq and Lewicg
exist in circuit of current control loop, and the blocks that contain L.w have
the objective of decoupling influenced between both current control loops in
the d and g-axis. Note that, the original control inputs D,,q and D, consist
of combination of a non-linearity cancellation part and a linear decoupling
compensation part. To achieve a fast dynamic response and zero steady
state errors, especially during connection of non-linear and unbalanced loads
to the grid, which utility source is polluted by these types of loads, a PI-
type regulator is needed. The parameter of the proposed regulator can be
obtained as:
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Figure 6.1: Complex vector block diagram of d and g-axis with a decoupling
form of the synchronous frame PI current regulator

(>‘dq) = kp(Aicdq) + ki /(Aicdq)dt (65)

where terms k, and k; are proportional and integral gains, respectively;
and A(icdq)=(i%y,) — (icdq) are comparison of the calculated reference cur-
rents and the actual DG injection currents generated by the interfaced VSC
which create error signals and controls the switches of the converter ac-
cording to objectives of the interconnection of DG resources to the utility
grid. The transfer function of the PI-type regulator for the circuit of current
control loops of the proposed strategy is given as:

GZ(S) = kp + % (66)

The block diagram of the decoupling form of the synchronous frame PI-
type current regulator which is derived from (6.3), (6.4), and (6.6) is shown
in figure 6.1 in a synchronous reference frame.

To design of PI regulator in circuit of current controller loops, it is nec-
essary to decouple the proposed model which is shown in figure.6.1 by add
the measured voltage of d-axis and cross-coupling terms to figure 6.2.

As shown in figure 6.2, the current loop of i.q and 4. are the same.
Therefore, the inner current control loops can be simplified as shown in
figure 6.3, [112].

According to the figure 6.3, the close loop transfer function of the current

loop can be obtained as:
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Figure 6.2: Control block diagram of d and g-axis current control loop

Figure 6.3: Equivalent block diagram of d and g-axis current control loop

k;
s+ —
Ig(s)  Ieq(s) Kk k
W) =L @) T Lo, Rethy) kO
cq cd s2 4+ Pl 2
L. L.

The transient response of the currents will be affected by the presence
of the zero in the close loop transfer function of the proposed current loop

k.
(6.7), (s:—k—z). To eliminate the effect of zero on transient response in this
P
1
— is added in equivalent block diagram of the
(2
s+
i
proposed current controller as shown in figure 6.4.

model a pre-filter Gp(s)=

Therefore, the response of the current loops becomes that of a second
order transfer function with no zero. By comparison between the general
2
w
5 L 5) and the
w2 4 2Cwps + w?
proposed model (6.7) leads in the following design relations,

equation of a second order transfer function (
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Figure 6.4: Equivalent block diagram of d and g-axis current control loop
which added a pre-filter to eliminate the effect of zero on tran-
sient response

1 h
s
Ky ky - < (6.8)
Lc 2 (Rc + kp) kz N 52 + 2CWnS + w% )
24Ty
L. L.

The transient response of the injected currents from VSC to the grid will

i

be affected by the presence of the zero in (6.7) (s:—k—). Particularly, the
P
actual percent overshoot will be much higher than expected value. For the

2
optimal value of the damping factor CZT , the theoretical overshoot is

21%, which is very high [113]. To eliminate the effect of zero on transient
response in (6.8) a pre-filter is added as shown in figure 6.4. The response
of the current loops becomes that of a second order transfer function with
no zero. Comparison between general equation of a second order transfer

2
Wn

$2 + 2Cwn s + w2
k, = 2L.(wp, — Re and k; = Lcw,% (6.9)

function ( ) and (6.8) leads to the following design relations:

where ( is damping factor and w,, is natural un-damped angular frequency
and depends on the specific time response. Because of physical limitations,
wp, must be lower than the angular frequency wy, (wp=27f, with f,=10kHz)
of the modulation carrier wave, which will be the maximum switching fre-
quency of the semiconductor devices. A value of w,=w,/5 was adopted using
based on the theorem of Shannon-Nyquist [114, 115].

A simulation is performed on the proposed model to test the performance
obtained using the design controllers. The simulation parameters will be
defined completely in chapter 7. The current response of controller to the
reference currents is shown in figure 6.5. It can be seen that the actual
current tracks the reference trajectory precisely with zero steady-state error
and zero overshoot.
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Figure 6.5: Reference and injected currents according to the dynamic per-
formance of the controller

More details of the high performance of this current controller will be
presented in the next chapters, during presentation of simulation and ex-
perimental results. Note that for the sake of completeness the proposed
technique for calculation of the value of grid voltage angle which is pre-
sented in chapter (4) used to synchronize the reference frame of DG link to
the power grid magnitudes.

6.3 Voltage Regulation

While an average current flows between the dc-bus neutral point and the
ac line in a NPC converter topology, voltage unbalance is generated. The
dc voltage control unit is designed in NPC converter in order to keep the
voltage across the two capacitors balanced and equals to given reference.
For this case, a PI regulator is performed, that its input is the capacitor
voltage error (Av=v}, —vq.). If the two voltages are different, it means that
the blocking voltage of upper and lower controlled switches are not equals.
They are two possible modes of operation for dc voltage control unit:
a. If the total dc-bus voltage needs to be adjusted.
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Figure 6.6: Space vector diagram of the three-level NPC converter

b. If only one of the voltage capacitor presents and error larger than a
predefined value.

If the total voltage across the dc bus needs to be modified to follow the
reference value, any of the 27 switching combinations shown in figure 6.6
can be applied to the NPC VSC. On the other hand, if it is necessary to
change the voltage across the one of upper or lower capacitor, then the
control scheme must select the switching combination that allows charging
or discharging the given capacitor.

6.3.1 dc-Bus Voltage Regulation

The error value of the dc bus voltage (Av=v}. —vq.) is passed through a PI
type compensator for regulate the voltage of dc bus (v4.) at a fixed value.
Therefore, ug4. will be obtained as:

Uge = k1Avge + ko / Avg.dt (6.10)
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Figure 6.7: Control loop of the dc-bus voltage

where k; and ko are proportional and integral gains of PI regulator. Fig-
ure 6.7 shows the equivalent control circuit loop of the dc bus voltage for
proposed converter. The closed loop transfer function of the dc voltage
regulation loop, got from figure 6.7, has the following form,

Wno

Udc(s) 2C
=2 6.11
v%.(s) (o $2 + 2Cwp s + w2 (6:11)

s +

where the proportional and integral gains components are derived from:

k1 = 2Cwne and ky = w? ¢ (6.12)

The control effort is obtained from (6.13) as:

. Udec — aniq _ UdcVdc — anvdciq (6 13)
Zdo = = .
Dnd Dndvdc

However, by assuming an ideal condition for the current loop and in nor-
mal operation of the DG system, the following properties will be obtained
as,

an’l)dc ~ Uq and Dnd'Udc ~ VUq (614)

On the other hand, assuming the three-phase grid voltages are given by
(6.15)-(6.17),

v1 = v cos(wt) (6.15)
2

vg = v cos(wt — ?ﬂ) (6.16)
4

v3 = v cos(wt — g) (6.17)

The transformation to the synchronous reference frame yields,
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vg | _ 2| v1 | _ /3|
BRI 619
3
as a result, Dpqvge = v4=0 and  Dyqv4c = v4= 5 v
hence, the control effort can be approximated by (6.19).
. 2v
igine & 5%% (6.19)

The reference current in (6.19) is added to the reference current of the loop
of i14. iq1n+ is @ dc component and it will force the DG system to generate
or to draw a current at the fundamental frequency. Further, by designing
the dc voltage loop much slower than the currents one, there would not be
any interaction between the two loops [101].

6.3.2 Balancing Voltage of dc-Bus Capacitors

As mentioned in previous section, the two capacitors in series share the
dc bus voltage equally between them, under ideal conditions. However,
due to difference in bulk and leakage resistances of cascaded capacitors, the
voltage sharing under steady state may not be equal. An electric equivalent
schematic as shown in figure 6.8 of an electrolytic capacitor can be described
as an equivalent series resistance (ESR), equivalent series inductance (ESL),
the capacitance (C) and a parallel resistance for the leakage current (Rjeqr)
depends on the quality of the dielectric. When using series connections, it
is important to know the voltage across each capacitor. The tolerance of a
capacitor can give a very high voltage on one capacitor while the others are
subjected to lower voltages. To obtain correct voltage sharing between the
capacitors, it is a good idea to use voltage sharing breeder resistors. The
voltage sharing resistor (R.,) can be calculated as:

100

Reg= —————kQ
70.015 x c(uF)

(6.20)
where C is the capacitance in pF [116]. It is important to have a high
quality resistor and the tolerances of the two breeder resistors should be
better or equal to +5%. The connection diagram of voltage sharing resistors
is shown in figure 6.8.
A simulation is performed on the proposed model to test the performance
obtained using the design controllers. For this case, a dc voltage of 1000
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Figure 6.8: Equivalent circuit of capacitor with voltage sharing breeder
resistance

(V) is applied to the dc side of converter. Figure 6.9 shows the voltages of
de-link capacitors (v and ve2) tend to be equal.

6.3.3 Effects of Neutral Point (NP) Voltage Oscillation

The low frequency distortion is generated in ac current by the oscillation in
NP voltage. Such distortion can weaken by feed-forward modulation, but it
will be impossible to keep this voltage at a constant value, while the con-
verter controls the total the dc-link voltage. As a result, some oscillation will
be generated in the reference of the transformed currents which it produce
distortions in the ac currents of the interfaced converter. Hence, this distor-
tion cannot be eliminated completely by feed-forward modulation, since it is
inherent in the current references considered by controller. More details are
indicated in following, according to current and voltage components, and
power of each part in figure 6.10.

As mentioned in chapter 4, the instantaneous power of ac and dc-side of
interfaced converter can be expressed as:

Pac = ViMlcl + Vamica + V3Mic3 = VaMicd + Vghicg (6.21)
Pdc = Udcidc (622)

and by considering efficiency of 100% for proposed model, power of ac side
will be calculated as:

Pac = Pde — Apc (623)

126



6.3 Voltage Regulation

Figure 6.9: Voltage of dc bus capacitors

Figure 6.10: Voltage and current components in NPC converter
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Figure 6.11: dc-side of interfaced converter while NP current is zero

where Ap, is related to the variation of energy in the cascaded capacitors
in dc side of the converter. Therefore, this term can be considered as a term
which is related to changes of energy and it is equal to:

de

Ap, = &
Pe ="t

= Udc(idc - i2) — Ve1t1 (6.24)

Neutral point current is zero(i; = 0)

Figure 6.11 shows the schematic diagram of proposed converter while the
NP current is zero. By this consideration, Ap. can be obtained as:

Ap. = Udc(idc - Z'Q) = Udcg ds;ic

By considering the dc-link voltage equal to a constant value, Ap. will be
obtain equal to zero. Therefore, the variations of energy in the capacitors
are zero, and by referring to (6.23), the value of instantaneous power p,. and
pde Will be equal. In addition, by taking into considering a constant value

for i4. in the steady state condition:

(6.25)

Dac = Pde = Vdclde = constant (6.26)

Therefore, a constant value of instantaneous power will be obtained in ac
side of the converter, and the ac injected currents will not include low fre-
quency distortions. In this condition, the controller can achieve the constant
dc-link voltage value and the ac currents with no distortion simultaneously.
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Figure 6.12: dc-side of proposed converter while NP current is not zero

Neutral point current is not constant (i; # 0)

Taking into considering a constant value for the dc-link voltage is achieved
by controller, therefore; the currents in the upper and lower capacitors are

equal to %1 According to figure 6.12, Ap. can be calculated as:

Ap. = vdcgl — V11 = (—— — 2c—)iy (6.27)

For this condition, the value of pg. is not equal with p,.. By considering
a constant value for i4. in steady-state condition, the values of pg. and pgc
will be expressed as:

Dde = Vdclge = constant (6.28)

Pac = f(i1) # constant (6.29)

According to (6.29) we can conclude that pg. is not constant, therefore;
the injected ac currents will contain low-frequency distortions. As a result,
the controller cannot achieve the dc-link voltage and the non-distortion in
the ac currents simultaneously.

We can conclude that, it is impossible to keep the constant value for dc-
link voltage without introducing distortions in the instantaneous ac power,
while local average neutral point current is not zero.
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Figure 6.13: Voltage space phasors and related switching states

6.4 Space Vector PWM Representation of the
Three-level VSC

Many modulation techniques are studied to realize switching state functions
in a synchronous rotating reference frame i.e. D,,4 and D,, . Among several
modulation strategies, in the three-phase three-wire systems to control NPC
VSC, space-vector PWM (SVPWM) stands out, because it offers significant
flexibility to optimize switching waveforms and reduces the switching losses
by limiting the switching to the two thirds of the pulse duty cycle, as a
converter’s gating signals generators [100]. In order to make an appropriate
selection of the D,4 and D,,, the space phasor plane is first subdivided
into six 60° sectors 1,2,...,6. Figure 6.13 shows the instantaneous magnitude
and angular velocity of switching states function, controlled by selecting a
particular voltage vector depending on its present location. The vectors
D4 and D,, are consisted of information of power grid during different
conditions and they obtained by monitoring the grid current and voltage
components continuously. After that, these components are applied to the
control algorithm for compensation of the grid components according to the
defined objectives. In the next step, D,q and D,, are transformed into
the af reference frame, as input components of SVPWM, for switching of
transistors according to objectives.
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Figure 6.14: Evaluation of the ac side current of the interfaced converter in
the abc reference frame

A simulation is performed on the proposed model to evaluate the per-
formance of the control scheme. Figure 6.14 shows the injected currents of
the grid connected converter for supply a linear RL load. As shown in this
figure, a high power-quality current injection is yielded with the proposed
current control scheme.

6.5 Conclusions of the chapter

This chapter has presented a designed current control algorithms for a VSC-
based DG interface, and a voltage regulator for dc bus voltage regulation
of interfaced converter. In addition, a technique for balancing the voltage
of dc bus capacitors is presented. The current control algorithm and dc
voltage regulator have been applied to the case of interfaced converter’s
output current control, and dc bus voltage regulation, during connection to
the power grid. The proposed current controller is based on PI compensator
of DG system using decoupled current loops in dq referential and the non-
linear dc voltage loop is well suited to compensate for non-linear load current
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components. The controller shows adequate tracking performance and good
dynamic response during connection to the grid.
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Chapter 7

Simulation Analysis and Results

7.1 Simulation Test Results

In order to demonstrate the high performance of the proposed non-linear
control technique of the DG interface (NPC VSC) for integration of DG
resources to the power grid, the complete system model was simulated
using the “Power System Blockset” simulator operating under the Mat-
lab/Simulink environment. The schematic diagram and principle of the
proposed control technique in an ac grid is shown in figure 7.1. The network
parameters, including the ratings and impedances of system components for
simulation analysis, are given in table 7.1. The test model contains a power
converter with power rating of 20 kVA. The maximum available value of DG
source active power is of 8 kW, which is also the active power reference in-
cluded in the simulations. The main purposes of the simulation are to study
different performance aspects in different conditions. At first, capabilities
of DG resources and flexibility of control strategy for control of interfaced
VSC in providing active, reactive, unbalanced and harmonic current com-
ponents of different loads are shown, and the capabilities of control method
on reactive power tracking with constant output active power are consid-
ered. In addition, the simulated results have been used to analyze the Total
Harmonic Distortion (THD) of the utility grid current amid severe varying
load conditions. During the simulation process, constant dc voltage sources
have been considered as a DG source. In addition the active power which
is delivered from the DG resources via interfaced converter to the ac grid
is considered to be constant. This assumption makes it possible to evaluate
the capability of the control strategy to track the fast change in the active
and reactive power, independent of each other. For this purpose, when one
of them is changed, another one must be constant. To simulate a real ac
grid, the load is connected and disconnected to power grid randomly and
grid current waveform will be compared with each other under various loads
and conditions.
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Figure 7.1: General schematic diagram of the proposed control method
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7.1 Simulation Test Results

Parameter Value
Grid voltage (vy) 400 V
de-link voltage set-point (vge) 800 V
Fundamental frequency 50 Hz
Switching/Sampling frequency 15 kHz
Interfacing inductance (L) 4.6 mH
Interfacing resistance (R.) 0.1Q
Line resistance (Ry) 0.1Q
Line inductance (L) 0.1 mH
Linear load active power 8 kW
Linear load reactive power 6 kvar
Non-linear load resistance (Rz) | 20 §2
Non-linear load inductance (Lz) | 10 mH
(Sres) 20 kVA
(5 ref ) 8 kW

Table 7.1: Simulation parameters

7.1.1 Connection of DG link to the power grid to supply harmonic
currents components and non-linear load increment

In this mode, the system frequency is dictated by the utility grid, and the
tracking and regulation performances of DG unit are examined in the grid-
connected condition.

Prior to the connection of DG system to the ac grid, a full-wave thyristor
converter supplies a load with resistance of 20 2 and 10 mH inductor in each
phase. This load is considered as a sensitive load that should be serviced
continuously. This non-linear load draws harmonic current from the ac grid
continuously. The DG link is connected to the ac grid at t=0.1 sec. This
process is continued until t=0.2; at this moment another full-wave thyristor
converter similar to the prior load is connected to the grid and it is discon-
nected from the grid at t=0.35 sec. Figure 7.2 shows the load voltage (v;),
load current (7;), grid current (ig-q), and DG current (ipg) in phase (a).
As shown in this figure, after connection of DG link to the ac grid at t=0.1
sec, the grid current becomes zero and all the active and reactive current
components including fundamental and harmonic frequencies are provided
by DG link (Zgria=f%10ad-inpc)- In this case, the load current is completely
equal to reference current of converter, therefore VSC injects the maximum
available power of DG source to the power grid. Therefore, the injected
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Figure 7.2: Load voltage, load, grid, and DG currents before and after con-
nection of DG and before and after connection and disconnection
of additional load to the grid

current from grid will be zero. The load current is fed from non-linear link
continuously until connection of additional load similar to prior load to the
grid.

Figure 7.3 shows, after connection of additional load to the power grid
at t=0.2 sec, converter injects the maximum active and reactive power by
connection of DG source to the grid. But, in this case the maximum power
of interfaced converter is less than the power which is needed to supply the
grid-connected loads. Therefore, remained power is injected by utility grid.
As shown in this figure, the utility grid injects high power quality current
waveforms even under the connection of non-linear loads to the grid, and
load harmonic currents are provided by DG. There are some sharp edges on
current waveforms which are related to high order harmonic frequencies and
created during switching of thyristor converters. In addition, the production
in control circuit of DG system is delayed for around one cycle. This is due
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Figure 7.3: Grid, load, DG currents and load voltage before and after con-
nection of additional load

to the settling time of MPHPF filter, which has been mentioned completely
in chapter (4).

Figure 7.4 shows, with the same delay as before, additional load is removed
at t=0.35 sec. As shown in this figure, after the pass of the transient times
the injected current from grid to the load becomes zero, and DG link supplies
all the required power for supply the non-linear load.

Figure 7.5 shows after the transient times during connection of additional
load to the main grid, the load voltage and grid current are in phase and the
grid does not need to provide reactive and harmonic currents for the load
which is shown for three phases.

The ability of control loop to track the references current trajectories of
d-axis and g-axis, for the duration of connection of DG link to the grid and
for the period of connection of additional load to the grid, are shown in
figures 7.6 and 7.7. Figure 7.6 shows, before connection of additional load
to the grid, the actual d-axis and g-axis current components of DG’s control
loop track their reference trajectory precisely.

But, according to figure 7.7, after connection of additional load to the
grid, the actual d-axis current component of DG tracks half of its reference
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Figure 7.4: Grid, load, DG currents and load voltage before and after dis-
connection of additional load

Figure 7.5: Phase-to-neutral voltage and grid current for phase (a)
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Figure 7.6: Reference currents track the load current after interconnection
of DG resources to the grid

trajectory which is equal to its maximum active power (reference active
power) and all the reference trajectory of reactive current changes. The
other part of active power is injected by utility grid.

To evaluate the capabilities of DG link to compensate harmonic currents,
the spectra of currents before and after connection of DG link and after
connection of additional load are shown in figures 7.8-7.10. Figure 7.8 shows
that before connection of additional load to the PCC, the THD of load
currents which is supplied by utility grid is 22.97%. This value is also equal
to the THD of grid currents. After connection of additional load to the
PCC, this value is 21.35%, as figure 7.9 indicates. Figure 7.10 shows that
the THD of grid current after connection of additional load is just 4.18%,
and the other value injected by DG to the grid. The comparison between this
information demonstrates capabilities of DG link to compensate harmonic
currents of the non-linear grid-connected loads.

The trajectory of the load, grid, and DG currents in af representation
are shown in figures 7.11-7.13. Figure 7.11 shows the trajectory of the load
currents in af representation, which is required to supply the load, before
and after connection of additional load to the PCC. It can be seen that,
the ac currents are containing some harmonic currents distortion for feed
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Figure 7.7: Reference currents track the load current after additional load
increment

Figure 7.8: Load current spectra before connection of DG link to the grid
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Figure 7.9: Load current spectra after connection of additional load to the
grid

forward modulation, therefore the a8 representation of those currents is not
circular and is hexagonal. In addition, after the second load similar to first
load is connected to the ac grid, radius of external hexagonal is exactly two
times greater than radius of internal hexagonal. Figure 7.12 and figure 7.13
show the trajectory of the grid and DG currents in af representation, after
connection of additional load to the ac grid. As it can be seen in figure
7.12, after connection of additional load to the PCC, the grid current does
not contain significant low-frequency distortion for feed forward modulation,
since the a5 representation of those currents is approximately circular. Fig-
ure 7.13 shows that, after connection of second load to the grid, DG link
supplies the harmonic current components of d and g-axis and half of active
power and whole the reactive power of the grid-connected loads.

The simulation results in figures 7.8-7.13 indicated that the proposed DG
link can provide required harmonic load currents of non-linear loads. There-
fore, by reducing THD of grid current it can act as an active power filter.

Figure 7.14 and figure 7.15 show the active and reactive power components
which pass through the electrical network during integration of DG resources
to the grid and during connection and disconnection of the additional load
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Figure 7.10: Grid current spectra after connection of additional load to the
grid

Figure 7.11: Trajectory of load current before and after connection of addi-
tional load to the grid in af representation
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Figure 7.12: Trajectory of grid current after connection of additional load to
the grid in o representation

Figure 7.13: Trajectory of DG currents during connection of additional load
to the grid in af representation
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Figure 7.14: Grid, load and DG active power, during integration of DG re-
sources to the grid, before and after connection and disconnec-
tion of additional load to the grid

to the grid. Figure 7.14 shows grid, load and DG link active power during
integration of DG link and connection and disconnection of an additional
load to the grid. As one can predict, the waveform of active power of DG
link contains a step response which is related to MPHPF. Therefore, the
delay and swings in this wave are due to the same reasons mentioned above.
In addition, after connection of DG link to the grid the active power which
is delivered from grid is decreased to the zero value and DG link delivered
active power, completely tracking load active power precisely. Due to delay
settling time of MPHPF, after connection of additional load at t=0.2 sec,
some swings appear in active power waveform. The transient time takes
around one cycle (0.02 sec). As shown in this figure, the rate of changes
in active power of DG has fast slope at t=0.1 sec. That is due to, before
interconnection of DG link to the grid, the DG control circuit has some
information about the nature of grid-connected loads.

Figure 7.15 indicates grid, load and DG link reactive power which pass
through the network during integration of DG link and connection and dis-
connection of an additional load to the grid. As mentioned before in chapter
(4), there is no filter in the control loop of g-component of DG link reference
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Figure 7.15: Grid, load and DG reactive power, during integration of DG
resources to the grid, before and after connection and discon-
nection of additional load to the grid

current, therefore; the waveform of DG reactive power has better response
than DG’s active power response. This figure also shows the capability of
DG system to track and compensate load reactive power, completely. In
addition, this can prevent load voltage fluctuations in case of sudden change
in load reactive power.

7.1.2 Linear load increment

In this section, to evaluate the DG link performance to track both harmonic
and sinusoidal current components simultaneously, a linear RL load is con-
nected to grid at t=0.45 sec in parallel with previous non-linear load, and it
is removed at t=0.6 sec. The related simulation results are shown in figures
7.16-7.29.

In this case, additional load is a resistive-inductive load which is connected
to the non-linear load in parallel. Maximum delivered power from DG system
is considered constant (Pr.y = 8kW). Considering that all required reactive
power of additional load is provided by DG link, additional required load
active power must be provided by the main grid.
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Figure 7.16: Load, grid and DG link currents before and after connection of
additional RL load to the grid

Figure 7.16 shows load current, grid current and non-linear DG link cur-
rent during linear load increment. As shown in this figure, at t=0.45 sec,
an additional load is connected to the ac grid and due to delay settling time
of MPHPF filter, production in DG link circuit is started around 0.02 sec-
ond delay after linear load connection. According to figure 7.16, converter
injects its maximum power to the grid, therefore some part of load active
power, whole reactive power, and harmonic current components of the loads
are provided by DG link. Therefore, remained active power is injected by
utility grid. It can be seen that, the utility grid injects high power quality
current waveforms even under the connection of linear and non-linear loads
to the grid.

The reference currents in dq frame, which are equal to d and g-components
of the load current, are shown in figure 7.17. The step response of the
MPHPF which causes the delay in the control circuit of DG link is apparent
from this shape.

After production in DG link control circuit, load voltage and grid current
become in phase which is shown for phase (a) in figure 7.18. Therefore,
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Figure 7.17: d and g- components of load currents before and after connec-
tion of additional RL load to the grid

utility grid does not provide reactive power components to supply the grid-
connected loads.

The additional RL load is removed at t=0.6 sec. As shown in figure 7.19,
after the pass of the transient times the grid current become zero, and DG
link injects whole the required power to supply the grid-connected load.

Figure 7.20 shows the THD after connection of additional RL load to the
ac grid is 12.92%.

Figure 7.21 shows that the grid current THD in this period is just 3.43%
which illustrates the potential of DG link to compensate considerable amount
of harmonic frequencies.

Figure 7.22 shows after disconnection of additional linear load at t=0.6
sec from the grid, the load, DG link and grid currents return to their prior
values.

The reference currents in dq frame, which are equal to d and g-components
of the load current, are shown in figure 7.23.

Figure 7.24 shows the trajectory of the load currents in a8 representation,
required to supply the load, after connection of additional load (R-L load)
to the PCC. As shown in figure7.24, the ac currents are containing some
harmonic currents distortion for feed forward modulation, therefore; the o3
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Figure 7.18: Grid current, load voltage and load current before and after
connection of additional RL loads to the grid

Figure 7.19: Grid current, load voltage and load current before and after
disconnection of additional RL loads to the grid
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Figure 7.20: Load current spectra after connection of additional RL load to
the grid

Figure 7.21: Grid current spectra after connection of additional RL load to
the grid
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Figure 7.22: Load current, non-linear link current and grid current before
and after disconnection of additional RL load

Figure 7.23: d and g-components of load currents before and after discon-
nection of additional RL load from the grid
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Figure 7.24: Trajectory of load current before and after connection of addi-
tional linear load to the grid in af representation

representation of those currents is not circular and is hexagonal.

Figure 7.25 and Figure 7.26 shows the trajectory of the grid and DG cur-
rents in af representation, after connection of DG link and during connec-
tion of additional load to the grid. Figure 7.25 shows that, after connection
of additional load to the PCC, the grid current does not contain significant
low-frequency distortion for feed forward modulation, since the a3 represen-
tation of these currents are approximately circular in o and (-axis. Figure
7.26 shows that, after connection of additional load to the grid, DG link
supplies the harmonic current components of loads and remains of active
power and whole the reactive power of the grid-connected loads.

Figure 7.27 shows the load voltage, and load, grid, and DG currents in
phase (a), during connection of DG to the grid, and connection of additional
non-linear and linear loads to the PCC. It can be seen that, in all conditions,
the injected current from main grid to the loads is high power quality current
waveform, and DG link compensate the other components by injection of
the maximum available power of the DG resources to the grid by considering
the maximum capacity of interface system.

Finally, the active and reactive powers which pass through the network
during connection of additional linear load to the grid, are shown in figures
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Figure 7.25: Trajectory of grid current before and during connection of ad-
ditional linear load to the grid in a3 representation

Figure 7.26: Trajectory of DG link current before and during connection of
additional linear load to the grid in af representation
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Figure 7.28: Grid, Load and DG link active power, during integration of DG
resources to the grid, before and after connection and discon-
nection of additional non-linear and linear loads to the grid

7.28 and 7.29. Figure 7.28 shows grid, load and DG link active power during
connection of DG link and connection and disconnection of additional linear
load to the grid. As one can predict, the waveform of active power of DG
link contains a step response which is related to MPHPF. Therefore, the
delay and swings in this wave are due to the same reasons mentioned before.
In addition, during connection of DG to the grid the active power which is
delivered from grid is decreased to zero and DG link delivered active power,
completely tracks load active power. But, during connection of additional
linear load to the grid, some of active power is injected from utility grid, and
others are compensated by DG. This is because the DG’s reference power
is less than load’s total power. Due to delay settling time of MPHPF, after
connection of additional linear load at t=0.45 sec, some swings appear in
active power waveform. The transient time takes around one cycle (0.02
sec).

Figure 7.29 indicates grid, load and DG link reactive power which pass
through the network during connection and disconnection of an additional
linear load to the grid. As there is no filter in the control loop of g-component
of DG link reference current, the waveform of DG reactive power has bet-
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Figure 7.29: Grid, Load and DG link reactive power, during integration of
DG resources to the grid, before and after connection and dis-
connection of additional non-linear and linear loads to the grid

ter response than DG’s active power response. This figure also shows the
capability of DG system to track and compensate load reactive power, com-
pletely. This can prevent load voltage fluctuations in case of sudden change
in load reactive power.

7.1.3 The ability of proposed strategy to supply unbalanced load

With the adopted control technique, this part aims to evaluate the capability
of the DG link to compensate for non-linear unbalanced load currents. To
carry this out, the load consists of a three-phase full-wave thyristor converter
supplies a load with resistance of 20 2 and 10 mH inductors in each phase,
and a single-phase thyristor converter supplies a load with resistance of 15
Q and 10 mH inductors. The single-phase thyristor converter is connected
between phases 1 and 2, as shown in figure 7.1.

Prior to the connection of DG to the grid, this unbalanced non-linear load
draws unbalance current which is polluted by harmonic components from
the ac grid continuously. The proposed DG link is connected to the ac grid
at t=0.1 sec. The grid voltage, load, grid, and DG link currents are shown in
figure 7.30. As shown in this figure, DG link injects the maximum power of
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Figure 7.30: Load voltage, load, grid, and DG currents before and after con-
nection of DG link into ac grid for compensation of non-linear
unbalanced load

DG resources to the grid, which is consisted of harmonic current components
of d and g-axis, reactive and some parts of active power of the unbalanced
non-linear load. The other remained active power will be injected by the
grid to the load. It can be seen that, the three-phase injected currents from
grid to the load are balanced after connection of DG link to the ac grid.

Furthermore, the spectrum analysis results of load and grid currents de-
picted in table 7.2 indicates that the DG link can largely improve THD of the
grid currents during feeding grid-connected unbalanced load. As mentioned
in table 7.2, THD of the grid currents 4123 are reduced from 9.74%, 11.06%,
and 21.76% before compensation to 3.84%, 3.8%, and 3.39% after compen-
sation, respectively. These results confirm the capability of the proposed
DG link to balance the grid currents while simultaneously compensating for
active, reactive and harmonic unbalanced load current components.
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Before Compensation After Compensation
Peak Current Igl (A) Igg(A) Igg(A) Igl (A) IgQ(A) Igg(A)
Fundamental 48.78 49.7 22.1 14.53 | 14.44 | 14.35
THD% 9.74 11.06 | 21.76 3.84 3.8 3.39

Table 7.2: Fundamental and THD values of grid currents

Figure 7.31: Trajectory of the unbalanced load current in af representation

Figures 7.31-7.33 show the trajectory of the unbalanced load, grid and DG
currents in af representation after connection of DG link to the grid. Figure
7.31 shows, the ac currents are containing some harmonic currents distortion
for feed forward modulation, and unbalanced current component, therefore;
the af representation of those currents is not circular and is consisted of
asymmetrical shape. As shown in figure 7.32, after connection of DG to the
grid at t=0.1 sec, the grid current does not contain significant low-frequency
distortion for feed forward modulation, since the a8 representation of those
currents is approximately circular. Figure 7.33 shows, the DG link have these
abilities to inject the maximum available active power of the DG source,
supplies the harmonic current components of d and g-axis and whole the
reactive power of the unbalance load.

Finally, the active and reactive powers which pass through the network
are shown in figures 7.34 and figures 7.35. Figure 7.34 shows grid, load and
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Figure 7.32: Trajectory of the grid current in af representation

Figure 7.33: Trajectory of the DG current in af representation

158



7.2 Conclusions of the Chapter

Figure 7.34: Grid, load and DG link active power, before and after integra-
tion of DG resources to the grid, and compensation of unbal-
anced load

DG link active power before and after connection of DG link to the grid.
As shown in this figure, after connection of DG to the grid, DG link inject
the maximum available active power to the grid, and the main grid supplies
the others remained active power. Figure 7.35 indicates grid, load and DG
link reactive power before and after connection of DG to the grid. This
figure also shows the capability of DG system to track and compensate load
reactive power, completely. This can prevent load voltage fluctuations in
case of sudden change in load reactive power.

7.2 Conclusions of the Chapter

In this chapter, the simulation results of the proposed model have been
presented. In this case, a three-level NPC converter employed as the heart
of interfacing system between DG resources and ac grid. Flexibility of the
DG model in both steady state and transient operation has been verified.
The presented results clarified the ability of proposed control technique in
compensation of active, reactive, unbalanced and harmonic load current
components. According to the obtained results, in all conditions the load
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Figure 7.35: Grid, load and DG link reactive power, before and after in-
tegration of DG resources to the grid, and compensation of
unbalanced load

voltage and grid current are in phase and, by improvement of power factor
at PCC, DG systems can act as power factor corrector devices. One other
important advantage of the control method is its fast dynamic response in
tracking reactive power variations; the control loops of active and reactive
power are considered independent. By the use of this control method, DG
system is introduced as a new alternative for distributed static compensator
in ac grid. The simulation results indicate that proposed DG model can
provide required harmonic load currents in both balanced and unbalanced
loads. Therefore, by reducing THD of grid current it can act as an active
power filter. The proposed control method can be used for different types
of DG resources and all types of multilevel converter topologies as power
quality improvement devices in a medium and high power grid.
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Chapter 8

Hardware Implementation and
Experimental Test Results

8.1 Prototype Description

The experimental tests results presented in this thesis have been achieved
using the AC/DC three-phase rectifier and a DC/AC voltage source con-
verter. In this system, the dc energy source has been emulated with three
phase diode rectifier fed by a three-phase alternative voltage source. Fig-
ure 8.1 shows this prototype, which was designed in the Centre d’Innovacié
Tecnologica en Convertidors Estatics i Accionaments (CITCEA-UPC) lab-
oratory, in Universitat Politecnica de Catalunya(UPC), manufactured and
commercialized by Cinergia, in Barcelona, Spain. Structure of the proposed
model is consisted of power, driver and control.

The proposed Voltage Source Converter is a hardware module which inte-
grates all the power elements, signal adaptation, transducers and protections
of a three-phase converter. Its design enables its utilization on several ap-
plications such as: frequency converter and servo drive, rectifier and active
filter, uninterruptible power supply, network emulator, voltage sags and dis-
ruptions generator, and renewable generation and micro-networks emulator.

Main features of the proposed VSC are:

1. Nominal power is 10kVA

2. Integrated over-voltage, over-current (AC and CC) and temperature
hardware protections

3. Three-phase diode rectifier
4. IGBTs in three-phase converter configuration + brake chopper

5. Opto-isolated drivers with short-circuit and sub-voltage protection
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()

Figure 8.1: Experimental setup platform (a). Control, (b). Drive and power,
(c). General structure

6. Pre-charge on both AC and DC sides
7. DC bus up to the 800V peak with discharge resistance
8. Hall Effect current transducers: 2xAC + 1xDC

9. Isolated voltage transducers: 2xAC + 1xDC

8.2 Digital Control Hardware

The complexities of control system in different converter topologies, together
with the increase in power level in electrical networks, performance and
availability of high-tech digital control hardware, result in almost exclusive
application of digital control hardware for the majority of modern converter
topologies and converter systems in electrical networks. Furthermore, the
flexibility of new and high-tech microprocessors allows them to be used for
the control of any type of converter topologies, and hardware implementation
of any type of modulation techniques in electrical networks. Currently, the
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Figure 8.2: Power electronics system

ever-increasing processing power of microprocessors allows for much more
user-friendly development tools that can accept input from higher program-
ming languages such as C and (increasingly) Matlab software.

8.2.1 Structure of Digital Control Hardware

Regardless of the topological differences, the power flow direction, or its
application in almost every power electronics system, has few main compo-
nents, such as the switching network with filter components on both input
and output, the sensors subsystem, the power terminals and a digital control
subsystem as shown in figure 8.2. In similar case, the structure of modern
digital controllers can be subdivided into several major functional blocks
from figure 8.3. The central element is the processor usually accompanied
by some kind of programmable logic devices to implement the PWM (if this
capability is not already provided on the processor). Also, programmable
logic devices provide the simplest way to implement some specific protection
functions that require very fast response speed as well as any “glue” logic
required to interface the processor with other components on the control
board.

This traditional structure of the controller is being challenged as part
of the development of the power electronic building block concept and the
introduction of the digital communication subsystem.
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Figure 8.3: Structure of the digital controller for power electronics systems
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Figure 8.4: DSP based Power Electronics control board

8.2.2 DSP Control Board for Power Electronics Applications

Sussie Board is the DSP based Power Electronics control board shows in fig-
ure 8.4. It is Plug & Play with Cinergia’s VSC 10 kVA flexible Power Elec-
tronics converter, and allows full power programming and debug of Power
Electronics Algorithms and system state machines.

Block diagram of the proposed DSP-based controller is shown in figure
8.5. It can be divided into three functional subsystems, implemented on
separate printed circuit boards:

1. DSP subsystem
2. Digital interface subsystem

3. Analog interface subsystem with A/D and D/A converter

8.2.3 Main Features of Sussie Board

Cinergia’s Sussie Board is based on the Texas Instruments TMS320F2808
DSP. With Power Electronics applications in mind, it has been equipped
with special onboard peripherals.
Main features of Sussie Board are:
1. Power Electronics Special Input/Outputs, including:
a) PWM outputs
b

)
c¢) Drivers reset signal
)

d) IGBT error input

Brake resistor signal
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8.

9.

Figure 8.5: Architecture of the Sussie digital controller board

. 7+ 10V and 3 0-10V ADC inputs

. Two isolated CAN channels

. JTAG communications, supporting Real Time Debug
. General purpose 5V input/outputs

. Four channel on-board DAC, with one output

. Encoder input, 2Ch+Z incremental encoder, with differential input

signal
On-board temperature sensor

Outline dimensions: 100x125 mm [3.94x4.92 in]

The DSP Control Board is specially designed to fit Power Electronic con-
verter needs.

Main industrial applications of this control board are:

e Active Front End
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e Active Rectifier

e PFC- Renewable Energies
e Smart Grids

e Factory Motor Control

e Electric Vehicle

e Laboratory Applications

e Test Equipment

8.3 Control Algorithm

The first tasks of any system controller are regulation, and pulse width mod-
ulation. Figure 8.6 shows the schematic diagram of the control structure.
The process in propose system model begins with the sensing of three-phase
grid voltages and three-phase line currents. The measured currents and
voltages are transformed from three-phase stationary reference frame (abc)
to three-phase synchronous reference frame (dq0) and compared with ref-
erence values to generate error signals. The error signals are processed in
a compensator and the result is transformed Oaf coordinates. Then the
modulator takes over and selects the switching states and duty cycles that
implement the commanded reference vector from the compensators accord-
ing to objectives of compensation. Up to this point the complete algorithm
is implemented in software.

Finally the PWM generation is implemented in hardware requires many
timers to keep track of the duty cycles and some combinatorial logic to
change between the switching states.

8.4 Experimental Test Results

In this section, high performance of the proposed control technique is tested
on a developed laboratory prototype of a DG system. The general schematic
diagram of the experimental set-up is shown in figure 8.7, where the positive
polarities for grid current (is), load current (i;), and DG current (i, ) are
emphasized, in agreement with figure 7.1. A general view of the experimental
test bench is presented in figure8.8 and the system parameters are given in
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Figure 8.6: Control overview

Parameter Value
Grid voltage (vy) 80V
Interfacing inductance (L) 4.6 mH
dc-link capacitance 1020 pF
dc-link voltage set-point (vg.) | 610 V
Fundamental frequency 50 Hz
Switching/Sampling frequency | 10 kHz
Linear load resistance 40 Q
Linear load inductance 100 mH
Non-linear load resistance 30 Q

Table 8.1: Experimental setup parameters

table 8.1. A 10-kVA three-phase full-bridge converter prototype using a
switching frequency of 10 kHz has been used for the experimental tests.

The hardware platform used to implement the converter control algorithm
is digitally controlled by TMS320F2808 fixed-point DSP for implementation
of the power and current control algorithm. The quantities measured from
the proposed system are the converter current (i.), the PCC voltage (vpec),
and the grid-connected load current (i;), as shown in figure8.7. As the focus
of this dissertation is on the grid-connected converter, the dc energy source
has been emulated with a three phase diode rectifier fed by a three-phase
alternative voltage source.

The test model contains a power converter with power rating of 2 kVA.
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Figure 8.7: Experimental set-up of the proposed DG system

Figure 8.8: General view of the experimental test bench
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The available DG source active power is 320 W, which is also the active
power reference included in the real time tests. The main purposes of the
experimental tests are to study different performance aspects of the control
technique in different conditions. At first, capabilities of the DG resources
and flexibility of the control strategy for control of VSC in providing active,
reactive, and harmonic current components of different loads are shown, and
the capabilities of proposed control method on reactive power tracking with
constant output active power are considered. In addition, the active power
which is delivered from the DG resources to the ac grid is considered to
be constant. This assumption makes it possible to evaluate the capability
of the proposed control strategy to track the fast change in the active and
reactive power, independent of each other. For this purpose, when one of
them is changed, another one must be constant. To consider a real ac grid,
the load is connected and disconnected to power grid randomly and grid
current waveform will be compared with each other under various loads and
conditions.

8.4.1 Connection of DG link to the power grid to supply harmonic
currents components and non-linear load increment

This test has been performed with the converter having only non-linear local
load which is connected to the utility grid. Prior to the connection of DG link
to the ac grid, a three-phase full-wave diode rectifier supplies a resistive load
with resistance of 30 2 in each phase. This non-linear load draws harmonic
current from the grid continuously, and makes harmonic pollutants in utility
grid. Figure 8.9 shows, three-phase load and grid currents before connection
of DG link to the utility grid.

This process is continued until the DG link connects to the main grid.
Figure 8.10 shows, after connection of DG link to the grid, the grid cur-
rent becomes almost zero and all the active and reactive current component
including fundamental and harmonics frequency are provided by DG link
(igrid = %10ad — ipc). The injected current from VSC is completely equal
to measured current from the grid, but because of isolation transformer be-
tween the VSC and the grid, some injected current from VSC to the grid
consume for compensation of magnetizing current of isolation transformer.
Therefore, the grid injects the remained current which is equal to trans-
former magnetizing current, and because of this current, injected current
from grid cannot be completely zero. It can be seen that, the problems due
to synchronization between DG and power grid do not exist and DG link
can be connected to the power grid without any high current overshoot.
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Figure 8.9: Load and grid current before connection of DG to the grid

Figure 8.10: Load, grid, and DG currents before and after connection of DG
link to the power grid
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Figure 8.11: dc-bus voltage, load, grid, and DG currents before and after
connection of additional load to the grid

The load’s current is fed from non-linear DG link continuously and this
process is continued until another full-wave diode rectifier similar to the prior
load is connected to the grid. Figure 8.11 shows the transient waveforms of
the dc-bus voltage, load, grid, and DG currents before and after sudden vari-
ation in the current-source type of non-linear load. It can be seen that, after
connection of additional load to the grid, production in control circuit of
DG system is delayed for less than half a cycle. This is due to settling time
of MPHPF filter in control loop of DG system. In addition, load harmonic
currents are provided by DG and grid current is sinusoidal, but there are
sharp edges on grid current waveforms which are related to high order har-
monic frequencies and created during switching of thyristor converters. In
addition, figure 8.11 shows the dc-bus voltage of the VSC is well regulated,
and no overvoltage appears in the transient state. Therefore, proposed in-
tegration strategy is insensitive to grid overload during connection of DG
resources to the power grid.

Figure 8.12 shows, after connection of additional load to the power grid,
the load voltage and grid current are in phase, therefore; the grid does not
need to provide reactive and harmonic currents for the grid-connected loads.
In this case, the local loads still draw active power from the main grid. This
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Figure 8.12: Phase-to-Phase voltage and grid current for phases (ab)

happens because the maximum reference active power of interfaced converter
is less than the active power requested by the local loads.

Figure 8.13 shows, with the same delay as before, additional load is re-
moved and, after the pass of the transient times the grid current becomes
zero, therefore; all the active and reactive current component of non-linear
load including fundamental and harmonics frequency are provided by DG
link .

The ability of control loop to track the references current of d and g-axis,
for the duration of connection of DG link and for the period of connection of
additional load to the grid, is shown in figure 8.14 and figure 8.15. As shown
in figure 8.14, before connection of additional load to the main grid, DG link
fallows both active and reactive reference currents completely. But, accord-
ing to figure 8.15, after connection of additional load to the main grid, DG
fallows half of the reference active current in fundamental frequency, whole
the reference reactive current and whole the active and reactive currents
in fundamental frequencies. The remain active current in fundamental fre-
quency is injected by grid.
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Figure 8.13: dc-bus voltage, load, grid, and DG currents before and after
remove of additional load from the grid

Figure 8.14: Reference currents track the load current after integration of
DG to the grid
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Figure 8.15: Reference currents track the load current after connection of
additional load to the grid

8.4.2 Linear load increment

In this section, to evaluate the DG link to track both harmonic and sinusoidal
currents, an additional linear (RL) load is connected to the PCC, during
connection of a non-linear load to the power grid. This non-linear load
draws harmonic current from the grid continuously, and makes harmonic
pollutants in utility grid.

The related experimental results are shown in figures 8.16-8.18. Addi-
tional linear load is a 40 € resistance and a 100 mH inductance load in each
phase. Maximum delivered power from DG system is considered constant
(Prey=320 W). Considering that all required reactive power of additional
load is provided by DG system, additional required load active power must
be provided by the main grid. Figure 8.16 shows dc-bus voltage, load cur-
rent, grid current and non-linear link current during linear load increment.
An additional load is connected to the power grid and due to delay settling
time of MPHPF filter, production in DG link circuit is started less than
half a cycle after load connection. According to figure 8.16, load harmonic
current is provided by DG link and grid current is sinusoidal. Figure 8.17
shows, with the same delay as before, additional load is removed and, after
the pass of the transient times the grid current becomes zero. Therefore,
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Figure 8.16: dc-bus voltage, load, grid, and DG currents before and after
linear load increment

all the active and reactive current components of non-linear load including
fundamental and harmonics frequency are provided by DG link. Similar to
connection of non-linear loads to the power grid, the dc-bus voltage of the
VSC is well regulated, and no over-voltage appears in the transient state.

The ability of control loop of DG link to track the references current of
d and qg-axis, for the duration of connection of additional linear load to the
grid, is shown in figure 8.18. It can be seen that, before connection of ad-
ditional linear load to the grid, DG link fallows both active and reactive
reference currents completely (ijoqq = ipg). But, after connection of ad-
ditional linear load to the grid, DG cannot fallows whole of the reference
active current in fundamental frequency, but whole the reference reactive
current in fundamental and harmonic frequencies, plus some part of active
power in fundamental frequency which is equal to reference active power
of converter, and whole the harmonic currents in d-axis are fallowed. The
remained active power in fundamental frequency is injected by grid.

Figure 8.19 shows the steady-state operations of the DG link for injection
of maximum available power from DG source to the power grid during the
grid-connected loads are disconnected. As shown in this figure, the grid
current is out of phase with respect to the converter current by 180 electrical
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Figure 8.17: dc-bus voltage, load, grid, and DG currents before and after
linear load increment

Figure 8.18: Reference currents track the load current before and after ad-
ditional linear load increment
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Figure 8.19: Steady-state operation of the DG link for injection of maxi-
mum available active power from DG source to the power grid,
continuously

degrees, which means maximum active power injected from DG to the grid
continuously.

8.5 Conclusions of the Chapter

Experimental test results of a robust control technique for DG system that
broadly addresses a number of key integration issues have been presented
in this chapter. Flexibility of the proposed technique in both steady state
and transient operation has been verified. The presented experimental test
results clarified the proposed interface system provides a powerful infrastruc-
ture for DG units to meet the stricter demands for different grid-connected
loads. Real time analysis and test results have revealed the effectiveness of
the proposed control scheme during connection of DG resources to the power
grid.
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Conclusions

9.1 Summary and Conclusions

A multi-purpose control algorithm for the multilevel converter-based DG
interface system, for integration of DG resources to the power grid, have
been proposed and presented in this thesis. The proposed control algorithms
are designed to realize a robust DG interface that guarantees a stable grid
and high power quality injection from utility grid, under the challenging
uncertain nature of electrical networks.

In Chapter 3, the state of the art of multilevel power converter technologies
have been introduced. The basic principles of different multilevel convert-
ers topologies discussed in this chapter, and for each multilevel topology,
different structures presented. In addition, different advantages and disad-
vantages of different topologies have been described and main applications
of them in electrical networks and industrial projects briefly presented.

In Chapter 4, three-phase schematic diagram of the proposed system
model has been introduced and presented. At first step, a brief explana-
tion about the synchronous reference and the stationary reference frames
control have been presented, and voltage and current components vectors
shown in af and dq reference frames. In the next step, reference currents
of DG control loop have been defined for compensation, and injection to the
power grid according to objectives of DG integration. In addition, the dy-
namic model of the proposed system has been elaborated in the stationary
reference frame and then transformed into the synchronous orthogonal ref-
erence frame. The transformed variables are used in control of the multilevel
voltage source converter as the heart of the interfacing system between DG
resources and utility grid. Finally, the large-signal and small-signal mathe-
matical model of the proposed system have been analyzed, and an averaged
small-signal model of the three-level converter described for the design of
control loop circuit.

In Chapter 5, SVPWM switching algorithm for three-phase multilevel
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converter topologies has been presented, and a three-level diode-clamped
converter has been considered as a case study. Different stages of this al-
gorithm have been presented step by step for proposed converter, in differ-
ent sections. The proposed algorithm is general and applicable to different
topologies of converters with any number of levels.

In Chapter 6, a current control algorithms for converter-based DG inter-
face, and a voltage regulator for dc bus voltage regulation of converter have
been presented. In addition, a technique for balancing the voltage of dc bus
cascaded capacitors presented in this chapter. The proposed voltage and
current control scheme targets the problem of fast and large-signal-based
current disturbances, which is common in typical power networks.

In Chapter 7, the schematic diagram and principle of the proposed con-
trol technique in a power grid has been presented. In order to demonstrate
the high performance of the proposed control technique of the DG interface,
the complete system model was simulated and evaluated using the “Power
System Blockset” simulator operating under the Matlab/Simulink environ-
ment. Flexibility of the proposed system in both steady state and transient
operation has been verified during the connection of different type of loads
to the power grid.

In Chapter 8, the main features of the proposed system introduced for a
real system and experimental setup of the proposed DG model. The flexibil-
ity of the proposed technique in both steady state and transient operation
for compensation of different grid components has been verified.

9.2 Contributions

The main contributions of this thesis can be highlighted as follows:

1. The development of a multi-purpose control algorithm for the multi-
level converter-based DG interface for integration of DG resources to
the power grid. The proposed control algorithms yield a stable and
high-power quality current control performance under the challeng-
ing uncertain nature of electrical networks and practical system con-
straints. In this proposed system, both cases of the converter-output
current control and grid-side current control are considered. Hence, a
wide applicability scope is yielded. The salient features of the proposed
current controllers are:

a) Injection the maximum active power of DG resources to the power
grid continuously.
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b) Supply load harmonic current components, therefore; high power
quality current injection from grid under connection of non-linear
loads to the grid.

c) Compensates load reactive power and increase the power factor
of power grid.

d) Guarantees balanced overall grid currents of unbalanced load.

e) High robustness against un-certainties in the interfacing parame-
ters.

f) No additional hardware is needed for delay compensation.

g) Contribute to compensate load voltage drops.

. The development of a current control algorithm and dc voltage regula-
tor which have been applied to the interfaced converter output current
control, and dc bus voltage regulation, during connection to the power
grid. The controller shows adequate tracking performance and fast
dynamic response in tracking reference components according to the
grid characteristics and conditions during connection to the grid.

. The development of control technique for the multilevel converter topolo-
gies with any types and levels. By application of the proposed con-
trol technique in multilevel converter topologies, connection of DG
resources to the medium and high voltage ac grid will be possible.

. The development a high performance synchronization technique be-
tween DG resources and power grid. By application of this method,
the problems due to synchronization between DG and network do not
exist and DG link can be connected to the power grid without any
current overshoot.

. The development of a robust DG interface that utilizes the developed
control algorithms in a way to preserve the generation stability and
power quality under the challenging uncertain and dynamic nature of
typical electrical networks. The overall DG interface facilitates a sta-
ble and reliable operation along with a safe plug-and-play integration
of DG units in power grid; hence increasing the system penetration
of DG. The direct result of this development is high financial saving
for utilities by capturing the salient features of deploying DG into ex-
isting utility grids. Further, these developments are significant to the
industry as they provide the blue print for reliable control algorithms
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in future DG units, which are expected to operate under challenging
system conditions.

9.3 Directions for Future Work

In continuation of this work, the following subjects are suggested for future
studies:

1. The adaptation and application of the proposed control technique to
different custom power devices, such as active filters, distribution static
synchronous compensators, and unified power conditioners.

2. Application of the proposed control schemes for multilevel VSC to
High Voltage Direct Current (HVDC) converters.

3. The utilization of the proposed control technique in different multi-
level converter topologies, and different types of DG resources specially
based on renewable energy resources.

4. The extension of the proposed technique for islanded and micro grid
operations.
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