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Abstract

Climate change is one of the biggest challenges facing the world. One of the biggest
issues to address is energy. At the moment we get most of our energy from fossil
fuels, like oil, coal and gas, but these release greenhouse gases that trap heat in the
earth’s atmosphere. To avoid dangerous levels of global warming and give a more
secure future, we need to switch to clean, green renewable energy.

With the increasing penetration of renewable energies as distributed generation
(DG) in smart grid scheme, technical problems arise in both distribution and trans-
mission system level. Today’s storage technologies are becoming more efficient and
higher performing.

Power electronics based loads such as adjustable speed drives, rectifiers, power sup-
plies, domestic appliances, and the like offer highly non-linear characteristics. These
non-linear loads draw distorted currents from the grid and cause reactive power bur-
den and excessive neutral current.

The purpose of this thesis is to study and analyze the potential of smart power con-
verters and batteries at telecom sites, to aid the grid in power quality improvement.
Power converters can provide more information about the grid quality and also con-
tribute to grid quality. When connected to energy storage and renewable energy,
the power conversion system represents an additional flexibility. Converter-battery
combination is studied in SAF (Shunt active filter) configuration to compensate
harmonic and reactive currents.

A control strategy based on p-q theory is used for extracting the three-phase refer-
ence currents for SAF | and performance evaluation is carried out with dg-PI and
adaptive HCC controllers in Matlab/Simulink 2015a environment.

When used in three-phase, three-wire configurations, the two controllers give a rel-
atively similar compensation characteristics. The THD (Total harmonic distortion)
in the source current reduced from 28.08% to 2.24% with dg-PI and to 3.10% using
adaptive HCC control for distorted source and unbalanced load conditions. How-
ever, under three-phase, four-wire systems, they give significantly different results.
The THD in the source current reduced from 28.17% to 7.23% with dg-PI control
and to 0.51% with adaptive HCC control for the same source and load conditions.



1)

These results point that, dg-PI control is not able to give the required compensation
characteristics in a highly distorted and complex systems. Except for dg-PI con-
trol in three-phase, four-wire systems under distorted source and unbalanced load
conditions, the THD in the source current is within the limits defined in IEEE-519.
The over all obtained results have demonstrated the effectiveness of using telecom
sites to aid in the improvement of grid power quality.
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Chapter 1

Introduction

This chapter introduces the problem addressed by this thesis and the motivations
for solving it; and consequently state the project objectives, scopes and limitations.
And at last, the structure of the report is outlined.

1.1 Motivation

In order to stop the global climate change and its quiet obvious consequences, it
is urgently necessary to further develop distributed energy production based on
the renewable energy sources. Current irreversible destruction processes should not
be allowed to continue, and much more intensive growth of energy efficiency and
renewable energy source (RES) utilization should be implemented [2].

More efforts are being made all over the world towards the promotion of clean energy
for environmental protection and scheduling energy consumption pattern to meet
its increasing demand. The grid is to be modified or upgraded to promote clean
energy, control the energy consumption pattern and bring security to grid. The
smart grid will fulfill these requirements. The developments in information and
communication technology (ICT) together with efficient power electronic converters
support the smart grid vision. However there are many challenges and issues in the
implementation of smart grid [3].

With the increasing penetration of renewable energies as distributed generation
(DG) in smart grid scheme, technical problems arise in both distribution and trans-
mission system level. Today’s storage technologies are becoming more efficient and
higher performing and they are looked as an enabling technology necessary in a
smart grid environment. The converter systems associated with energy storage
devices can also provide power quality benefits by acting like a system filter and
eliminating unwanted variations in frequency and voltage.
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Extensive use of power electronic converters, however, add disturbances to the grid
by drawing harmonic and reactive currents. A number of mitigation techniques are
implemented to avoid these power quality issues.

The power converters in telecom sites are primarily used to charge the battery banks
which supply dc telecom loads. Since these power converters are bi-directional, the
combined rectifier and inverter modules can perform full four quadrant operation.
Additional features that help improve the grid power quality can be added to these
converters. The cost effectiveness of this arrangement is open to research study but
it would be an interesting alternative to the growing power quality problem and in
support with “Towards Smart grid” movement.

In this thesis, battery banks from different telecom sites together with their as-
sociated power converters are used in shunt active filter configuration to mitigate
harmonic components and to provide reactive power support to the grid.

1.2 Objectives of the Study

The main objectives of this study are:

e Smart grid overview and challenges, identifying power quality issues in smart
grids and reviewing the different methods to mitigate the issues

e Understanding the roles of smart power electronic converters and battery stor-
age systems to improve power quality issues

e Design of active filter controller based on instantaneous power theory (p-g
Theory)

e Analyzing Battery-Power converter combination in telecom sites as shunt ac-
tive filter to mitigate harmonics and compensate reactive power using Mat-
lab/Simulink R2015a.

1.3 Scope of Work

The following scope of work is based on the objectives described:
e The ICT portion of smart grid technology is not the area of interest here

e Only two of the main grid power quality issues, harmonic current pollution
and reactive power consumption are analyzed in detail

e Instantaneous power theory (p-¢ Theory) is used in the design of all active
filter controllers

Power Converters as Smart Instruments and Actuators in a Smarter Grid
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1.4 Structure of the Thesis

Chapter 2 starts with smart grid overview and follows with the different challenges
and technologies involved in the implementation of smart grid. And it gives an
overview of the different smart grid power quality issues together with their effect
on the system and the different methods to mitigate the issues.

Chapter 3 discuses the different electric power definitions and presents the details of
instantaneous power theory (p-¢g theory) which will be used in the design of shunt
active filter.

Chapter 4 presents the details of shunt active filters in both three-phase, three-wire
systems and three-phase, four-wire systems.

Chapter 5 gives the detail system model to be analyzed using Matlab/Simulink. It
presents the control techniques used to force the converter synthesize the required
compensating currents for harmonics and reactive power compensation.

Chapter 6 presents and discuses the different simulation results that are simulated
on Matlab/Simulink.

Chapter 7 concludes the main findings in the study and gives recommendations for
further work.

Power Converters as Smart Instruments and Actuators in a Smarter Grid
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Chapter 2

Smart Grid and Power Quality
Issues

2.1 Smart Grid Overview

A smart grid is a new approach to the integration of power generation, transmission
systems, distribution networks, and consumption. Over the last few years, electri-
cal energy consumption has continuously grown and, at the same time, investment
in the transmission and distribution infrastructure has correspondingly declined.
Traditional solutions for upgrading the electrical system infrastructure have been
primarily in the form of new power plants, new transmission lines, substations,
and associated equipments. However, as experience has proven, the process of au-
thorizing, locating, and constructing new transmission lines has become difficult,
expensive and time-consuming. As a result, the power grid is under stress, resulting
in compromised reliability and higher energy costs [4].

Despite the above problems, system reliability is vital and cannot be compromised.
To overcome this, grid operators are moving away from radial systems towards
networked, however, this degrades controllability of the network because current
flows along particular lines which cannot easily be controlled. The situation is even
worse if an incident such as loss of a line results in overload, increasing the possibility
of a blackout [5].

The answer seems to lie in transforming the current electric power system into Smart
electric grid. Future smart grids will be strong, more flexible, reliable, self-healing,
fully controllable, and asset efficient [6].
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2.1.1 Smart Grid Definition

It is a difficult task to find a particular definition for Smart grid; every author, en-
ergy organization and government defines it in their own ways.

According to the author of [7], “A smart grid is the use of sensors, communications,
computational ability and control in some form to enhance the overall functionality
of the electric power delivery system.”

According to [8], “A Smart Grid is an electricity network that can intelligently inte-
grate the actions of all users connected to it; generators, consumers and those that
do both; in order to efficiently deliver sustainable, economic and secure electricity

supply.”

2.1.2 Smart Grid Challenges

Key benefits of smart grid are uninterrupted power supply, reduced transmission
and distribution loss, high penetration of renewable energy sources, cyber secured
electrical grid, large scale energy storage, and flexibility to consumers to interact
with electricity market, and market based electricity pricing. Despite all the above
benefits, it brings also challenges and issues which have to be addressed [9, 10].
Some of these are:

e Self-Healing Actions

A smart grid has to be able to self-heal itself; meaning it should be able to
take action in order to continue to deliver power after a contingency occurs.
To do so, a micro-controller has to be associated to all and every asset of the
grid while tied through a reliable communication system linked to a central
command center. The challenges facing this configuration are security and
reliability of the grid.

e Renewable Energy Integration with the Grid

Renewable energy such as wind or solar-based generation systems when inte-
grated with the electric grid faces a series of challenges such as wind forecast,
wind generation dispatch, power flow optimization, power system optimization
and power system stability.

e Energy Storage Systems

When relying on more renewable energy generation system, it is essential to
integrate more energy storage systems. The challenges with energy storage
systems are cost, complexity and non-flexibility.

e Consumer’s Motivation

Power Converters as Smart Instruments and Actuators in a Smarter Grid
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A key function of a smart grid is to motivate consumer to actively participate
in the energy management of the grid. This function encounters challenges
like privacy, security and consumer education.

e Reliability

Smart grid is expected to deliver reliable power to customers. Power grid
reliability is assessed by the frequency and duration of outages. Smart grid is
required to reduce both numbers in order to improve the system reliability.

e Power Quality

Smart grid is required to provide power with a high quality level to consumers
through features like:

— Disturbance Identification

Smart grid has to find the proper cause of distortion in the grid to deter-
mine if the disturbance is from the generation side or the load side.

— Harmonic Compensation

In order to provide high quality power, harmonic mitigation techniques
need to be developed such that harmonics are suppressed and any other
power quality events such as sag, swell, spikes, over-voltage, under-voltage,
voltage flicker, frequency deviations and voltage unbalance should be
avoided.

The main issues to be studied and analyzed in this thesis are power quality and
energy storage systems. The other issues of smart grid are not in the scope of the
study.

2.1.3 Smart Grid Technologies

Advanced information, telecommunication and control technologies play a critical
role in making a grid ‘smart’. The smart grid technologies and their applications
could be considered in three dimensions,

1. Functional characteristics such as integrated communication, protection and
control infrastructure

2. Device technologies such as meters and phasor measure units (PMU) and

3. Application use cases such as customer engagement, demand response incen-
tive and dynamic pricing.

All the three mentioned areas of smart grid technologies are not in the scope of this
study. Their detail description can be found in [11]. The main interest of smart grid
technologies in this study are, FACTS (Flexible Alternating Current Transmission
System) devices, Voltage Control and VAr Support Devices, Unified Power Flow

Power Converters as Smart Instruments and Actuators in a Smarter Grid
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Controller and Energy storage. The details of these devices will be discussed in the
next section.

2.2 Smart Grid Power Quality Issues

With the increasing penetration of renewable energies as distributed generation
(DG) in smart grid scheme, technical problems arise in both distribution and trans-
mission system level. Undesirable voltage is the main problem for connection of
DGs in distribution systems while excessive reactive power demand from transmis-
sion system is the major concern for Transmission System Operators.

The low power generation capacity of DER (Distributed Energy Resources) has
motivated the need for integration of different types of DERs and loads in the form
of micro-grid to enhance the power generation capacity, reliability and marketability
of dispersed type of micro-sources [12, 13]. Current harmonics and Reactive power
consumption are the two power quality issues that are addressed in this thesis.

2.2.1 Current Harmonics

Power system harmonics are sinusoidal voltages and currents at frequencies that are
integer multiples of the main generated (or fundamental) frequency. They consti-
tute the major distorting components of the main voltage and load current wave-
forms.

Most countries have in the past developed their own harmonic standards or rec-
ommendations, to suit local conditions. However, with the growth of global trade,
the need for equipment manufactured in one country to comply with standards in
another, has prompted concerted effort in formulating international standards on
harmonics and inter-harmonics [14].

In the view of the proliferation of the power electronic equipment connected to the
utility system, various national and international agencies have been considering
limits of harmonic current injection to maintain good power quality. As a conse-
quence, various standards and guidelines have been established that specify limits
on the magnitudes of harmonic currents and harmonic voltage distortion at various
harmonic frequencies [15] . IEEE-519, which is used as a standard in this study can
be found in Appendix A.

According to the French mathematician Jean Baptiste Joseph, any periodic wave-
form can be deconstructed into a sinusoid at the fundamental frequency and with a
number of sinusoids at harmonic frequencies . This is shown in Equation 2.1:

Qo

flz) = 5 + Y ancosnz+ > a,sinnz (2.1)

n=1 n=1

Power Converters as Smart Instruments and Actuators in a Smarter Grid
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where f(x) is a generic periodic waveform, ag is the dc component, calculated as in
Equation 2.2, a,, and b,, are the coefficients of the series, calculated as in Equation 2.3
, . is an integer between 1 and infinity, and T" = 27, is the period.

ag = 71T / f(a)de (2.2)
ap = ;/f(x) cos (nz)dr and b, = i/f(x) sin (nz)dx (2.3)

Any harmonic component can be represented as a percentage of the fundamental
(%f) or a percentage of the rms(root mean square) value (%r) of the total current ,
with the following formula [16]

I,
I, = 100%— (2.4)
I
where I,, is the amplitude of current harmonic n and I; is the amplitude of funda-
mental current (or the r.m.s. value of the total current).

The ratio of the rms value of the sum of all the harmonic components up to a spec-
ified order to the rms value of the fundamental component is called total harmonic
distortion (THD) and it can be represented as

[e%e) o) 2
THD = 100%,| Y_ I;*> = 100%,| > _ (I”> (2.5)
n=2 [1

n=2

In the simulation of the system under study, a FFT analysis is used from Simulink
to obtain the different harmonic spectrum of the source current.

2.2.1.1 Cause and Effect of Harmonics

Power electronic devices, together with operation of non-linear appliances, inject
harmonics into the grid which may potentially create voltage distortion problem.
Operating harmonics need to be minimized to keep the total harmonic distortion
within acceptable limits.

Non-linear loads, unlike linear loads, draw non-sinusoidal current from a sinusoidal
voltage supply. The distortion to the normal incoming sinusoidal current wave can
be considered to result from the load emitting harmonic currents. These emitted
harmonic currents, like any generated current, will circulate via available paths and
return to the other pole of the non-linear load. In doing so, they cause harmonic
voltage drops in all the impedances through which they pass. The aim must therefore
be to shunt the emitted harmonic currents into low impedance paths as close to the
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non-linear load as possible. This is to minimize the resulting voltage distortion,
as the voltage distortion will cause harmonic currents to flow in other linear and
non-linear connected loads [17, 18].

Harmonic currents generated by non-linear loads such as SMPS (Switch Mode Power
Supply), variable speed motors, drive computers, power electronic inverters are
applicable for micro grids. Most power systems accommodate harmonic current
up to a certain level but when it becomes significant, it will cause communica-
tion errors, overheating, excessive line losses, spurious tripping of circuit breaker
[12, 19, 20].

Some of the main causes of harmonic pollution are [21]:

e Switch mode power supplies

Televisions and Computers

Fluorescent lamps with electronic ballasts

Variable speed drives

Thyristor controls for heating and ovens and Welding equipment

Rectifiers and Light dimmers

Uninterruptible power supplies
The main effects of harmonic pollution are:
e Heating Effects of Harmonics

Harmonic currents flowing in rotating machines cause heating effects both in
the conductors and in the iron circuit. In particular, eddy current losses are
proportional to the square of the frequency. Further, some harmonics are
negative-phase sequence in nature and these give rise to additional losses by
inducing higher frequency currents and negative torques in machine rotors
(17, 22, 23].

e Harmonic Over voltages

Harmonic voltages, generated by harmonic currents flowing against impedance
to the harmonic, can lead to significant over voltages. Such effects are known
to cause equipment failures, and capacitors are particularly susceptible [15, 17].

e Resonances

Any inductive-capacitive-resistive (LCR) circuit, such as a power system, will
exhibit a resonant response to one or more frequencies. Such natural system
resonances are not, by themselves, necessarily causes for concern. It is only
when such system responses, coupled with significant harmonic current inputs
from non-linear loads, lead to excessive harmonic voltages [17].
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Other adverse effects of harmonics include [17, 21]:

Over-stressing and heating of insulation

Machine vibration and Malfunctioning of electronic devices
Over stressing of power factor correction capacitors
Nuisance tripping of protective devices

Interference

2.2.1.2 Harmonics Mitigation Methods

Different types of filters are used to mitigate harmonic distortion. According to
the IEEE-519 standard, harmonics in the power system should be limited for both
the harmonic current that a user can inject into the network at the PCC, and the
harmonic voltage that the utility can supply to any customer at the PCC [24, 25].
The two common passive methods of harmonics mitigation are briefly discussed as
follows.

1.

Harmonic Filters

Harmonic filters are series or parallel resonant circuits designed to shunt or
block harmonic currents. They reduce the harmonic currents flowing in the
power system from the source and thereby reduce the harmonic voltage distor-
tion in the system. Such devices are expensive and should only be used after
other methods have been assessed [15, 17].

Capacitor Detuning

It is possible for power factor correction capacitors, particularly on thyristor
controlled drives, to form a low impedance path for harmonics or to inadver-
tently resonate with one of the harmonics produced by the non-linear load. A
solution is to detune the capacitors from high harmonics by the insertion of
a series reactor forming a tuned circuit with the resonant frequency typically
around the fourth harmonic. The capacitor circuit then will look inductive to
all harmonics above the fourth harmonic and resonance will be quenched [17].

Passive methods of harmonic mitigation are not implemented in the newer tech-
nologies. By using power electronic converters, shunt active filters can make the
current drawn by non-linear loads sinusoidal and in phase with the input voltage
[15]. The focus of this thesis is also in shunt active filters for harmonics mitigation
and reactive power compensation.

Other methods of preventing harmonics pollution are [21],

Delta/star isolation transformers

Equipment with built-in power factor correction
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e Avoidance of long cable runs to suspect equipment

2.2.2 Reactive Power Consumption

The consumption of reactive power by an induction generator is a common problem
which affects the grid power quality. An induction generator requires an increas-
ing amount of reactive power as the amount of power generated increases, and it
is essential to provide reactive power locally as close as possible to the demand
levels.

The reactive power management in distribution network with large penetration of
distributed energy resources is also an important task in future power systems. The
control of reactive power allows the inclusion of more distributed resources and a
more efficient operation of distributed network [26].

2.2.2.1 Cause and Effect of Reactive Power Consumption

The main causes of reactive power consumption are:
e Induction motors and generators
e Large penetration of DER

Transformers, Transmission lines and cables

Power electronic converters and reactive loads

An increase in reactive power demand at PCC would affect the system power factor
at PCC. As a result, voltage stability tends to become a binding technical criterion
[27]. In particular, reactive power demand of smart grids is changing with growing
installation of renewable energy sources [28].

2.2.2.2 Reactive Power Compensation

Reactive power compensation is typically implemented by using a fixed capacitor,
a switched capacitor or a static compensator. Precise reactive power compensation
considering proper size and proper control can remove voltage collapse and insta-
bility of the power system [24]. Two categories of reactive power compensation are
discussed here [5, 15].

1. Power Injection Using Static Compensators

Power electronic switching devices are used to control the connection of either
fixed units or switchable units of reactors and capacitors to the transmission
lines.
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i. Thyristor Switched Capacitor (TSC)

TSC configuration is shown in Figure 2.1(a). The switching device in
TSC is used only to switch ON or OFF the capacitor banks, and no phase
angle control is used. The switching of the capacitor units is used when
load demands capacitive support. In general, series reactor is connected
in series with capacitor bank to limit the inrush current while switching.

ii. Thyristor Controlled Reactor (TCR)

TCR acts like a variable susceptance and is dependent on thyristor switch-
ing control. By phase angle control of the switch from 90" to 180°, the
flow of current through the reactor is varied. The fundamental induc-
tor current is, therefore, a function of the branch susceptance that is
dependent on the firing delay angle a. TCR configuration is shown in
Figure 2.1(b).

iii. Thyristor-Switched Capacitor and Thyristor-Controlled Reactor (TSC-
TCR)

TSC-TCR combines the functionality of thyristor switched capacitor and
thyristor controlled reactor. The circuit arrangement for this configura-
tion is shown in Figure 2.1(c).

The details of these devices including other configurations can be found in

[5, 15].
T V' N A
Ry g,
L ¢ —_— C
I L 1
(a) TSC (b) TCR (¢c) TSC-TCR

Figure 2.1: Thyristor Switched Capacitor, Thyristor Controlled Reactor and TSC-
TCR combined configurations

2. Power Injection Using Advanced Static Devices
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Passive and switchable compensators generate low frequency harmonics while
providing the required VAr supplement. By using advanced fast switching
devices, reduced reflected harmonics are achieved with low cost high pass
filter units. The advantages of using forced commutated switching devices that
control compensation capacitors and reactors, give the compensation system
the ability to control both active and reactive power. The following devices
are included in this category [5].

A. Static Synchronous Compensator (STATCOM)

STATCOM is a highly recommended compensation unit for flicker mit-
igation as well as injecting reactive power components to distribution
system. It is made of six power electronics forced commutating switching
devices in a three-phase full bridge configuration. The bridge is controlled
to supply current to a large DC capacitor. The switching devices are con-
trolled by a PWM switching logic driver circuit. They generate harmon-
ics at the switching frequency and its multiples, but these high frequency
harmonic components can easily be filtered using high frequency tuned
passive elements. STATCOM is connected in shunt to the distribution
network through a limiting reactor or coupling transformer [5, 15].

B. Unified Power Flow Controller (UPFC)

UPFC basically consists of two fully controlled converters sharing a com-
mon DC link. The converters are controlled to compensate for the voltage
as well as the power of the coupled transmission lines. One converter per-
forms the main function of the UPFC, which is injecting an AC voltage
with controllable magnitude and phase angle in series with the transmis-
sion line. The other converter, on the other hand, supplies or absorbs
the active power demanded by the first converter. Both converters can
be controlled to generate or absorb controllable reactive power or pro-
vide independent shunt reactive compensation for the line. In principle,
a UPFC can perform voltage support, power flow control and dynamic
stability improvement at the same time [5].

Harmonic current mitigation and reactive power compensation in this thesis are
realized through converters and batteries in different telecom sites and using them
in shunt active filter configuration.

2.2.3 Other Power Quality Issues

1. Voltage Disturbance

Voltage fluctuation or instability as well as voltage sags/dips, noise, surges
and power outages are the common problems encountered during integration
of large-scale DER into the grid. Variability of wind speed with time is not the
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only reason for these problems; grid connection issues, faults during operations
and starting of large motors, etc., are also responsible [24].

Effects on loads are usually noticed when the voltage fluctuates more than 10%
above or below the nominal voltage, and the severity of the effects depend upon
the duration of the change. Extended under voltage causes ‘brownouts’ which
is characterized by dimming of lights and inability to power some equipment
such as fridge compressors. Extended over voltage decreases the life of most
equipments and can damage sensitive electronic equipments [13].

The main mitigations for voltage disturbance include energy storage, balanc-
ing, Static VAr Compensators (SVCs) and the STATCOM [15, 17].

2. Frequency Fluctuation

Frequency is one of the most important factor in power quality. The frequency
is controlled by maintaining balance between connected loads and generation.
It is controlled within a small deviation.

DG inverters are able to help with frequency control. Inverters can provide
frequency control in milliseconds, which is significantly faster than conven-
tional generation. Of course, grid-connected inverters would only be able to
control frequency to the extent that, changes in their real power output ac-
tually influence the overall supply-demand balance. Generally they will not
be able to change the frequency unless they represent a significant amount
of generation; such as in relatively small grids. In addition, special control
algorithms would need to be developed to take advantage of the fast response
time and at present DG is unproven in this application [29, 13].

The advancement of electrical device technologies can be used to balance the
frequency of the system by adjusting power consumption. However, this can
only be achieved by having good data communication management [30].

2.3 Active Filters

Figure 2.2 shows a one-line diagram of how an active filter functions. The current
drawn by non-linear loads consists of a fundamental frequency component, ¢;; and
a distortion component, iy 45s. Under a current mode control, a switched mode
converter is operated to deliver the current ¢z, 4;5; to the grid. Therefore, in an ideal
case, the harmonics in the grid are eliminated. On the dc side of the converter, only
a capacitor with a minimum energy storage is needed [15] . This is the type of active
filtering configuration that would be used and studied in this thesis.
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Figure 2.2: One-line diagram of an active filter
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Chapter 3

Electric Power Definitions and
Instantaneous Power Theory

3.1 Electric Power Definitions

The concepts and definitions of electric power for sinusoidal ac systems are well
established and accepted worldwide. However, under non-sinusoidal conditions,
several different power definitions are still in use. For instance, the conventional
concepts of reactive and apparent power lose their usefulness in non-sinusoidal cases
[31]. At early times, two important approaches to power definitions under non-
sinusoidal conditions were introduced by Budeanu [32] in 1927, and by Fryze [33]
in 1932. Budeanu’s power definition was in the frequency domain, where as Fryze
defined power in the time domain.

The problems related to non-linear loads became increasingly significant at the be-
ginning of advances in power electronics devices. These modern devices behave as
non-linear loads and most of them draw a significant amount of harmonic current
from the power system. Hence, this required a consistent set of power definitions
that are valid also under transient and non-sinusoidal conditions.

3.1.1 Power Definitions Under Sinusoidal Balanced Condi-
tions

Here electric power definitions for sinusoidal voltages and currents are described for
single-phase and three-phase systems.

17
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(a) Single-Phase System

Consider an ideal single-phase system with a sinusoidal voltage and an inductive
R-L load. The voltage and current equations are given by

v(t) = V2Vsin (wt) and  i(t) = V21 sin (wt — ¢) (3.1)

where V and [ represent rms values of the voltage and current, respectively, and w
is the angular line frequency. The instantaneous power is given by the product of
the instantaneous voltage and current.

p(t) =v(t)i(t) = 2VIsin(wt)sin (wt — @) (3.2)

p(t) = VIcosp — VIcos (2wt — @) (3.3)

Equation 3.3 shows that the instantaneous power of a single-phase system is not

constant. It has an oscillating component at twice the line frequency added to an

average value. Decomposing the oscillating component and rearranging Equation 3.3
give

p(t) = VIcos¢[l — cos2wt] — VI sin ¢ sin 2wt (3.4)

I i

Equation 3.4 shows that instantaneous power in single-phase system has two parts
that can be interpreted as:

1. The first part has an average value equal to VI cos¢ and has an oscillating
component on it, pulsing at twice the line frequency. It represents a unidirec-
tional power flow from the source to the load.

2. The other has a pure oscillating component at the double frequency (2w), and
has a peak value equal to V Isin ¢. Clearly, it has a zero average value.

Active power, P is defined as the average value of part one of Equation 3.4 and is
given by
P =VIcos¢ (3.5)

Reactive power, @) is defined as the peak value of part two of Equation 3.4 and is
given by
Q =VIsing (3.6)

Apparent power, S is defined as the maximum reachable active power at unity power

factor
S =PI (3.7)

Another quantity called the power factor is defined as a measure of how effectively
the load draws the real power [15], and it is given by
P P
Power factor = S=Vi— cos ¢ (3.8)
Ideally, the power factor should be 1.0 to draw power with a minimum current
magnitude and hence minimize losses in the system.
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(b) Three-Phase System

Consider three-phase voltages and line currents that contain only positive-sequence
fundamental component (sinusoidal and balanced system)

va(t) = V2V sin (wt + ¢,)
vp(t) = V2V sin (wt + ¢, — 27/3) (3.9)
ve(t) = V2V sin (wt + ¢, + 27/3)
and
iq(t) = V2I sin (wt + ¢;)
in(t) = V21 sin (wt + ¢; — 27/3) (3.10)
io(t) = V21 sin (wt + ¢; + 27 /3)
For a three-phase system with or without a neutral conductor, three-phase instan-

taneous active power, ps,(t) describes the total instantaneous energy flow per time
unit being transferred between two subsystems [31], and it is given by

D3e(t) = Vo (t)ia(t) + vp(t)ip(t) + ve(t)ic(t) (3.11)
Substituting Equation 3.9 and Equation 3.10 in to Equation 3.11 results in,
D3e(t) = 3VIcos (¢, — ¢i) = 3P (3.12)

The instantaneous active three-phase power is constant as shown in Equation 3.12,
that, it is time-independent in contrast to the single-phase power.

The three-phase active (average) power, P34 is given by
Psy =3V Icos (¢, — ¢;) = 3P (3.13)
The three-phase apparent power, Ss4 is given by
Ssp =35 =3V1I (3.14)
Three-phase reactive power, (3, is given by
Q3p = 3Q = 3VIsin (¢, — ¢;) (3.15)

The reactive power, (34 in Equation 3.15 is just a mathematical definition without
any precise physical meaning [31]. In other words, the three-phase circuit includes
no oscillating power components in the three-phase instantaneous active power, in
contrast to the single-phase instantaneous active power.

3.1.2 Power Definitions Under Non-Sinusoidal Conditions

The concepts of power under non-sinusoidal conditions are not unique; they are
divergent and lead to different results in some aspects [31].
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(a) Single-Phase System

Two distinct sets of power definitions are commonly used; one is established in
the frequency domain and the other in time domain. They are briefly discussed
below.

Power Definition by Budeanu - If a single-phase ac circuit with a generic load
and source is in steady state, its voltage and current waveforms can be decomposed
in Fourier series. Then, the corresponding phasor for each harmonic component can
be determined, and the following definitions of powers can be derived.

Apparent power, S
S=VI (3.16)

where V' and [ are the rms values of generic, periodic voltage and current waveforms,
which are calculated as

T
1 o
V= T/UQ(t)dt: N (3.17)
0 n=1
and
S 2 (3.18)
n=1

Here, V,, and I,, correspond to the rms value of the n'* order harmonic components
of the Fourier series, and 7' is the period of the fundamental component.

Active power, P

P=) P,=> Vil,cos¢, (3.19)
n=1 n=1
Reactive power, @
Q=Y Qun=>_ Vil,sing, (3.20)
n=1 n=1

where ¢,, represents the displacement angle of each pair of the n'" order harmonic
voltage and current components.

However, under non-sinusoidal conditions, both reactive power and apparent power
can not characterize satisfactorily the issues of power quality. The details of Budeanu
power definitions can be found in [32].

Power Definition by Fryze - In the early 1930s, Fryze proposed a set of power
definitions based on rms values of voltage and current. The basic equations according
to the Fryze’s approach are given below.
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Active power, P,

F@:%J@@Mﬁ:;5¢@uwﬁzwglzvh (3.21)

where V' and I are the voltage and current rms values and V,, and I,, are the active
voltage and active current defined below.

Apparent power, P,
P,=VI (3.22)

Active power factor, A

=_v (3.23)

P,=\P2—P2=V,I=VI, (3.24)

where V; and I, are the reactive voltage and current as defined below.

Reactive power, P,

Reactive power factor, A,
Ag=V1—\2 (3.25)

Active voltage, V,, and Active current, I,

Vi = AV and I, =M\ (3.26)
Reactive voltage V, and Reactive current /,:

Vo=V and I, = N1 (3.27)

The details of Fryze power definitions can be found in [33].

(b) Three-Phase Systems

Three-phase systems are commonly used in generation, transmission and distribu-
tion of electric power. Power in a three-phase system is constant.

Three-Phase systems can be classified as, Three-Phase, Three-Wire System (if the
system has no ground or there is only one grounded node in the whole sub-network)
and Three-Phase, Four-Wire System (if the system is grounded at more than one
point under normal operation, and the ground can provide additional path for cur-
rent circulation or it can have a fourth conductor).

Three-Phase systems can also be classified as, Three-Phase Balanced System (Si-
nusoidal condition where the amplitude of the three phases are equal and are 27 /3
degree out of phase to each other), Three-Phase Unbalanced System (Sinusoidal
condition where the amplitude of the three phases are not equal or/and they are
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not 27/3 degree out of phase to each other) and Three-Phase Distorted System
(Non-sinusoidal condition, it contains both harmonics and unbalance).

Symmetrical components are most commonly used for analysis of three-phase electri-
cal power systems under unbalanced and distorted conditions. If the phase quantities
are expressed in phasor notation using complex numbers, a vector can be formed
for the three phase quantities. For example, a vector for three phase voltages could
be written as [34]

Va Va0 Vaa Va2
Vabe = | Vo| = [Voo| + | Vor| + | Vo2 (3.28)
Ve Veo Ver Voo

where the subscripts 0,1, and 2 refer to the zero, positive, and negative sequence
components respectively. The sequence components differ only by their phase angles,
2/3n radians. The sequence components are calculated using

Bl 1]V
Vo = | V1| = 3 1 o 2| |V (3.29)
V5 1 o> all|V.

where the constant « is a complex number that acts as a 120° phase shift operator,
and it is given by
, 1 3
oo ey — Ly V3 (3.30)
2 2
Similar transformations can also be made for the current phasors. After the de-
composition is made for the voltages and currents, power calculation can be made

on the respective components. Details of symmetrical component power calculation
can be found in [34].

The degree of unbalance is usually expressed as the ratio of the negative and zero
sequence components to the positive sequence component. Imbalances at the funda-
mental frequency can be caused by negative-sequence or zero-sequence components.
However, it is important to note that only an imbalance from a negative-sequence
component can appear in a three-phase grounded or ungrounded system. Imbalance
from zero-sequence component only appears in a three-phase, four-wire (grounded)
system, which induces the current flowing through the neutral wire.

The traditional concepts of apparent power and reactive power are in contradic-
tion if applied to unbalanced and/or distorted three-phase systems. Therefore, the
instantaneous power theory is chosen in the next section as the fundamental equa-
tion for power definitions in three-phase systems and in the design active filter
controllers.
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3.2 Instantaneous Power Theory (p-q Theory)

The development of power electronic devices and their associated converters have
brought new boundary conditions to the energy flow problem. This is not exactly
because the problem is new, but because these converters behave as non-linear loads
and represent a significant amount of power compared with other traditional linear
loads. The speed response of these converters and the way they generate reactive
power and harmonic components have made it clear that conventional approaches
to the analysis of power are not sufficient in terms of taking average or rms values
of variables. Therefore, time-domain analysis has evolved as a new manner to an-
alyze and understand the physical nature of the energy flow in a non-linear circuit

31].

The p-q Theory is based on a set of instantaneous powers defined in the time domain.
No restrictions are imposed on the voltage or current waveforms, and it can be
applied to three-phase systems with or without a neutral wire for three-phase generic
voltage and current waveforms. Thus, it is valid not only in the steady state, but
also in the transient state.

The p-q Theory first transforms voltages and currents from abc coordinates to a0,
and then defines instantaneous power on these coordinates.

3.2.1 The Clarke Transformation

The p-q theory implements a transformation from a stationary reference system
in abc coordinates to a system with coordinates a50. It corresponds to an alge-
braic transformation known as Clarke transformation [35], which also produces a
stationary reference system. The coordinates a3 are orthogonal to each other, and
coordinate O corresponds to the zero-sequence component.

The voltages and currents in a0 coordinates are calculated using

Vo Va io la
Vol =T |vp and io| =T |1 (3.31)
Vg Ve ig le

where T is a transformation matrix and it is given by

Sl -

DO | —

(3.32)

1
o r—xﬁl‘p
O

o[ Sl =] -
S

\)
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The inverse transformation is given by

Vg, Vo lq 20
Vp| = T* Va and ib =T ia (333)
Ve Up ic iﬁ

-1 -

0
\f (3.34)
V3

Eliaviigel

One advantage of applying the a0 transformation is to separate zero-sequence
components from the abc phase components. The « and [ axes make no contribution
to zero-sequence components.

If vy can be eliminated (for balanced three-phase voltage) from the transformation
matrix, the Clarke transformation and its inverse transformation will reduce to

1 1

v 2|t 5 5 ||
M :\/; VRN (3.35)
5 o L%

and
1 0
Vg 1 V3
2.2 M2 v,
Vg 1 \/§ p

2 2

Similarly, if ip can be eliminated (for three-phase, three-wire system), Equation 3.35
and Equation 3.36 also applies for the current waveforms.

3.2.2 Instantaneous Powers based on p-q Theory

For a three-phase system with or without a neutral conductor in the steady state
or during transients, the three-phase instantaneous active power, ps4 describes the
total instantaneous energy flow per second between two subsystems [31].

The three-phase instantaneous active power can be calculated in terms of the a0
as
D3¢ = Vala + Uply + Vele € P3p = Uala + Vslig + Vol (3.37)
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Three instantaneous powers, the instantaneous zero-sequence power pg, the instan-
taneous real power p, and the instantaneous imaginary power ¢ are defined from the
instantaneous phase voltages and line currents on the a0 axes as

Do vo 0 0] |
bl = 0 v, Vg Lo (338)
q 0 Vg Vg iﬁ

Each power component can be separated into its mean and alternating parts|[1].

1. Instantaneous Zero-Sequence Power (py)
Po = Po + Po (3.39)

po: Mean value of the instantaneous zero-sequence power which corresponds
to the energy per unit time that is transferred from the power source to the
load through the zero-sequence components of voltage and current.

po: Alternating value of the instantaneous zero-sequence power which corre-
sponds to the energy per unit time that is exchanged between the power source
and the load through the zero-sequence components of voltage and current.

2. Instantancous Real Power (p)

p=p+p (3.40)
The real power p represents the total energy flow per time unity in the circuit.

p: Mean value of the instantaneous real power that corresponds to the energy
per time unity that is transferred from the power source to the load, in a
balanced way.

p: Alternating value of the instantaneous real power that represents the os-
cillating energy flow per time unity, which naturally produces a zero average
value, representing an amount of additional power flow in the system without
effective contribution to the energy transfer from the source to the load or
from the load to the source.

3. Instantaneous Imaginary Power (q)
q=q+q (3.41)

The instantaneous imaginary power has to do with power (corresponding to
undesirable currents) that is exchanged between the system phases, and which
does not imply any transfer or exchange of energy between the power source
and the load.

q: This corresponds to the conventional three-phase reactive power and does
not contribute to energy transfer.

¢: This also corresponds to a power that is being exchanged among the three
phases, without transferring any energy between source and load.
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Figure 3.1 summarizes the above power definitions about real, imaginary, and zero-
sequence powers.

Power
\—)—C—L System

Load

Figure 3.1: Physical meaning of instantaneous powers defined on a0 reference
frame [1]

3.2.3 The p-q Theory in Three-Phase, Three-Wire Systems

If vy can be neglected, an instantaneous voltage vector can be defined from instan-
taneous «a and ( voltage components, that is

e =V, + jus (3.42)

And similarly, if ig can be neglected (no neutral current in three-phase, three-wire
system), the instantaneous current vector is defined as

i =ia+ jig (3.43)

The instantaneous complex power, s is defined as the product of the voltage vector,
e and the conjugate of the current vector, i*, and it is given in the form of complex
numbers by

s =el" = (Vo + Jvg)(ia — jig) = (Vala + vgig) +J (Vsia — Vais) (3.44)

p q

=l b oo

The two powers have a constant value and an oscillating component as explained
earlier. The af currents can be calculated as functions of voltages and the real and
imaginary powers p and ¢ using Equation 3.46.

fal __ 1 _Jva wvs||p (3.46)

3 vi-+»v§ Vg Vo |4 '
The p-q Theory has the prominent merit of allowing complete analysis and real-
time calculation of various powers and respective currents involved in a three-phase
circuit. Knowing in real time the values of undesirable currents in a circuit allow us

to eliminate them [31]. This is one of the basic ideas of active filtering that will be
presented in detail in Chapter 4.

or in matrix form
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3.2.4 The p-q Theory in Three-Phase, Four-Wire Systems

The presence of a fourth conductor, a neutral conductor, is very common in low-
voltage distribution systems, in addition to the cases of grounded transmission sys-
tems. The reduced transformation and equations used in the previous section are
not applicable here [31].

Three-phase, four-wire systems can include both zero-sequence voltage and current.
Therefore, to represent the system correctly, the instantaneous zero-sequence power,
po has to be introduced as the third instantaneous power in addition to the instan-
taneous real power, p and the instantaneous imaginary power, q.

Po v 0 0 1o
pl =10 vy vs]| |ia (3.47)
q 0 U -Vqy iﬂ

The three-phase instantaneous active power, pss is equal to the sum of the real
power, p and the zero-sequence power, pg. In the case of a three-phase, three-wire
circuit, the power, py does not exist, and so ps, is equal to p.

P3¢ = Vala + Uplp + Ucle = Uala + Ugig + Volo = P+ Po (3.48)

Zero-sequence power has the same characteristics as the instantaneous power in a
single-phase circuit. It has an average value and an oscillating component at twice
the line frequency. The average value, py represents a unidirectional energy flow.
It has the same characteristics as the conventional (average) active power. The
oscillating component, py also transfers energy instantaneously. However, it has an
average value equal to zero. Ideally, the average value of the zero-sequence power
helps to increase the total energy transfer, and in this sense, it can be considered as
a positive point. However, even for the simplest case of a zero-sequence component
in the voltage and current, the zero-sequence power, py cannot produce constant
power, py alone. In other words, py always consists of py together with py. The
elimination of py is accompanied by the elimination of py [31].

3.2.5 Application of p-q theory for Shunt Current Compensation

Figure 3.2 illustrates the basic idea of shunt current compensation. It shows a source
supplying a non-linear load that is being compensated by a shunt compensator.
The shunt compensator behaves as a three-phase, controlled current source that can
supply any set of calculated current references if.,, i¢y, and ¢, [31].
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Figure 3.2: Basic principle of shunt current compensation

Figure 3.3 shows a general control method implemented in the controller of a shunt
compensator using p-q theory. The calculated real power, p of the load can be
separated into its average (p) and oscillating (p) parts. Likewise, the load imagi-
nary power, g can be separated into its average (¢) and oscillating (¢) parts. Then,
undesired portions of the real and imaginary powers of the load that should be
compensated are selected. Then, the inverse transformation from «af to abc is ap-
plied to calculate the instantaneous values of the three-phase compensating current
references, i}, i5, and iy, [31].

Table 3.1 presents the various possible compensation objectives that can be achieved
by implementing the control algorithm in Figure 3.3 with the active shunt filter
shown in Figure 3.2, considering the same system conditions in all cases.

Vg ———) Ua
0 Instantaneous

Ub . - p Power
Uc——  Clarke la Calculation
iLa y| Transformation 1 B
iLh —)
iLc—)

‘ p q

Selection of powers to be compensated

pe qc
Va —) ~ ~ i*Ca 1::Ca
af current o Inverse Clarke 1cp
vp —) calculation tcp Transformation i*Cc

Figure 3.3: Control method for shunt current compensation based on p-q theory
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Table 3.1: Various possible compensation results based on Figure 3.2

Case Compensated Parameters Comments

1 Average load imaginary Source imaginary power will have
power(q) only oscillating part

2 Load imaginary power(q) Source imaginary power will be

zero, it’s fully compensated

3 Oscillating  load  active The source will supply a constant
power(p) active power

4 Oscillating  load  active The source will supply constant

power and Oscillating load active and imaginary power
imaginary power(p and §)

5 Oscillating  load  active All undesirable current compo-
power and load imaginary nents are eliminated. Source cur-
power(p and q) rent is sinusoidal and produce

constant active power and no
imaginary power

Case 5 in Table 3.1 is what will be studied in this thesis to obtain a sinusoidal source
current and to fully compensate reactive power of the load, and it will be discussed
in detail in the coming chapters.
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Chapter 4

Shunt Active Filter based on p-q
Theory

Nowadays, the use of electric and electronic equipments (rectifiers, variable speed
drives, computers and industrial installations) containing power semiconductors such
as Thyristor converters, are in considerable progress. The non-linear behavior of
these equipments generate harmonics that affect the distribution utility operation
directly[36, 37]. The main power quality issues to be focused here are harmonic
pollution and reactive power consumption.

In order to overcome these problems and ensure the electrical sources safety, several
solutions have been investigated.

One of the most popular solution to reduce harmonic pollution is the use of passive
filters. However, the use of these filters is not suitable when the impedance of the
power network varies. In addition, they may cause series or parallel resonances which
will result in amplification of harmonic currents in the power network [38].

To overcome the problems of passive filters, shunt active filtering concept was first
introduced by Gyugyi and Strycula in 1976 [39]. The associated controllers with
these shunt active filters can determine in real time the compensating current refer-
ence, and force a power converter to synthesize it accurately. In this way, the active
filtering can be selective and adaptive [31]. The shunt active filter considered in this
thesis has controller based on the instantaneous active and reactive power theory (
p-q Theory) presented in Chapter 3.
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4.1 Overview of Shunt Active Filters

Shunt active filters generally consist of two distinct main blocks: The PWM con-
verter (power processing) and the active filter controller (signal processing).

The PWM converter is responsible for power processing in synthesizing the com-
pensating current that should be drawn from the power system. The active filter
controller is responsible for signal processing in determining in real time the in-
stantaneous compensating current references, which are continuously passed to the
PWM converter.

Figure 4.1 shows the basic configuration of a shunt active filter for harmonic cur-
rent compensation of a specific load [31]. It consists of a voltage source converter
with a PWM current controller and an active filter controller that results in an al-
most instantaneous control algorithm. The shunt active filter controller works in a
closed-loop manner, continuously sensing the load current i, and calculating the in-
stantaneous values of the compensating current reference, i, for the PWM converter.
In an ideal case, the PWM converter may be considered as a linear power amplifier,
where the compensating current, i¢ tracks correctly its reference, if..

i i‘ Non-linear
load

ic

ﬂ viL

PWM i T
Control Filter
Controller

Figure 4.1: Basic configuration of a shunt active filter

4.1.1 Converters for Shunt Active Filters

Figure 4.2 and Figure 4.3 show three-phase power converters for implementing shunt
active filters. Figure 4.2 is a voltage-source converter (VSC) and Figure 4.3 is a
current source converter (CSC).

Power Converters as Smart Instruments and Actuators in a Smarter Grid



CHAPTER 4. SHUNT ACTIVE FILTER BASED ON P-QQ THEORY 38

icq ) FYYYX

. L £

b —> LYY 1~ Cac
. L

lce > Yy

o
3t
Lo
51
Lo
31
Lo

(G
Current [— "¢,
y| Control |, e

Figure 4.2: Voltage source converter

These PWM controllers have the same functionality which is to force the converter
to behave as a controlled current source. It should be noted that no power supply,
only an energy storage element (capacitor for the VSC and inductor for the CSC)
is connected on the DC side of the converters. The reason is that the principal
function of a shunt active filter is to behave as a compensator.

Nowadays, almost all shunt active filters in commercial operation use voltage source
converters. A performance comparison between voltage source converter and voltage
source converter is given in Table 4.1 [40].
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Figure 4.3: Current source converter
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Table 4.1: Comparison between VSC and CSC

VSC CSC

Effective in filtering of Effective in filtering of har-
harmonics monics

Pros  High efficiency at nor- Simple open-loop current
mal operating point control
More flexible Robust
Small size Simple current protection
Switching ripple in the Bulky and heavy dc induc-
output tor

Cons Low efficiency with High dc link losses
low power loads
Limited life time of Over-voltage protection is
the dc link capacitor  needed

PWM converters generate undesirable current harmonics around the switching fre-
quency and its multiples. If the switching frequency of the PWM converter is suffi-
ciently high, these undesirable current harmonics can be easily filtered out by using
small, passive high-pass filters represented by R and C in Figure 4.2 and Figure 4.3.

4.1.2 Active Filter Controllers

The control algorithm implemented in the controller of the shunt active filter deter-
mines the compensation characteristics of the shunt active filter. There are many
ways to design a control algorithm for active filtering. Certainly, the p-¢ Theory
forms a very efficient basis for designing active filter controllers [31].

There are three optimal compensation characteristics in the design of active filter
controller,

(a) Draw a constant instantaneous active power from a source
(b) Draw a sinusoidal current from a source
(¢) Draw the minimum rms value of a source current

Only under three-phase sinusoidal and balanced systems, it is possible to satisfy
simultaneously all the three optimal compensation characteristics given above. Oth-
erwise a choice must be made between the three before designing a controller for
shunt active filter. This is the reason why one need to derive three different control
strategies [31].

1. Constant instantaneous power control strategy

This control strategy guarantees that only average power is drawn from a
source. According to the p-g theory, to draw constant instantaneous active
power from the source means that the shunt active filter must compensate for
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the oscillating real power (p). Additionally, the rms value of the compensated
current is minimized by the compensation of the total imaginary power(q)
of the load. This control strategy is interesting if no real-power oscillation
between the source and the load is desired.

2. Sinusoidal current control strategy

This control strategy is applied if the shunt active filter must compensate the
load current to guarantee balanced, sinusoidal current drawn from the power
system. Additionally, the active filter is compensating reactive power so that
the compensated current is in phase with the fundamental positive-sequence
component of the voltage. However, this current does not produce constant
real power as long as the system voltage is non-sinusoidal and unbalanced.

3. Generalized Fryze current control strategy

This control strategy minimizes the compensated current, and gives the min-
imum rms value of current that can transfer the same amount of energy as
the uncompensated current. Hence, this minimum rms current produces mini-
mum ohmic losses in the transmission line. It cannot guarantee any sinusoidal
compensated current or constant instantaneous active power drawn from the
power system.

In this thesis, sinusoidal current control strategy is used to minimize harmonics and
compensate reactive power in a distorted power system with non-linear loads.

4.2 Three-Phase, Three-Wire Shunt Active Filter

A particular characteristic of three-phase, three-wire systems is the absence of the
neutral conductor and, consequently, the absence of zero-sequence current compo-
nents. Thus, the zero-sequence power is always zero in these systems [31].

Figure 4.4 shows the most important parts of a three-phase, three-wire shunt ac-
tive filter for current compensation. The active filter controller consist three main
functional control blocks:

1. Instantaneous power calculation

This block calculates the instantaneous powers of the non-linear load. Ac-
cording to the p-q theory, only the real and imaginary powers exist, because
the zero-sequence power is always zero. The instantaneous real and imaginary
powers are given by Equation 4.1.

= ][] "

2. Power compensation selection
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Figure 4.4: Three-phase, three-wire shunt active filter

This block determines the behavior of the shunt active filter. In other words,
it selects the parts of the real and imaginary powers of the non-linear load
that should be compensated by the shunt active filter.

The instantaneous real power of the non-linear load should be continuously
measured, and separated into its average and oscillating parts. In a real im-
plementation, the separation of p and p from p is realized through a low-pass
filter. Unfortunately, the unavoidable time delay introduced by the low-pass
filter may degenerate the entire performance of the shunt active filter during
transients. In the simulation, a fifth-order Butterworth low-pass filter with a
cutoff frequency, 50 Hz is used to separate p from p.

Current reference calculation

The compensating real power pc, which, together with the compensating imag-
inary power ¢¢, are passed to the current-reference calculation block. It deter-
mines the instantaneous compensating current references from the compensat-
ing powers and voltages. The instantaneous compensating reference currents
are calculated using Equation 4.2.

= b ) .

The power circuit of the shunt active filter consists of a three-phase voltage source
converter made up of MOSFETs and anti-parallel diodes. The PWM current control
forces the VSC to behave as a controlled current source. In order to avoid high di/dt,
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the coupling of a VSC to the power system must be made through a series inductor,
commonly known as a coupling inductor.

4.2.1 Sinusoidal Current Control Strategy in Three-phase,
Three-wire Systems

Sinusoidal current control strategy is a compensation method that makes the active
filter compensate the current of a non-linear load to force the compensated source
current to become sinusoidal and balanced.

In order to make the compensated current sinusoidal and balanced, the shunt active
filter should compensate all harmonic components as well as the fundamental com-
ponents that differ from the fundamental positive-sequence current, ;. Only this
component is left to be supplied by the source. In order to determine the fundamen-
tal positive-sequence component of the load current, a positive-sequence detector is
needed in the active filter controller. The control block diagram for three-phase,
three-wire sinusoidal current control strategy is shown in Figure 4.5 [41].

The positive-sequence detector block extracts instantaneously the fundamental positive-
sequence voltages v/, v, and v/, that correspond to the phasor Vj(positive-sequence
phasor) of the system voltage v,, vyand v,.

The instantaneous phase voltages v/, v, and v/ that correspond to the phasor V; of
the fundamental positive-sequence voltage are transformed into the a8 coordinates
by means of the Clark transformation block. Then, they are used in both instanta-

Va | v
Oa — 14 a
Positive U | ;
U, —)| sequence 7 VB,
detector Uc | Clark Instantaneous
0 ' rKe .
¢ - Transformation la R Powef
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. 1 cp | Transformation .
calculation N i »i*ce

Figure 4.5: The control block diagram for the sinusoidal current control strategy
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neous powers calculation block and in a5 currents calculation block. Together with
the power being compensated, that is, p and ¢, the af currents calculation block
determines exactly all the required current components.

Positive-Sequence Detector The detection of the fundamental positive-sequence
component of v,, v, and v, is necessary in the sinusoidal current control strategy.
This control strategy makes the shunt active filter to compensate load currents.
Thus, only the active portion of the fundamental positive-sequence component,
which produces average real power, p only is supplied by the source.

Figure 4.6 shows the complete functional control block diagram of the fundamental
positive-sequence voltage detector [31]. An important part of the positive-sequence
detector is the phase-locked-loop (PLL) circuit. The voltages v,, v, and v, are
transformed into the a3 axes to determine v, and vg. They are used together with
auxiliary currents i, and ij, produced in the PLL circuit, to calculate the auxiliary
powers p’ and ¢'. The auxiliary currents i, and ij; with any magnitude are derived
only from an auxiliary positive-sequence current, I; at the fundamental frequency,
detected by the PLL circuit.

Only the fundamental positive-sequence voltage component, Vi contributes to the
average value of the auxiliary powers, p’ and ¢/, represented by p,, and ¢, in Fig-
ure 4.6 . The influence of the fundamental negative-sequence, V5 and other voltage
harmonics will appear only in the oscillating components p’ and ¢’ of the auxiliary
powers, which are being excluded from the inverse voltage calculation. Two fifth or-
der Butterworth low-pass filters with cutoff frequency of 50 Hz are used for obtaining
the average powers p’ and ¢'.
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Figure 4.6: Fundamental positive-sequence detector
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The af voltage calculation block calculates the instantaneous voltages v;, and v,
which correspond to time functions of the fundamental positive-sequence phasor, V;
of the system voltage,

vl 1 i, -1
N= o | P 4.3
V) - i ) -
The instantaneous abc fundamental phase voltages v/, v; and v. can be calculated
by applying the inverse Clarke transformation,

1 0
U‘,} 2|1 ﬁ v,
A 1 3

2 2

The PLL circuit must provide accurately the auxiliary currents 7, and i}, corre-
sponding to sinusoidal functions at the fundamental frequency. Author of [31] gives
a detailed analysis of positive-sequence detector and PLL circuit.

Phase-Locked-Loop Circuit The PLL circuit continuously tracks the funda-
mental frequency of the measured system voltages. The appropriate design of the
PLL allows proper operation under distorted and unbalanced voltage waveforms.
The PLL circuit determines automatically the system frequency and the phase an-
gle of the fundamental positive-sequence component of a three-phase generic input
signal. Figure 4.7 illustrates its functional block diagram [31].

The algorithm is based on a fictitious instantaneous active power expression given
in Equation 4.5. This power, pg¢ , is not related to any instantaneous active power
of the power system.

/ ./ ./ ./ ./ -/
P3g = Valy + Uply + Vel = Vaply + Vepl, (4.5)

The PLL can reach a stable point of operation only if the input pj, of the PI con-
troller has, in the steady state, a zero average value, that is, ps,. Moreover, the

i'o(@t) sin(ot) | t 4 it i
Oab
L PI-Controller ©) 1/s
Ocb
i'o(@b) sin(ot + 2r/3) ¢ per )|-cos(mt-,;/2) )

Figure 4.7: Functional block diagram of the PLL circuit
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control circuit should minimize oscillations in p4, at low frequencies. The oscillating
portion ﬁg¢, where pg¢ = Py + ﬁg¢, at low frequencies is not well attenuated by
the PI controller and may bring instability to the PLL control circuit. The above
constraints are found only if w equals the system frequency, and the current i, (wt)
becomes orthogonal to the fundamental positive-sequence component of the mea-
sured three-phase voltages v,, v, and v.. The PLL has only one stable point of
operation, that is, 7, (wt) leading by 90° the phase voltage v,.

In the simulation model, K}, = 3 and K; = 100 are used in the PI-controller block.
The tuning is made manually by hit and try method, thus it does not work as
per the requirement for highly distorted system. The ‘Sequence Analyzer’ block
from Simulink is used instead to extract the fundamental positive-sequence compo-
nents.

4.3 Three-Phase, Four-Wire Shunt Active Filter

Three-phase, Four-wire shunt active filters are intended for grounded three-phase
systems or three-phase systems with neutral conductors. These active filters are
specially designed for compensating neutral currents (zero-sequence current compo-
nents) and also have all those compensation characteristics discussed in the previous
section for three-phase, three-wire systems.
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Figure 4.8: Three-leg “split-capacitor” converter topology

4.3.1 Converter Topologies

To employ SAF in three-phase, four-wire systems, two types of converter configu-
rations are possible; one is a three-leg structure with the neutral conductor being
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connected to midpoint of de-link capacitor (Figure 4.8); and the other is a four-leg

structure, where the fourth leg is provided exclusively for neutral current compen-
sation [42] (Figure 4.9).

A performance comparison between the two converter topologies is given in Table 4.2
[43, 44]. In this thesis, the conventional three-phase “split capacitor” topology
is used in the simulations, and it is preferred for its less number of power semi-
conductor switches.

ica 4 YA
ich ¢ ’“’“EY\ 1
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Figure 4.9: Four-leg converter topology

Table 4.2: Comparison between three-leg and four-leg converter topologies

Three-leg converter

Four-leg converter

Pros

Small
power switches

Lower switching loss
for the same rating
Lower cost

of

number

Easy control circuit

Requires smaller dc-
link capacitor
No need of balancing
the dc voltage

Cons

Complex control cir-
cuit

High dc-link capacitor
required

High switching loss
and high cost
More number of power

switches
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Figure 4.10 shows a three-phase, four-wire shunt active filter implemented with the
“split-capacitor” converter topology. The active filter controller realizes sinusoidal
current control strategy, and additionally compensates the load neutral current.
Ideally, ico = —izo, and the neutral current to the source (igg) is zero.
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Figure 4.10: Three-phase, four-wire shunt active filter using three-leg converter

4.3.2 Sinusoidal Current Control Strategy in Three-phase,
Four-wire Systems

The sinusoidal current control strategy makes the active filter to compensate the
current of a non-linear load to guarantee balanced, sinusoidal current drawn from the
network, even under an unbalanced and/or distorted system voltage. It compensates
also the neutral current of the load, in addition to all the compensation features
presented for active filters in three-phase, three-wire systems.

The phase angle and frequency of the fundamental positive-sequence voltage, corre-
sponding to the phasor Vi, must be accurately determined by the positive-sequence
detector. Otherwise, the active filter controller cannot exactly determine the funda-
mental reactive power of the load included in ¢, which in turn cannot produce AC
currents I; orthogonal to the AC voltages V; to produce only p [31].

A similar functional block diagram that results in sinusoidal current, as Figure 4.5
for three-phase, three-wire systems, is shown in Appendix A for three-phase, four-
wire systems. This control block guarantees sinusoidal and balanced compensated
currents drawn from the network. Additionally, the shunt active filter can supply
non-zero average negative-sequence and zero-sequence powers.
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Chapter 5

Network Modeling

Simulation is a very important and powerful method that helps to reduce devel-
opment time and to study the dynamics of different systems. In this thesis, Mat-
lab/Simulink 2015a is used as a simulation tool to implement shunt active filter-
ing.

5.1 System Layout

Telecom sites are equipped with battery banks to supply DC loads planted at dif-
ferent sites for telecommunication purpose. The batteries are charged from the grid
through a bi-directional voltage source converter. In addition to supplying power
to the DC loads, the battery banks can be used to support the low voltage ac grid
with power quality improvement

The block diagram representation of the system to be studied in this thesis is shown
in Figure 5.1. The main components in the system are Supply system (LV AC Grid),
Telecom sites with their batteries, loads and converters, and Linear and non-linear
loads connected at PCC. A brief description of each component and their model is
discussed as follows.

5.1.1 Supply System Modeling

Different telecom sites are connected to a three-phase low voltage ac grid. Three
different cases of system supply voltages are considered in the simulation, a bal-
anced three-phase voltage, unbalanced three-phase voltage and unbalanced-distorted
three-phase voltage source. Parameters of an ideal three-phase voltage are given in
Table 5.1.
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LV AC x| Linear and
Grid 4| Non-linear
Loads

Telecom Site 1 Telecom Site 2

Figure 5.1: Telecom sites and loads connected to a LV grid

Table 5.1: Parameters of an ideal three-phase voltage

Parameter Value
Voltage, v, V3% 230 [ViL. rms)
Frequency, f 50 [Hz]

Source resistance, Rg  0.01 [mf]
Source inductance,L,  0.01 [mH]

The supply voltage in an ideal case is given by the expression in Equation 5.1,

Vg sin (wt)
vp| = V2 x 230 |sin (wt — 120°) (5.1)
Ve sin (wt + 120°)

An unbalance in the system voltage is created by introducing an unbalance of 30%
fundamental negative-sequence component. The phase angle of the fundamental
positive-sequence component is set to zero and the other components are made
orthogonal to it. The system voltage in this case is given by

Vq sin (wt) sin (wt + 90°)
vy | = V2 x230¢ |sin (wt — 120°)| 4 0.3 |sin (wt + 90° + 120°) (5.2)
Ve sin (wt 4 120°) sin (wt + 90° — 120°)

The Matlab/Simulink model for a-phase voltage given in Equation 5.2 is shown in
Figure 5.2. Similar models can be made for b-phase and c-phase voltages.
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Figure 5.2: Simulink model for phase-a voltage

For the third case, the system voltage is made both unbalanced and distorted. A
distortion of 15.5% third harmonic, 11.5% fifth harmonic and 7.7% seventh har-
monic is introduced. The harmonic components are made purely from the negative-
sequence component. The time function corresponding to this voltage is given by
Equation 5.3.

Va sin (wt) sin (wt)
vy | = V2 x 2304 [sin (wt — 120°) | + 0.3 |sin (wt + 120°)
Ve sin (wt 4+ 120°) sin (wt — 120°)
sin (3wt) sin (bwt) sin (Twt)
+ 0.2 |sin (3wt 4+ 120%) | 4+ 0.15 [sin (5wt + 120°) | + 0.1 |sin (7wt + 120°)
sin (3wt — 120°) sin (bwt — 120%) sin (7wt — 120°)

(5.3)

5.1.2 Load Modeling

Both linear (passive) and non-linear loads are connected to the LV ac grid under
study. Passive loads are added primarily for the purpose of studying reactive power
compensation. An R-L passive load in wye-grounded configuration (Figure 5.3 )is
considered in the model. This load draws linear but reactive current from the
grid.

The different parameters of this load are given in Table 5.2.

Table 5.2: Parameters of passive R-L load

Parameter Value
Voltage,v, V3 % 230 [ViLrms)
Frequency, f 50 [Hz]

Active power, P 1500 [W]

Inductive power,Q;, 250 [V Ar]
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Figure 5.3: R-L load in wye-grounded configuration

In the system model, non-linear loads are used in order to introduce harmonic cur-
rents in to the system and also draw reactive power from the grid. A three-phase,
six-pulse, full-bridge diode rectifier shown in Figure 5.4 is used which is a commonly
used circuit arrangement [15]. The different parameters of this load are given in
Table 5.3.

Table 5.3: Parameters of diode bridge R-L load

Parameter Value

Voltage,v, V3% 230 [ViL. rms)
Frequency, f 50 [Hz]
Commutation inductance, Ly 3 [mH]

Resistive load, Rjoqq 50 [©]

Inductive load,Ljoqq 50 [mH]

Snubber resistance, Ry, 1 [kQ]

Snubber capacitance, Cy, 0.1 [uF]

Internal resistance, R, 1 [mQ]

La
_—lTTY Y Y 3 LLoad

La

L,

— <
% RLoad

A A &

Figure 5.4: R-L load in diode bridge rectifier configuration
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5.1.3 Telecom Sites

Telecom sites are equipped with battery banks with power electronic converter as an
interface with the grid. High efficiency converters are being demanded in different
application areas, especially in telecom sector. Several dc loads in telecom sites are
fed by power electronic converters. These converters are used to charge a number
of batteries which serve as a backup power source in case of power outage. Most
of the time, the energy stored in the batteries is not utilized due to uninterrupted
power from the ac grid. By using bi-directional converter between the grid and
the batteries, the reserve energy in the batteries can be used to aid the grid power

quality.

Figure 5.5: Power converter and battery for telecom application

The advancement in the network technology and the increase in power demand lifted
the battery market to new height. Nickel cadmium (Ni-Cad), lead acid and lithium-
ion batteries can be used for telecom applications. In the simulation model, lithium
ion battery of 5.6 [k1V h] capacity supplying a dc load of 3 [kW] and with a nominal
voltage of 700 [V] is used.

Nominal Current Discharge Characteristic at 0.43478C (3.4783A)

500 —Discharge curve[ |Nominal area[ |Exponential area) |
g S0OK_~
£ 700 .
S
> 600 h 1
500 !
I I I |—3IA—10 A—I5A—20 Al
& 800 i
8
= 700 .
>
600 .
0 0.5 1 1.5 2 2.5 3

Time (hours)

Figure 5.6: Li-ion battery discharge characteristic
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The batteries are continuously charged from the grid and discharged when supplying
power to the DC loads. If power balance is managed properly and fed back to the
grid, it can be used to aid grid power quality and other ancillary services. Figure 5.6
shows discharge characteristics of the Li-ion battery used in the simulation model
at different discharge currents. These batteries with their converter will be used as
a SAF in addition to their primary purpose.

5.2 Bi-Directional Voltage Source Converter

Power processing is to convert a power source into a voltage or current supply that
is suitable for the load. It involves the integration of power electronic devices and a
controller [45].

In this thesis, a bi-directional AC-DC converter capable of transferring power in both
directions; from the grid to the battery banks and back to the grid is studied. This
nature of the converter and proper implementation of a control algorithm enables
improving power quality of the grid. The focus in this study will be on harmonic
elimination and reactive power compensation.

Figure 5.7 shows a VSC used in the simulation model as an interface between the
battery banks and the grid. It has two modes of operation. In the rectifier mode, it
charges the battery banks from the grid and in the inverter mode, power flows from
the battery banks to the grid. The combined Rectifier and Inverter modules can
perform full 4 quadrant control (Active and Reactive Power import/export). It con-
sists of six power switches (MOSFETS) connected to anti-parallel diodes. MOSFET
switches are used in the simulation for the following reasons [15],

e MOSFET turn on and off very rapidly because it is a majority carrier device
and there is no stored charge that must be injected in to or removed from it

e MOSFET has relatively “small” on state losses for LV applications

e MOSFET has a positive temperature coefficient, which makes it easy to par-
allel MOSFETs for increased current handling capability if required

e It has a large SOA (Safe Operating Area) for switch mode applications, which
means that in most situations, snubber circuits are not needed.

The main limitation of VSC is the switching frequency of the switches. The switching
frequency is limited by the switching losses of the MOSFET. It causes a time delay
from the measurement of signals until the output voltage is updated. This time
delay will limit the bandwidth of any controller.

A related limitation of the converter is the requirement for a low-pass filter to
smoothen the voltage output. The ripple current induced by the switching output
voltage and the bandwidth of the controller dictate the minimum size of these filter
components [46].
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Figure 5.7: Bi-directional voltage source converter
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For low power application, like telecom sites considered in this thesis, simple L-
filter is used to meet harmonics standards [47]. A filter of 4 [mH] is used in the
simulations.

The performance of the active filter heavily depends on the way the required compen-
sating current components are generated and the method implemented to produce
the gating signals to force the VSC reproduce these compensating currents.

In this thesis, the pg-theory is used as a control algorithm to generate the required
reference currents and two type of modulation techniques are implemented to pro-
duce the gating signals: dg-PI control and Adaptive hysteresis current control.

Both control systems have the same functionality, which is to force the converter
to behave as a controlled current source. Active and reactive power will be con-
trolled independent of each other. Both control techniques are discussed in the next
section.

5.2.1 dgqg-PI Control

Figure 5.8 shows a one-line diagram of the system model for analyzing dg-PI modu-
lation technique. Three-phase VSC is connected to the utility grid through a series
line reactor filter. The filter is modeled by an inductor,Ls and a resistor,R; [48].
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Figure 5.8: One line diagram for dg-PI control

Table 5.4 presents the parameters of the system. Note that the dynamics of the
VSC DC-side are neglected because of the available battery banks, the voltage is
maintained at constant value. Thus, DC voltage regulation is not included in this
study.

Table 5.4: Parameters of the system in Figure 5.8

Parameter Value

VSC rated power 20 [kVA]

Voltage,v, V3% 230 [ViL. rms)
Frequency, f 50 [Hz]

Switching frequency, fs,, 20 [kH 2]

Filter inductance, L 4 ImH)|

Filter resistance,Ry 0.1 [mQ]

DC bus voltage, Vy. 700 [V]
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Figure 5.9: Park and Clarke transformation reference frames with respect to abc
frame

The behavior of three-phase systems is usually described by their voltage and current
equations. The coefficients of the differential equations that describe their behavior
are time dependent. The mathematical modeling of such a system tends to be com-
plex. For such a complex system analysis, mathematical transformations are often
used to decouple variables and to solve equations involving time varying quantities
by referring all variables to a common frame of reference.

Park and Clarke Transformations are used in this control method. Clark transfor-
mation convert the phase values of voltage and current into stationary «f reference
frame and Park transformation convert the stationary af reference frame into syn-
chronously rotating d-q reference frame. Park and Clarke transformations are given
by the expressions in Equation 5.4 and Equation 5.5 respectively.

1 1 1 v
Vo| _ |2 22 ¢
BHIRRE ) V3 Va1 o4
2 2 ¢
vg|  |cosf sinf| |v,
L"l] o [—sin@ cos 9] |"U/3] (5.5)

The d-q reference frame is rotating at speed w with respect to the stationary af-
reference frame. The position of d-axis at any instant of time is given by Equation 5.6
with respect to a-axis.

0=wxt (5.6)

The value of 6 (theta) is computed using PLL circuit. The three coordinate systems
are shown in Figure 5.9. The details of these mathematical transformations can be
found in [35].
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The dynamics of the VSC ac-side variables of Figure 5.8 can be described in an
abc-frame as [48, 49

. ch abc
Ve,abe = szc,abc + Lf d;fb + Vabe (57)

where vgp. and v g5 are the grid voltages and the VSC terminal voltages respectively
and i, . represents the converter currents. By applying Park transformation to the
voltages and currents in Equation 5.7

dicaq

dt

Vedg = Rf@l,;dq + Lf + ijfZ.qu + Vq (58)

where w is the nominal angular frequency. Separating the real and imaginary terms,
the dynamics of the d- and g-axes are as follows

, di, ,
Ryica+ Ly dt’d = Ved +wlyicg — g (5.9)
and
. dzc q .
Ryicqg+ Ly dt’ = Vg — wWLfleq— v, (5.10)

Equation 5.9 and Equation 5.10 represent the relationship between the control sig-
nals and the current of each axis along with the mutual coupling effect of the axes.
Applying Laplace transformation to Equation 5.9 and Equation 5.10, the structural
diagram of the system in the rotating reference frame can be achieved, as shown in
Figure 5.10, which contains the coupling terms.

However, by designing proper controllers, the closed-loop system can be decoupled.
In the following section, inner current control is implemented to control the currents
in dg-axis.

5.2.1.1 Inner Current Controller

The inner current control loop can be implemented in the dg-frame, based on the
basic relationship of the system model. The control loop consists of PI controllers,
decoupling factors and feed-forward terms. This current control is represented by
the general block diagram as in Figure 5.11.

Inside the current control block, there are two PI regulators, for d- and g-axis current
control. They transform the error between d- and - components of currents into
voltage values.

PI-Controller - The PI-Controller is represented in s-domain as

Cls) = K, + K,,(HTZ'S) (5.11)

2
s T:s
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Figure 5.10: Structural diagram of the system in Figure 5.8 in dg-frame
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Figure 5.11: Inner current controller design

Where K, is the proportional gain, K is the integral gain and 7; is the integral time
constant (7; = K,/K;). This block performs

— vy (5.12)

c

14+ 1T;s
{[dqmef B qu}Kp ()
PWM Converter - From the control point of view, the PWM is considered as
an ideal power transformer with a time delay. The output voltage of the converter is

assumed to follow a voltage reference signal with an average time delay equals half
of a switching cycle, due to VSC switches. Hence the general expression is

P(s) = 5.13
() 1+1T,s ( )
where T, = Ty,,/2. Thus it performs
Ly (5.14)
“14+T,s ° )
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System - The system behavior is governed by Equation 5.9 and Equation 5.10.
As seen from these equations, the model of the VSC in the synchronous reference
frame is a multiple-input multiple-output, strongly coupled non-linear system. And
it is difficult to realize the exact decoupled control with general linear control strate-
gies.

The transformed voltage equations of each axis have speed/frequency induced term
(wLiyq and wli,) that gives cross-coupling between the two axes. For each axis, the
cross-coupling term can be considered as disturbance from control point of view.
Thus, a dual-close-loop direct current controller with decoupled current compensa-
tion and voltage feed-forward compensation is required to obtain a good control.
The system equations can be re-written as

di
Vg — Vde = Lf?f + Rfid - waiq
di
Vg — Vgec = Lfdfz;] + Rfiq + waid (515)

Using separate inner loop current controllers for i4 and i,, give the output of voltage
reference for the two axes, which will be fed to the converter.

1+T;s 1
e s 108, (52) (1)

1+Ty,s
1+T;s 1
Vae = Uarer = L} K, ( Tis ) (1 +T s) (5.16)

As seen from Equation 5.15, the d and q components of the converter voltages are
cross coupled. Hence, the reference used as input to system can be split in two
components, one of which is obtained from converter whereas the other is a feed-
forward term to eliminate the cross-coupling. With the compensation terms used
for decoupling, the system input from converter will be

Vd,c = _(1d77‘ef - Zd)Kp ( Ts > +wLyig + vy
‘/q,c = _(Zq,ref - Zq)Kp (M) — CULf'Ld + Uq (517)

By substituting Equation 5.17 into Equation 5.14 and equating it with Equation 5.15
gives

.
Lfﬁ + Rfid == Ud,c

a
Lfﬁ + Ryig = vge (5.18)

As we can see from Equation 5.18, the cross coupling terms are canceled out and
independent control in d and q axes is achieved, which is one of the important
features of dg-PI control using vector analysis. Thus, current controllers of each
axis operate independently.
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The system can finally be represented by a transfer function given as

1 1

G<8) :El+75

(5.19)

where the line time constant is given by 7 = Ly/Ry

5.2.1.2 Tuning of PI controller

The per-unit system simplifies the analysis of complex power systems by choosing a
common set of base parameters. It is also ideal for computer simulations and design
of controllers. The per-unit system is based on nameplate rated values for power,
phase current and voltage [50]. The calculation of any quantity in the per-unit
system is given by

Quantity (normal unit)

tit x4 5.20
Quantity (per unit) = Basevalue (normal unit) (5:20)
The base quantities used in this thesis are:
_ 2
Sy = fS = ><2><1o4_133><104 [V A]
Vb = \/7 \/7><4OO—326 V]
I =41 A
ap = Lgp = % [A]
Vi
Zayp = Zgp = [—b =79 Q)] (5.21)
b

where V;, and V,;, are the base voltages in the dq coordinates, I, and I, ; are base
currents in the dq coordinates, Zg;, and Z,; are base impedances in dq frame and
V,, and S, are rated voltage and rated apparent power respectively.

In order to achieve satisfactory performance, the PI controllers must be properly
tuned. The fundamental objectives of PI tuning are,

e Fast response of the system by increasing the cut-off frequency as high as
possible

e Small overshoot and good damping of oscillations

To optimize the speed of response and system stability, Modulus Optimum and
Symmetrical Optimum techniques are applied depending on the form of the open
loop transfer function of the control loop [51]. In this study, Modulus Optimum is
used to tune the PI controllers.

The objective is to make the cut-off frequency as high as possible. Hence, when
there is one dominant and another minor pole in the transfer function, the integral
time constant of the PI controller is chosen to cancel out the dominant pole.
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The over all open loop transfer function of the system (Figure 5.11) is given by:

1+7T;s 1 1 1
=K - .22
Gor p( T:s )(1+Tas>r(1+rs> (5-22)

Using Modulus Optimum criterion

Ly
T,=17=—" 5.23
== (5.23)
The chosen crossover frequency w, is one or two orders of magnitude smaller than f,
in order to avoid interference from the switching frequency components. Following
the requirement of unity gain at w,

K 1 1
ool - () (i)
Gou ‘(Tls 1+T,s/)r

Reorganizing Equation 5.24 ;| the proportional gain of the PI controller is calculated

as
K, = w1+ w.T,? (5.25)

The detail of Modulus Optimum design can be found in [52]. The values of K, and
K; that are used in the simulations are 122 and 3.04 respectively. But these values
does not represent the exact calculated values; they are tuned manually to match
the desired characteristics.

=1 (5.24)

5.2.2 Adaptive Hysteresis Control

The effectiveness of active power filter depends on the design and characteristics of
the current controller. There are various PWM current control strategies proposed
for SAF applications. But in terms of quick current controllability and easy im-
plementation, HCC has highest rating among other methods [53, 54]. This section
describes adaptive HCC for shunt active filter.

Hysteresis-based current control is a common PWM (pulse width modulation) con-
trol used in voltage-fed converters to force them behave as a controlled ac current
source to the power system. The scheme of this control strategy used to control the
shunt active filter is shown in Figure 5.12 [55, 56].

This hysteresis current controller is developed to generate the switching pulses to
control VSC switches by comparing the real measured currents to the reference
currents. The control scheme gives the switching pattern for the active filter switches
in order to maintain the real injected current within a desired hysteresis band (HB)
as illustrated in Figure 5.12 [55, 56, 57].

The switching logic of Figure 5.12, for a-phase current is given as:

o If i, < (i, — HB,), the upper switch of leg-a is OFF and the lower switch is
ON
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o If i, > (i}, + HB,), the upper switch is ON and the lower switch is OFF

The switching pattern for phase-b and phase-c are determined in the same man-
ner, using their corresponding reference and measured currents and their hysteresis

bandwidth (HB).

The bandwidth of the hysteresis current controller determines the allowable current
shaping error. By changing the bandwidth, the average switching frequency of the
active power filter can be controlled. In principle, increasing the converter operating
frequency helps to get a better compensating current waveform. However, there are
device limitations and increasing the switching frequency causes increased switching
losses, and EMI related problems. The range of switching frequencies used is based
on a compromise between these factors.

The adaptive hysteresis band current controller changes the hysteresis bandwidth
according to instantaneous compensation current variation (di’/dt) and V. voltage
to minimize the influence of current distortion on modulated waveform. In this
study, the adaptive hysteresis band current controller, proposed by Bose [58] for
electrical machine drives is used.

Figure 5.13 shows current and voltage waves of the PWM-voltage source converter
for phase-a. The current 7, tends to cross the lower hysteresis band at point 1,
where the switch T} is switched ON. The linearly rising current (i), then, touches
the upper band at point 2 where the transistor 7T} is switched ON. The linearly falling
current (i, ), then, touches the lower band at point 3. The following equations can
be written in the switching intervals ¢; and ¢, [58, 59].

dir 1

d; = ff<05%c — 'US) (526)
diz 1

;Z - —L—f(0.5vdc +v,) (5.27)

where Ly is the per phase coupling inductance and i and ¢, are the respective rising

HB

{

o + Switching
tc Pulse

ic

Figure 5.12: Hysteresis current control
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and falling current segments. From the geometry of Figure 5.13, we can write

dit di*
@t — 2t =2HB .2
o t o t (5.28)
di~ di*
bty — 2ty =—-2HB .2
dt > dt? (5.29)
tl —|— tg - T - 1/fsw (530)

where t; and ¢y are the respective switching intervals, and f,, is the switching
frequency. Adding Equation 5.28 and Equation 5.29 and substituting in to Equa-
tion 5.30 we can write

&t dic 1 dit
ay oy Pay 2% 5.31
a T T (5:31)

Subtracting Equation 5.29 from Equation 5.28, we get

dir  di di*
it — ity — (h —t) = 4HB (5.32)

Substituting Equation 5.31 in to Equation 5.32, we get

dit di
ity 1) = (t— 1) 2 = 4HB (5.33)

Substituting Equation 5.27 into Equation 5.31, we get

O dit/de
 few(dif/dt)

(ty — t2) (5.34)

T1

t1 2

T4 | o5V

Figure 5.13: Current and voltage waveform of leg-a of VSC
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Finally, substituting Equation 5.34 into Equation 5.33, we get the expression for

hysteresis band calculation as
AI2 (v ?
1—-—£ ( + m> (5.35)
Vie \Ly

A2
0B - 0.125Vy,.

f swL f
where, m = di*,/dt is the slope of reference current signal. The hysteresis band
HB will then be applied to the variable HCC. The Simulink model for obtaining
hysteresis band (HB) is shown in Appendix A.

Comparator —_
v ip-flo
1°c- 1c S p-tiop

T L)s ol—T1,
_,—P
HB >|:>—>

Figure 5.14: Simplified model of hysteresis band control

——
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Figure 5.14 shows a two-level hysteresis current control method implementation
using S-R flip-flop circuits for a three-phase converter. The comparator outputs go
into the flip-flop and the positive inner band limit output goes to set input(S) while
the negative inner band limit output goes to reset input(R) of the flip-flop. The
output of the flip-flop is used to gate the power switches; Q gates the upper switch
and !Q gates the lower switch. The details of this circuit arrangement can be found
in [60, 61].
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Chapter 6

Simulation Results and
Discussion

Non-linear and passive loads connected to the grid draw harmonic current and con-
sume reactive power which cause voltage distortion and harmonic pollution to the
other loads connected at PCC.

Telecom sites (VSC together with batteries) can be used to improve grid power
quality. The system model given in Figure 4.1 is analyzed in Matlab/Simulink for
different system conditions. Simulations are carried out for both three-phase, three-
wire systems and three-phase, four-wire systems.

6.1 Harmonic Elimination and Reactive Power Compensa-

tion in Three-Phase, Three-Wire System

In this section, simulation results for harmonic elimination and reactive power com-
pensation in three-phase three-wire systems are presented and discussed. In these
configurations, since there is no neutral conductor, the zero-sequence current is al-
ways zero, thus there will be no zero-sequence power compensation (pyg = 0). The
oscillating portion of the real power and all of the imaginary power are to be com-
pensated.

Six different cases for both dg-PI control and adaptive HCC control are simulated.
The different cases are identified based on whether the source is balanced or unbal-
anced or distorted and if the connected loads are balanced or unbalanced.
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6.1.1 Case 1: Balanced Source with Balanced Load

In this case, a balanced three phase supply voltage is considered with a source
impedance of R, = 10 [uQ]h and Ly = 1 [H]. Two three-phase R-L diode bridge
loads and one three phase sinusoidal R-L laod are connected at PCC. The Simulink
model of the system can be found in Appendix B. The SAF is connected at 0.2 sec
and the total simulation time is 0.4 sec. The supply voltage is given by the following
expression,

Vg sin wt
vy | = V2 x 230 |sin (wt — 120°) (6.1)
Ve sin (wt + 120°)

Voltage[V]

20(°°

Current[A]
=

[0
]

yyyyyyyyyyy

Figure 6.1: Three-phase source voltage and load current(case:1)

Figure 6.1 shows the supply three-phase voltage and the current drawn by the non-

linear load. It can be seen that the load draws highly distorted harmonic cur-
rent.

10 10
= =
§ 0 § 0
o} 3
-10 -10

0.18 0.19 0.2 0.21 0.22 023 0.24 0.18 0.19 0.2 9-21 0.22 0.23 0.2
Time[s] Time[s]

(a) dg-PI (b) adaptive HCC

Figure 6.2: Reference current and converter current comparison(case:1)
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Figure 6.3: Phase-a current and voltage for dg-PI control(Case:1)

Figure 6.2 shows phase-a reference harmonic current generated applying the pg-
theory and the corresponding harmonic current supplied by the converter with dq-PI
control (Figure 6.2(a)) and with adaptive HCC control (Figure 6.2(b)). We can see
that in both cases, the converter is able to follow the reference current satisfactorily.

From Figure 6.3, we can see that as soon as the SAF starts supplying compensating
currents at 0.2 sec, the distorted source current become sinusoidal in less than one
power cycle. As a result the THD in the source current changes from 20.29% to
1.37% for dg-PI control. For adaptive HCC control (Figure 6.4), the THD in the
source current changes to 1.22%.
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Figure 6.4: Phase-a current and voltage for HCC control(Case:1)
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Table 6.1 shows the percentage of different harmonic contents in the source current
before and after the connection of SAF relative to the fundamental 50 Hz component.
These new improved percentages of harmonics are well within the permissible limits
defined in IEEE-519.

Table 6.1: Harmonics spectra of the source current(%) (case:1)

Harmonic Order 1 5) 7 11 13 17 19 THD

Without Compensation 100 17.14 889 4.74 3.23 1.58 1.16 20.29
Compensation with dg-PI 100 0.97 0.38 0.56 0.36 0.30 0.19 1.37
Compensation with HCC 100 0.59 0.10 0.34 0.12 0.11 0.03 1.22

From Figure 6.3 and Figure 6.4, we can also see that phase-a voltage is in-phase
with the phase-a source current. This shows that the SAF resulted in a unity power
factor operation.

The SAF also successfully compensated the reactive power in the system. Figure 6.5
shows the instantaneous active and reactive power drawn from the source before and
after the connection of SAF. After the connection of the SAF at 0.2 sec, the load
only draws the average power required from the source and the oscillating portion
will be compensated by the converter. The load draws no reactive power from the
source since all of the reactive power is being compensated. The converter supplies
all the reactive power required in the system. This is also evident from unity power
factor operation.

Although the main target is obtaining a sinusoidal source current, since we are
considering a balanced three phase system, we can simultaneously achieve all the
three basic control objectives described in chapter 3. Since the SAF is compensating
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Figure 6.5: Instantaneous three-phase active and reactive power(case:1)
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all of the imaginary power and the oscillating portion of real power, the required
rms current from the source is smaller now (1.07[A] less) after the connection of the
SAF (Generalized Fryze current control strategy). The loads only draw constant
instantaneous active power from the source ensuring, Constant instantaneous power
control strategy.

6.1.2 Case 2: Balanced Source with Unbalanced Load

The supply voltage in this case is the same as the case considered above(Equation 6.1)
but unbalance is introduced in the load. The main system parameters that are used
for this simulation are summarized in Table 6.2.

Table 6.2: Main parameters of the simulated system (case:2)

Parameter Description
Source impedance R, =10 [puQ], Ly =1 [uH]
Converter filter Ry =100 [uS], Ly =4 [mH]
Load One three-phase R — L load, P =

1.5 [kW],Q = 250 [V Ar]

One single-phase diode rectifier connected
between the a-phase and the ground with
commutation inductance, Ly = 3 [mH]|

One single-phase diode rectifier connected
between the b-phase and the ground with
commutation inductance, Ly = 3 [mH]|

500
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-500

Current[A]

Figure 6.6: Three-phase source voltage and load current(case:2)
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Figure 6.7: Reference current and converter current comparison(case:2)

Figure 6.6 shows the supply three-phase voltage at PCC and the current drawn by
the non-linear load. It can be seen that the load draws highly distorted harmonic
and unbalanced current. This has resulted in the distortion of the voltage at the

PCC.

Figure 6.7 shows that the converter is able to follow the reference current effectively
with both dg-PI control (Figure 6.7(a)) and adaptive HCC control (Figure 6.7(b)).

From Figure 6.8, we can see that as soon as the SAF starts supplying compensating
currents at 0.2 sec, the distorted source current become sinusoidal. As a result the
THD in the source current reduces from 14.34% to 1.02% for dg-PI control. For
adaptive HCC control (Figure 6.9), the THD in the source current is 1.69%.

Table 6.3 shows the percentage of different harmonic contents in the source current
before and after the connection of SAF relative to the fundamental 50 Hz component.
And again the SAF minimizes the harmonics with in the limits defined in IEEE-
519.
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Figure 6.8: Phase-a current and voltage for dg-PI control(Case:2)
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Figure 6.9: Phase-a current and voltage for HCC control(Case:2)

Table 6.3: Harmonics spectra of the source current (%)(case:2)
Harmonic Order 1 3 ) 7 11 13 17 THD
Without Compensation 100 1.28 11.66 6.50 3.41 2.67 1.67 14.34
Compensation with dg-PI 100 0.26 0.50 0.30 0.39 0.24 0.27 1.02
Compensation with HCC 100 0.46 0.28 0.34 0.25 0.10 0.19 1.69

The SAF is also compensating the reactive power in the system. Figure 6.10 shows
the instantaneous active and reactive power drawn from the source before and after
the connection of SAF. After the connection of the SAF at 0.2 sec, the load draws
no reactive power from the source, the converter supplies all the reactive power

required in the system.
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Figure 6.10: Instantaneous three-phase active and reactive power(case:2)
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Since we are considering unbalanced three-phase system here, we can’t achieve all
the three basic control objectives described in chapter 3. The SAF only ensured
sinusoidal source current and loads draw both average and oscillating active power
from the source (Figure 6.10).

6.1.3 Case 3: Unbalanced Source with Balanced Load

In practical applications, the distribution supply voltages are not as ideal as in the
cases considered above but have unbalances. In an unbalanced system, the voltages
contain both positive and negative sequence components.

In this case, the system voltages are made strongly unbalanced by a 30% funda-
mental negative-sequence component. The phase angle of the fundamental positive-
sequence component is set to zero and the other components are orthogonal to it.
The system voltage is given by,

Vg sin wt sin (wt 4+ 90°)
vy | = V2 x 230 ¢ |sin (wt —120°) | + 0.3 |sin (wt + 120° + 90°) (6.2)
Ve sin (wt 4+ 120°) sin (wt — 120° + 90°)

The main system parameters that are used in this simulation are summarized in
Table 6.4.
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Figure 6.11: Three-phase source voltage and load current(case:3)
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Table 6.4: Main parameters of the simulated system (case:3)

Parameter Description
Source impedance R, =10 [puQ], Ls = 1 [uH]
Converter filter Ry =100 [, Ly = 4 [mH]
Load One three-phase R — L load, P =

1.5 [kW],Q = 250 [V Ar]

Two three-phase diode rectifier connected
with commutation inductance, L, = 3 [mH]|
and Rload =50 [Q], Lload =50 [mH]

Figure 6.11 shows the supply three-phase voltage and the current drawn by the
loads. Since the supply voltage is unbalanced, it requires fundamental positive se-
quence voltage detector to extract the fundamental positive sequence voltage form
the main supply voltage in order to implement sinusoidal current control strategy.

The extracted three-phase fundamental positive-sequence voltage is shown in Fig-
ure 6.12.
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Figure 6.12: Three-phase voltage from the positive-sequence detector(case:3)
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Figure 6.13: Reference current and converter current comparison(case:3)

The controller uses these fundamental positive-sequence voltages and the load cur-
rents to calculate the reference currents. The reference currents and the compen-
sating converter currents with dg-PI control and adaptive HCC control are shown
in Figure 6.13. We can see that the converter is following the reference current even
in unbalanced supply voltage conditions.
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Figure 6.14: Phase-a current and voltage for dg-PI control(Case:3)

From Figure 6.14 and Figure 6.15, we see that as soon as the SAF starts supplying
compensating currents at 0.2 sec, the distorted source current become sinusoidal.
The THDs in the source current in this case are 1.63% and 1.52% for dg-PI control
and adaptive HCC control respectively.

Voltage[V]

IS
>
S

N~
=]

Current[A]
=]

oY
=
:

Time][s]

eeeeeeeeee

Figure 6.15: Phase-a current and voltage for HCC control(Case:3)

Table 6.5 shows the detailed harmonic contents in the source current before and
after the connection of SAF relative to the fundamental 50 Hz component. Both
the individual harmonics and the THDs are minimized well with in the limit.
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Table 6.5: Harmonics spectra of the source current (%)(case:3)

Harmonic Order 1 3 5) 7 11 13 17 THD

Without Compensation 100 12.12 12.82 8.01 4.26 2.02 1.54 20.12
Compensation with dg-PI 100 1.08 0.69 0.55 0.51 0.22 0.26 1.63
Compensation with HCC 100 096 0.37 0.31 0.03 0.17 0.08 1.52

From Figure 6.14 and Figure 6.15, we can also see that phase-a voltage is in-phase
with the phase-a source current.This shows the SAF resulted in a unity power factor
operation; thus the system draws no reactive power from the source. The converter
supplies all the required reactive power in the system. This is also visible from
Figure 6.16 which shows the instantaneous power drawn by the load from the source.
The figure shows zero average reactive power being drawn.
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Figure 6.16: Instantaneous three-phase active and reactive power(case:3)

6.1.4 Case 4: Unbalanced Source with Unbalanced Load

The supply voltage in this simulation is the same as the case considered above
(case:3, Equation 6.2) and the loads connected are the same as given in case:2
(Table 6.2). We need fundamental positive-sequence detector before the reference
currents are calculated.

As shown in Figure 6.17, the supply voltages are highly unbalanced and the currents
drawn by the connected loads are highly distorted and unbalanced.
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Figure 6.17: Three-phase source voltage and load current(case:4)

Even in the case of high unbalance and distortion in the load current, Figure 6.18
shows that the converter is able to follow the reference current effectively with both
dg-PI control (Figure 6.18(a)) and adaptive HCC control (Figure 6.18(b)). But a
close look at these figures shows that considerable amount of noises start to show
up as compared with all the above cases considered. This is also evident from the
fact that the THD in the source current is significantly larger than the previous
cases.
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Figure 6.18: Reference current and converter current comparison(case:4)

From Figure 6.19 and Figure 6.20, after the start of the active filter, the source
current become in phase with the phase voltage, which means that the active filter
compensated well the reactive power of the load. A close look at these currents
reveals that some spikes are present in them. These are cause by a very high di/dt
in the highly unbalanced and distorted currents, which cannot be fully compensate
by the filter. These spikes affect the performance of the shunt active filter.
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Figure 6.19: Phase-a current and voltage for dg-PI control(Case:4)

The THDs in the source current in this case are 2.22% and 2.38% for dg-PI control
and adaptive HCC control respectively. Table 6.6 shows the detailed harmonic
contents in the source current before and after the connection of SAF relative to
the fundamental 50 Hz component. The individual harmonics are relatively larger
than their corresponding values in the previous case but still they are well with in
the limit.

Voltage[V]

A
>
=

[
>

Current[A]
[—J

)
=

0.16 0.18 0.2 0.22 0.24 0.26
Time[s]

Figure 6.20: Phase-a current and voltage for HCC control(Case:4)
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Table 6.6: Harmonics spectra of the source current (%)(case:4)

Harmonic Order 1 3 5 7 11 13 17 THD
Without Compensation 100 5.06 8.17 6.33 249 1.65 1.71 12.24
Compensation with dg-PI 100 1.16 0.94 0.92 0.54 0.58 0.62 2.22
Compensation with HCC 100 0.98 1.26 0.75 0.16 041 0.34 2.38

6.1.5 Case 5: Distorted Source with Balanced Load

The distortion in the electrical distribution system network has increased signifi-
cantly due to the non-linear nature of the power electronic loads that are connected
at PCC. The power electronic loads are very rich source of harmonics, and cause
distortion in the supply voltage. Under such circumstances, the supply voltage is
composed of both fundamental and harmonics voltages.

For this case, the system voltage is made both unbalanced and distorted. A distor-
tion of 15.5% third harmonic, 11.5% fifth harmonic and 7.7% seventh harmonic is
introduced to the system voltage. The harmonic components are made purely from
the negative-sequence component. The time function corresponding to this voltage
is given by Equation 6.3.

Va sin (wt) sin (wt)
vy | = V2 x 230 ¢ |sin (wt —120°) | + 0.3 |sin (wt + 120°)
Ve sin (wt + 120°) sin (wt — 120°)
sin (3wt) sin (bwt) sin (Twt)
+ 0.2 |sin (3wt + 120°) | + 0.15 |sin (5wt + 120°) | + 0.1 |sin (7wt + 120°)
sin (3wt — 120°) sin (5wt — 120°) sin (7wt — 120°)

(6.3)
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Figure 6.21: Three-phase source voltage and load current(case:5)
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Figure 6.21 shows the supply three-phase voltage and the current drawn by the
loads. The supply voltage is highly unbalanced and distorted, thus it requires posi-
tive sequence voltage detector to extract the fundamental positive sequence voltage
from the main supply voltage in order to implement sinusoidal current control strat-

egy. The extracted three-phase fundamental positive-sequence voltage is shown in
Figure 6.22.
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Figure 6.22: Three-phase voltage from the positive-sequence detector(case:5)

Figure 6.22 shows that the positive-sequence voltage detector is working well to
extract the fundamental positive-sequence voltages from the distorted supply and
these voltages will be used in the controller to calculate the reference currents.
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Figure 6.23: Phase-a current and voltage for dq-PI control(Case:5)

Figure 6.23 and Figure 6.24 show respectively the a-phase voltage and current for
dq-PI control and adaptive HCC control. It can be seen that, by action of the shunt
active filter, the power supply phase current becomes sinusoidal and in phase with

the phase voltage. This means that reactive power is totally compensated by the
SAF.
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Figure 6.24: Phase-a current and voltage for HCC control(Case:5)

Table 6.7 shows that the THD in source current after active filtering reduced from
28.76% to 1.98% for dg-PI control and to 2.82% for adaptive HCC control. So
the harmonics have been compensated to a level well below the defined harmonic
standards. So, the p-q theory not only works well to eliminate the harmonics and
compensate reactive power of ideal distribution power system but also for distorted
and unbalanced systems.

Table 6.7: Harmonics spectra of the source current (%)(case:5)

Harmonic Order 1 3 5 7 9 11 13  THD
Without Compensation 100 2527 11.16 6.49 3.09 2.29 1.79 28.76
Compensation with dg-PI 100 1.07 0.62 0.44 0.27 025 0.21 1.98
Compensation with HCC 100 041 0.16 0.42 0.11 0.20 0.13 2.82

6.1.6 Case 6: Distorted Source with Unbalanced Load

This is the most critical case since it assumes the worst conditions in both the
supply voltage and the connected loads. The supply voltage is highly unbalanced
and distorted as given in Equation 6.3 and the connected loads are unbalanced as
given in Table 6.2.

Even in this condition, the active filter is able to calculate the reference currents from
the load currents and voltages from positive-sequence detector. The converter is also
able to generate the required currents to eliminate the harmonics and compensate
reactive power in the system.
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Figure 6.25: Three-phase source voltage and current with dg-PI(case:6)
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Figure 6.26: Three-phase source voltage and current with HCC(case:6)

Figure 6.25 and Figure 6.26 show three-phase source voltages and currents before
and after the connection the SAF. From the figure, we can see that as soon as the
active filter is connected at 0.2 sec, the source currents become sinusoidal but not
balanced. In three-phase four-wire system, we will see that the source current will
be both sinusoidal and balanced for the same conditions. The phase currents are in
phase with their corresponding phase voltages, meaning that the reactive power in
the system is being compensated.

The compensated source currents also contain spikes because of the high di/dt in
the distorted load currents resulting in poor performance of the SAF. The THDs
are understandably large for this case as shown in Table 6.8.

Power Converters as Smart Instruments and Actuators in a Smarter Grid



78 CHAPTER 6. SIMULATION RESULTS AND DISCUSSION

Table 6.8: Harmonics spectra of the source current (%)(case:6)

Harmonic Order 1 3 5 7 9 11 13 THD
Without Compensation 100 23.44 11.69 7.59 4.05 3.32 2.62 28.08
Compensation with dg-PI 100 1.04 0.89 0.43 0.69 087 043 2.24
Compensation with HCC 100 1.82 1.43 0.67 0.74 0.59 0.51 3.10

Simulation Summary

Table 6.9 presents the THDs in the source current in all the source and load condition
studied above. And it can be seen that all are well with in the limits in IEEE-519
standard.

Table 6.9: THD summary for three-phase, three-wire systems

Case dqg-PI Adaptive
HCC
Balanced source-Balanced load 1.37 1.22
Balanced source-Unbalanced load 1.02 1.69
Unbalanced source-Balanced load 1,63 1.52
Unbalanced source-Unbalanced load 2.22 2.38
Distorted source-Balanced load 1.98 2.82
Distorted source-Unbalanced load 2.24 3.10

Figure 6.27 shows performance comparison in active shunt filtering between dg-PI
and adaptive HCC control in three-phase, three-wire system. The loads are kept the
same (balanced) in all the three conditions, while the source voltage is varied.
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Figure 6.27: Comparison between dg-PI and Adaptive HCC in three-phase, three-
wire system with balanced load
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In both control techniques, the THD is seen to increase, when the supply voltage is
varied from balanced type to distorted type. From this figure, we may be tempted
to conclude that dg-PI control performs better than adaptive HCC, but as we will
see in the next section, with all undesired current components being compensated,
adaptive HCC results better control.
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Figure 6.28: Comparison between dg-PI and Adaptive HCC in three-phase, three-
wire system with unbalanced load

Same conclusion as above can also be made from Figure 6.28, which shows perfor-
mance comparison between dg-PI and adaptive control in unbalanced load condi-
tions.

6.2 Harmonic Elimination and Reactive Power Com-
pensation in Three-Phase, Four-Wire System

In this section simulation results for harmonic elimination and reactive compensation
in three-phase four-wire systems are presented and discussed. The “split-capacitor”
converter topology is used in the design of the active filter. Additional feature of
compensating the zero-sequence power is introduced in addition to the compensation
characteristics discussed in Section 6.1. The oscillating portion of the real power,
zero-sequence power and all of the imaginary power are compensated.

Two cases for both dg-PI control and adaptive HCC control are simulated depending
on the type of supply voltage considered.

6.2.1 Case A: Balanced Source with Unbalanced Load

In this case, a balanced sinusoidal three-phase supply voltage is considered with a
source impedance of Ry = 10 [uf2] and Ly = 1 [uH]. One three-phase R-L diode
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rectifier, one three phase linear R-L load and two single-phase diode rectifiers are
connected at PCC. The Simulink model of the system is shown in Appendix B. The
SAF is connected at 0.2 sec and the total simulation time is 0.4 sec. The supply
voltage is given by the expression in Equation 6.1. The main system parameters
that are used in this simulation are given in Table 6.10.

Table 6.10: Main parameters of the simulated system (case:A)

Parameter Description
Source impedance Ry =10 [uQ], Ls = 1 [uH]
Converter filter Ry =100 [uQ2], Ly =4 [mH], L, = 2 [mH]
Load One three-phase R — L load, P =

1.5 [kW],Q = 250 [V Ar]

One three-phase diode rectifier, with commu-
tation inductance,Ly; = 3 [mH]

One single-phase diode rectifier connected
between the a-phase and the neutral with
commutation inductance, Ly = 3 [mH]|

One single-phase diode rectifier connected
between the b-phase and the neutral with
commutation inductance, Ly = 3 [mH]|

One simulation for each dg-PI and adaptive HCC control with the same parameters
was performed for comparison between them. Both control techniques resulted in
quite similar output for this case, but as we will see in the next case study, adaptive
HCC showed much better performance in filtering of harmonics and reactive power
compensation.
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Figure 6.29: Three-phase source voltage and current with dg-PI(case:A)
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Figure 6.29 and Figure 6.30 show three-phase source voltages and currents. Before
the connection of the active filter, the source currents are not only strongly distorted,
but also unbalanced. After the start of the active filter, the source currents become
sinusoidal and balanced in both control techniques. But, we can still see a slightly
better dynamics and performance from adaptive HCC control.

Figure 6.31 shows the dynamic performance of the shunt active filter with adaptive
HCC control. It shows the source voltage, source current, load current and the
converter current in phase-a. After the start of the SAF, the converter starts to
supply the compensating current which forces the distorted source current to be
sinusoidal and in phase with the source voltage, which means that the active filter
compensated well the reactive power of the load and also minimized the harmonics
in the source current. Similar results are obtained using dg-PI control (Appendix

Q).
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Figure 6.30: Three-phase source voltage and current with HCC(case:A)

Table 6.11 shows the percentage of different harmonic contents in the source current
before and after the connection of SAF relative to the fundamental 50 Hz component.

These new improved percentages of harmonics are well within the allowed limits
defined in IEEE-519.
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Figure 6.31: Dynamic behaviour of the SAF for a-phase with HCC(case:A)

Three-phase, Four-wire shunt active filters are specifically designed to compensate
neutral currents (zero-sequence current components) in addition to realizing a sinu-
soidal source current and compensating the reactive power of the load.

Table 6.11: Harmonics spectra of the source current (%)(case:A)

Harmonic Order 1 3 5) 7 11 13 17 THD

Without Compensation 100 2.30 996 5.44 391 296 1.75 12.90
Compensation with dg-PI 100 0.13 0.33 0.15 0.51 0.30 0.27 1.22
Compensation with HCC 100 0.16 0.03 0.01 0.03 0-01 0.02 0.24

0.16 0.18 0.2 0.22 0.24 0.26

Figure 6.32: Neutral current compensation with dg-PI control(case:A)

Figure 6.32 and Figure 6.33 show that there is a neutral source current flowing in the

Power Converters as Smart Instruments and Actuators in a Smarter Grid



CHAPTER 6. SIMULATION RESULTS AND DISCUSSION 83

system before the connection of the filter. After the start of the filter, the converter
supply the same magnitude in opposite direction neutral current as the load neutral
current. Thus, there will be no neutral current flowing in the system after the filter
is connected.

0.16 0.18 0.2 0.22 0.24 0.26
Time[s]

Figure 6.33: Neutral current compensation with HCC control(case:A)

6.2.2 Case B: Distorted Source with Unbalanced Load

For this case, the system voltage is made both unbalanced and distorted. The time
function corresponding to this voltage is the same as given in Equation 6.3. Other

than the supply voltage, the loads condition are the same as Case A considered
above (Table 6.10).

[ B N
[T 1
=

Voltage[V]
>

<>

Current[A]
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0.16 0.18 0.2 0.22 0.24 0.26
Time]s]

Figure 6.34: Three-phase source voltage and current with dg-PI(case:B)
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Figure 6.34 and Figure 6.35 show three-phase source voltages and currents. Before
the connection of the active filter, the source currents are strongly distorted and
unbalanced. After the start of the active filter, adaptive HCC control is able to
control the VSC to force sinusoidal and balanced source currents (Figure 6.35).

Voltage[V]
=

AW
S =
S 3

Current[A]
(30
=} [—}

v
=
-

Time[s]

Figure 6.35: Three-phase source voltage and current with HCC(case:B)

The dg-PI control however is not able to effectively force the source currents to the
design requirements (Figure 6.34). Actually, as it is visible form the wave from, the
source currents are no more sinusoidal just after two power cycles and significantly
large spikes begin to appear making the active filter not working as per design. This
can also be seen from the large THD in the source currents. This and other simula-
tion cases studied earlier show that, in highly distorted and unbalanced system, the
dq-PI control performance deteriorates.

0.16 0.18 0.2 0.22 0.24 0.26

Figure 6.36: Dynamic behaviour of the SAF for a-phase with dg-PI(case:B)
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The poor performance of dg-PI control is also visible from Figure 6.36. Although
the source current is in phase with the phase voltage fulfilling reactive power com-
pensation, the current is not sinusoidal with high harmonics content in it.

) 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26
Time][s]

Figure 6.37: Dynamic behaviour of the SAF for a-phase with HCC(case:B)

Figure 6.37 shows the dynamic performance of the shunt active filter with adap-
tive HCC control. After the start of the SAF, the converter starts to supply the
compensating current which forces the distorted source current to be sinusoidal and
in phase with the source voltage, which means that the active filter compensated
well the reactive power of the load and also minimized the harmonics in the source
current.

Table 6.12: Harmonics spectra of the source current (%)(case:B)

Harmonic Order 1 3 5) 7 9 11 15 THD

Without Compensation 100 21.54 10.92 6.96 3.37 2.73 2.14 28.17
Compensation with dg-PI 100 541 2.53 1.05 238 1.02 0.27 7.23
Compensation with HCC 100 0.43 0.09 0.06 0.04 0.02 0.03 0.51

Table 6.12 shows the percentage of different harmonic contents in the source current
before and after the connection of SAF relative to the fundamental 50 Hz compo-
nent. The harmonics are well minimized with adaptive HCC control but with dg-PI
control, harmonic limits defined in IEEE-519 are violated and this type of control
technique should be avoided in highly distorted systems.

Figure 6.38 shows the waveform for compensating the neutral current with dg-PI
control. It shows that the source neutral current is zero after the SAF is connected
at 0.2 sec. Similar result is also obtained with adaptive HCC control (Appendix
C).
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Time][s]

Figure 6.38: Neutral current compensation with dg-PI(case:B)

Simulation Summary

Figure 6.39 shows performance comparison between dq-PI and adaptive HCC control
in three-phase, four-wire systems. It shows that adaptive HCC control gives a much
better result when all undesirable current components are compensated.

mdq-PI m Adaptive HCC

S = N W ke g NN ®

Balanced-Unbalanced Distorted-Unbalanced

Figure 6.39: Comparison between dg-PI and Adaptive HCC in three-phase, four-
wire system

Figure 6.39 can be compared with Figure 6.28 on page 79 for three-phase, three-
wire system. From these two figures, we can conclude that adaptive HCC control is
the better option when the system under study is highly distorted and unbalanced
and dg-PI control performance deteriorates on highly non-linear and distorted sys-
tems.

Figure 6.40 shows the performance of adaptive HCC control in three-phase, three-
wire (3P3W) and three-phase, four-wire (3P4W) system under the same unbalanced
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load condition. It can be seen from the figure that, adaptive HCC performs much
better in systems where all undesirable current components are taken into consid-
eration (3P4W) in the design of active filters.

S5,

2.5

1.5

0.5

u 3P3W m3P4W

Balanced-Unbalanced Distorted-Unbalanced

Figure 6.40: Adaptive HCC in three-phase, three-wire and three-phase, four-wire

system
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Telecom sites at different locations in the city have power converters and batteries
that are installed with a primary purpose of supplying power to different telecom
dc loads. In this study, the potential of these battery-converter combinations are
studied in relation to aiding the grid in power quality improvement. They are
used in shunt active filter configuration to mitigate source current harmonics and
compensate reactive power in the system.

Two categories of shunt active filters are considered: three-phase, three-wire SAF
and three-phase, four-wire SAF. The instantaneous power theory (p-¢ Theory) is
used to design the controllers in these filters. And two types of control techniques
(dg-PI control and adaptive HCC control) are used to modulate the converters to
supply the required compensating currents from the active filter. The performance
of these filters is investigated under different system conditions.

From the different simulations, it can be concluded that, active filter controller based
on p-q theory, is able to calculate almost instantaneously the required compensating
currents even under highly unbalanced and distorted system conditions. The perfor-
mance of the shunt active filter is only limited by the type of modulation technique
used.

In almost every case studied, the source current after the connection of the shunt
active filter, becomes sinusoidal, ‘free’ from harmonics and in phase with voltage of
the main supply. Thus ensuring a unity power factor operation, which also mean
total compensation of the reactive power of the load. The THDs in the source
current are reduced to a level well below the standard defined in IEEE-519.
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Although both modulation techniques (dg-PI control and adaptive HCC control),
are able to give relatively similar results in most of the conditions in three-phase,
three-wire systems, it can be noted from the simulations that the performance of
the SAF using dg-PI control deteriorates when non-linearity increases in the system
and when three-phase, four-wire systems are considered. Thus, a choice between
the two will be a compromise between fast response, easy control, switching losses

and the required level of THD.

From this study, it is shown that we can use the power converters at different
telecom sites to aid the grid in power quality improvement with harmonics and
reactive power. It is also possible to add other functionality to this system. But it
requires further research on the cost effectiveness of this arrangement.

7.2 Future Work

This study focused on understanding of smart grid, the challenges and opportunities
from smart grid and analysis of different grid quality issues. The roles of energy
storage and power converters in telecom sites for aiding power quality issues are
studied through literature and simulations. Only harmonics and reactive power
compensation was the focus of this study, but this can be expanded to include:

e Other issues like, import/export of active power as an additional feature,

e Investigation of different control strategies other than p-q theory and other
modulating techniques,

e The system can be expanded to include renewable energy resources, like solar
and wind power in addition to the batteries and also different telecom sites
can be integrated together,

e The work presented here can be implemented and verified by experimental
results.
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Appendix

Appendix A: Harmonic limits and Three-phase,
four-wire SAF

Current Harmonic Limits The revised IEEE-519, which contains recommended
practices and requirements for harmonic control in electric power systems, specifies
requirements on the user as well as on the utility.

Isc /14 h<1l 11<h<17 17<h<23 23<h<35 35<h THD

< 20 4.0 2.0 1.5 0.6 0.3 2.0
20 — 50 7.0 3.5 2.5 1.0 0.5 8.0
50 — 100 10.0 4.5 4.0 1.5 0.7 12.0

100 — 1000  12.0 5.9 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

Adaptive bandwidth calculator

du/dt
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Three-phase, four-wire shunt active filter
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Appendix B: Simulation Models

Balanced source balanced load(case:1) simulation model
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Three-phase, four-wire simulation model(case:A and Case:B)
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Appendix C: Simulation Results

Dynamic behaviour of the SAF for a-phase with dg-PI(case:A)
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Time][s]

Neutral current compensation with adaptive HCC(case:B)
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