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ABSTRACT

In conventional power generation systems, large centralized plants operating on fossil
fuel mainly generate the electric power. The generated electricity has to travel through the long
transmission and distribution lines to be delivered to the end users. In addition to being costly,
this structure yields poor reliability and low efficiency. On the other hand, serious concerns have
been raised about the shortage of fossil fuels, global warming, and energy security. As a result,
the power systems are moving toward more distributed structures based on renewable energy

resources.

During the last decade, the concept of small-scale energy resources distributed over the grid has
gained a considerable interest. This concept is often called distributed generation (DG). DG
systems are mainly using renewable energy sources as their prime movers. Renewable energy
sources (including biomass, wind, solar, hydropower, and geothermal) can provide clean,
efficient, reliable and adequate energy supply while making modern energy services accessible
and affordable.

However, despite the substantial benefits of distributed generation, the application of an
individual DG system can cause as many problems as it may solve. To avoid such problems and
to realize the emerging potential of distributed generation, a system approach has been taken, in
which generation and loads are considered as a subsystem called “micro-grid”.

One important issue in the existing power network is the capability of renewable energy sources
to increase the power quality of the micro-grid. One aspect of this feature is harmonic
compensation using distributed resources.

In this thesis an adoptive notch filter (ANF) is employed in the control system of a distributed
generation (DG) system for harmonic compensation. It is shown that the performance of the

system is highly improved using the adoptive notch filter.
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Chapter 1

Introduction

1.1 Renewable Energy Systems

During the past centuries, energy has been available from conventional fossil fuels (e.g. coal, oil
and natural gas). Fossil fuels are relatively easy to generate energy since they only require a
simple direct combustion. However, due to increasing concerns about the price of fossil fuels
and their environmental side effects (e.g. greenhouse gas emissions, air pollution, global
warming concerns and climate change), the interest in renewable energy resources has been
raised as they can play an important role in producing clean, local, and inexhaustible energy to
supply growing demand for electricity. Renewable energy resources including wind, solar, and
hydro are seen as a reliable alternative to the traditional energy resources such as oil, natural gas,
or coal [3]. Figure 1.1 shows installed capacity at the end of 2005 of PV power systems,

reporting in the IEA-PVPS 2006.
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Figure 1.1 Installed PV power in the world at the end of 2005 [1]

Also, Figure 1.2 illustrates the development of the wind turbine technology during the last 25

years.
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Figure 1.2 Development of the wind turbines at the end of 2003 [2]
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1.2 Control Objectives in Renewable Energy Systems

Considering the generation scale and characteristics of these renewable energy resources, the
concept of distributed generation has been proposed. To transform this abstract concept into a
practical application, distributed generation systems such micro-grids and smart-grids have been
developed. A general structure for a DGS is illustrated in Figure 1.3. The input power is
transformed into electricity by means of a power conversion unit whose configuration is closely
related to the input power nature [4]-[8]. The generated electricity can be delivered to the local

loads or to the utility network, depending on where the generation system is connected.
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Figure 1.3 General structure for distributed power system



The main part of this distributed generation system is its control system. In this structure, there
are basically two controllers; an input side controller that controls the input side converter and a
grid side controller that deals with the DGS interaction with the utility grid.

The input side controller extracts the maximum power from the input power source and
transmits this power to the grid side controller. Furthermore, this controller is responsible for
protection of the input power source. The grid side controller normally regulates the dc-link
voltage to maintain the power balance, and controls the output current to insert quality power to
the grid. The dc links decouples the input and output converters. Therefore, the grid side
converter is mainly responsible for the fault tolerance of such a power generation system [12].
The grid side controller consists of two major units: grid synchronization and grid monitoring
units. The grid synchronization synchronizes the converter-interfaced DG units with the utility
system, and the grid monitoring monitors grid side parameters and based on those parameters
generates appropriate reference control signals [9]-[14].

Grid synchronization is a challenging task especially when the utility signal is polluted with
harmonics and disturbances. This is particularly critical in converter-interfaced DG units where
the synchronization scheme should provide a high degree of immunity and insensitivity to
power system disturbances, harmonics, unbalance, voltage sags, and other types of pollutions
that exist in the grid signal [5], [13]. Another important part of the grid side controller is the
grid- monitoring unit, which plays a vital task in power quality and protection of grid connected
converters. This unit is also responsible for harmonics detection and active/reactive current

(power) extraction from the load/grid.



1.3 Basic Control Methods

The implementation of the control strategy for a distributed generation system can be done in
different reference frames such as synchronous rotating (dq), stationary (af), or natural (abc)
frame. Traditional control structures for the grid-connected converters are discussed in this

section.

1.3.1 Synchronous Reference Frame Control

Synchronous reference frame control, also called dq control, uses a reference frame
transformation module, (i.e. abc — dq), to transform the grid current and voltage waveforms
into a rotating reference frame that rotates synchronously with the grid voltage. By using the
synchronous reference frame, the control variables become dc values; thus, filtering and
controlling can be easily achieved [15].

A schematic of the dq control is represented in Figure 1.4. In this structure, the dc-link voltage
is controlled in accordance to the necessary output power. Its output is the reference for the
active current controller, whereas the reference for the reactive current is usually set to zero. The
dq control structure is normally associated with proportional-integral (PI) controllers since they
have a satisfactory behaviour when regulating dc variables. The matrix transfer function of the

controller in dq coordinates can be written as:

%, (1.1)

Where Kp is the proportional gain and K; is the integral gain of the controller. Since the
controlled current has to be in phase with the grid voltage, the phase angle of the grid voltage

must be extracted. Filtering the grid voltages and using arctangent function to extract the phase
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angle is a possibility [16]-[18]. The state of the art for the extracting the phase angle of the grid
voltages is employment of the phase-locked loop (PLL) technique [5], [19]-[21]. The PLL
algorithm provides a better rejection of grid harmonics, notches, and any other kind of
disturbances. However, one drawback is in case of unsymmetrical voltage faults where the
second harmonics produced by the negative sequence will propagate through the PLL system
and will be reflected in the extracted phase angle. To overcome this, the negative sequence
should be filtered out, and during unbalanced conditions, the three-phase dgq PLL structure
should estimate the phase angle of the positive sequence of the grid voltages. For improving the
performance of PI controller in such a structure as depicted in Figure 1.4, cross-coupling terms
and voltage feed-forward are usually used [22]-[27]. Even in improved PLL-based structures
equipped with PI controllers, acceptable low-order harmonic rejection/compensation is not

achieved, which is a major drawback when using them in grid- connected systems [5].

UdCl ud
Usg/ 1 | peLink |14 P |Ud)
Controller Controller

PWM
inverter

uq”
Controller ( >

Figure 1.4 Synchronous rotating frame control structure



1.3.2 Stationary Reference Frame Control

In stationary reference frame control shown in Figure 1.5, the control variables, (i.e. grid
currents), are time-varying waveforms; therefore, PI controllers encounter difficulties in
removing the steady-state error. As a consequence, another type of controller should be used in
this situation. The proportional-resonant (PR) controller [28]-[29] gained a large popularity in
the last decade due to its capability of eliminating the steady-state error when regulating
sinusoidal signals, as is the case of aff or abc control structures. Moreover, easy implementation
of a harmonic compensator for low-order harmonics without influencing the controller dynamics
makes this controller suitable for grid-connected systems [12], [30]. The controller matrix in the
stationary reference frame is given by

Kis

K -
@, _ |7 T 2raz
Gt (s) = OS @ 4 s (1.2)

P 5242

Where o is the resonance frequency of the controller, Kp is the proportional gain, and K; is the
integral gain of the controller. This controller achieves a very high gain around the resonance
frequency, which makes it capable of eliminating the steady-state error between the controlled
signal and its reference [31]. The width of the frequency band around the resonance point
depends on the integral time constant, K;. A low K; leads to a very narrow band, whereas a high

K; leads to a wider band.
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Figure 1.5 Stationary reference frame control structure

1.3.3 Natural Frame Control

In the abc control is an individual controller is used for each grid current; however, different
ways of connecting the three-phase systems (i.e., delta, star with or without isolated neutral,

etc.), are issues to be considered when designing the controller [5].

The abc control is a structure in which nonlinear controllers like hysteresis or dead-beat are
usually preferred due to their responsiveness. The performance of these controllers is
proportional to the sampling frequency. An implementation of abc control is depicted in Figure
1.6, where the output of dc-link voltage controller sets the active current reference. Using the
phase angles of the grid voltages provided by a PLL system, the controller generates three
current references. Each of them is compared with the corresponding measured current, and the
error goes into the controller. When hysteresis or dead-beat controllers are employed in the
current loop, the modulator is not anymore necessary. The output of these controllers is the

switching states for the switches in the power converter. In the case that three PI or PR
8



controllers are used, a modulator is necessary to generate the PWM pattern [12]. PI controller is
widely used, and its performance in the abc frame is described in [27]. The implementation of
PR controller in abc is straightforward since the controller is already in the stationary frame.
Therefore, complexity of this controller is considerably less than a PI controller. Furthermore, to
implement hysteresis control, an adaptive band of the controller has to be designed to obtain
fixed switching frequency. Dead-band (DB) controller is widely employed for sinusoidal current
regulation of different applications due to its responsiveness [15]-[18], [32]-[35]. Two different
PLL schemes are possible in the abc frame control. In the first approach, three single-phase PLL
systems [20] are employed to independently extract the three phase angles of the grid voltages.
In this case, the transformation module dq — abc is not necessary anymore, with the active
current reference being multiplied with the sine of the phase angles. In the second approach, one
three-phase PLL [13], [42]-[44] is used and the current references are created as shown in Figure

1.6 [5].

Udcl

Udc DC-Link |d1 dq ia* +)» Current | Ua*
Controller ap Controller 4

A_
A "
0
ib* + 7 Current Ub* PWM G v
"1 Controller Tl inverter | ia| o] e L
b=
ic*
+ .| Current |Uc* vy
Controller PLﬂ
ich —

Figure 1.6 Natural reference frame control structure
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1.4 Evaluation of Different Controllers

Dependence on voltage feed-forward and cross-coupling blocks are the major drawbacks of the
control structure implemented in synchronous reference frame. The phase angle of the grid
voltage should be extracted in this implementation. In the stationary reference frame, if PR
controllers are used for current regulation, the complexity of the control becomes less compared
to the structure implemented in the dg frame. Additionally, the phase angle information is not
necessary and filtered grid voltages can be used as templates for the reference current waveform.
In the natural frame, the control system complexity will be increased if an adaptive hysteresis
band controller is used for current regulation. A simpler control scheme can be achieved by
implementing a dead-beat controller instead. Note that for this control structure, each phase can
be controlled independently if three single-phase PLLs are used to generate the current reference

[45].

1.6 Research Motivation

Distributed energy sources equipped with power electronic interfaces can provide flexibility
while working as an aggregated system and maintain the desired power quality and energy
output in a power network. However, despite the significant benefits of distributed generation,
the submission of a DG system can cause many problems such as lots of protection coordination
and interference with grid's transient response. To solve these problems, distributed generation
systems are integrated to form micro-grids and smart-grids. Most of the power electronics-based
distributed generation systems are interconnected to the utility grid; hence, switching harmonics

will directly influence the quality of the output currents. If this problem is not properly
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addressed, connection of the DES to the utility network will create problems on the grid side.
Therefore, power quality, control and harmonic compensation are considered as an important
operation characteristics. There are different methods such as using passive and active filters and
using appropriate control schemes like PI controller, PR controller and nonlinear controller for
reducing harmonics in power electronic converters. Grid synchronization unit is a crucial
subsystem regarding to harmonic compensation. Among different methods introduced for grid
synchronization such as zero-crossing, filtering method, and the PLL-based method, the later
one perfectly rejects harmonics and other disturbances. However, the PLL-based method needs
further improvements to handle the unbalanced situations. To alleviate the aforementioned
problems and improve the power quality and dynamic performance of the power network, a
modified reduced-order digital adaptive notch filter (ANF) that extracts harmonic contents of

the voltage and the injected current at the point of common coupling is introduced in this thesis.

1.7 Research Objectives

The objective of this research is to incorporate an adoptive power processor in a closed loop
control scheme of renewable energy systems for power quality enhancement of the emerging
micro-grids. This power processor enables the system to extract harmonics, and allows for
compensation of particular unwanted frequency components, or a wide range of spectral
contents of the injected current. Current harmonics of non-linear local loads have been therefore
compensated by the distributed generation (DG) source and quality electric power is injected to
the grid. Moreover, the proposed scheme is able to deal with unbalanced harmonic contents. The
theoretical analysis is presented and Simulation results verify the accuracy of the proposed

technique.
11



1.8 Thesis Layout

This thesis is organized as follows. Chapter 2 presents an extensive literature review on existing
techniques for power quality improvement in terms of harmonic compensation. Control schemes
for harmonic compensation in various reference frames will be discussed. And finally, among
all grid synchronization techniques, ANF method is discussed for achieving better results
compared to PLL techniques.

Chapter 3 reviews a single-phase and three-phase synchronization technique for harmonic
extraction of the grid signal. The three-phase ANF based approach is extended for the extraction
of individual harmonics of the load current. Finally, a digital power processor based on a
modified reduced-order ANF will be presented and discussed.

In chapter 4, the unique multi-purpose modified ANF-based power processor technique, will be
used for the power quality enhancement of DG systems in micro-grids. All this, nominate the
technique as a simple and powerful “power processor”. The operating principles of such a power
signal analyzer are presented and the simulation results confirm the validity of the analytical
work.

Chapter 5 presents the thesis summary and its contributions as well as directions for future work.

12



Chapter 2

Literature Review

Renewable energy resources such as wind and solar are considered clean and suitable
choices for electric power generation compared to conventional energy resources such as oil,
coal and natural gas. Nowadays, it is a general trend to deploy renewables in the electricity
production in the form of distributed generation systems (DGSs). Most of the DGSs are
interconnected to the utility grid, therefore, distortions in detected phase due to the distorted grid
voltage, harmonic content and reactive current, directly influence the power factor and quality of
output current. The harmonics not only increase losses in the power system, but also generate
noise on regulating devices and control systems. Thus, if these systems are not properly
controlled, their connection to the utility network can generate problems on the grid side. In this
regard, power quality, control and grid synchronization are discussed due to significant
importance. This chapter gives an overview on various aspects of the power quality as a
challenging issue in renewable energy systems, summarizes some existing methods for power
quality enhancement, discusses the state-of-the-art techniques for grid synchronization, and

reviews the most popular control methods.

2.1 Power Quality

From the customer’s point of view, the electric power has to be received without interference or
interruption. On the other hand, from the grid’s point of view the power quality deals with the

waveforms of current and voltage in an ac system, harmonic components in bus voltages and
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load currents, spikes and momentary low voltages, and other types of distortion. A broad
definition of power quality borders on system reliability, long-term outages, voltage unbalance
in three-phase systems, operation of power electronics and their interface with the electric power
supply, and many other areas [36].

Over the past few years, the growth in employment of nonlinear loads (such as adjustable speed
drives, power converters, arc furnaces and transformers) has caused many power quality
problems like high harmonic content, low power factor and excessive neutral current. The
harmonics in the load current can sometimes result in overheated transformers, overheated
neutrals, blown fuses and tripped circuit breakers (or breakers failing to trip in some cases) [37].
Nonlinear loads appear to be current sources injecting harmonic currents into the supply
network through the utility’s Point of Common Coupling (PCC). This results in distorted voltage
drop across the source impedance, which causes voltage distortion at the PCC. Other customers
at the same PCC will receive distorted supply voltage, which may cause overheating of power
factor correction capacitors, motors, transformers and cables, and mal-operation of some
protection devices. Therefore, it is important to deploy compensating devices to eliminate the

harmonic currents produced by the nonlinear loads [19],[77].

2.1.1 Harmonic Distortion and Definitions

Electricity generation is normally produced at constant frequencies of 50 Hz or 60 Hz and the
generators voltages can be considered sinusoidal waveforms. However, when a source of
sinusoidal voltage is applied to a nonlinear device or load, the resulting current is not perfectly
sinusoidal. In the presence of system impedance this current causes a non-sinusoidal voltage
drop and therefore, produces voltage distortion at the load terminals, which is called harmonics.
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In other words, a harmonic is a sinusoidal component of a periodic waveform having a
frequency that is an integer multiple of the fundamental power frequency of 60 Hz. Harmonic
distortion of the power waveform occurs when the fundamental component and harmonics are
combined. It results voltage (or current) contamination on the sinusoidal waveform.

Unlike transient events such as lightning that last for a few microseconds, or voltage sags that
last from a few milliseconds to several cycles, harmonics are steady-state periodic phenomena
that produce continuous distortion of voltage and current waveforms. These periodic non-
sinusoidal waveforms are described in terms of their harmonics, whose magnitudes and phase
angles are computed using Fourier analysis. The analysis permits a periodic distorted waveform
to be decomposed into an infinite series containing dc, fundamental frequency (e.g. 60Hz), and

harmonics.

2.1.2 Harmonic Sources

There are two general categories of harmonic sources: saturable devices and power electronic
devices. Saturable devices produce harmonics due mainly to iron saturation, as is the case for
transformers, machines, and fluorescent lamps (with magnetic ballasts). The resulting
magnetizing currents are peaked and rich in the third harmonic. Their current distortion is due to
the arc and to the ballast. Power electronic loads draw power only during portions of the applied
voltage waveform. These loads include switch-mode power supplies, fluorescent lights (with
electronic ballasts), voltage source converters, pulse-width modulated converters, to mention

just a few desktop computers, video monitors, and televisions have similar waveforms [46].
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2.1.3 Harmonic Standards

Standardization is one of the most effective issues to influence equipment design and to control
distortion in power systems. Power system engineers in the United States and in European
Communities have turned to legislation and regulation to use of lower-harmonic electronic
power supply designs. Their common objective is to preserve the sinusoidal nature of the power
system voltage while protecting power system components from added harmonic current
loading. However, the Americans and Europeans choose two completely different contrasting
standards, IEEE and IEC. IEEE Standard 519 (recommended Practices and Requirements for
Harmonic Control in Electrical Power Systems), suggests limitations for voltage and current
harmonic distortion included individual harmonic limits and total harmonic distortion limits.
IEEE 519-1992 provides separate harmonic voltage and current limits. As a part of the shared
responsibility concept, the utility is generally concerned with meeting the voltage harmonic
limits of Table 2.1 while all customers are responsible for meeting the (appropriate) current
limits in Tables 2.2-2.4. Customers connected at higher voltages and customers that are larger

with respect to the capacity of the system are more strictly limited [38].

Bus Voltage at PCC Individual Voltage Total Voltage Distortion
Distortion (%) THD (%)
69 kV and below 3.0 5.0
69.001 kV through 161 kV 1.5 2.5
161.001 kV and above 1.0 1.5

Table 2.1 IEEE 519-1992 Voltage Harmonic Limits [47]
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ISC/IL <11 11<h<17 17< h<23 23< h<35 35<h TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
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 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0
Table 2.2 IEEE 519-1992 Current Harmonic Limits (<69 kV) [47].
ISC/IL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20 2.0 1.0 0.75 0.3 0.15 2.5
20 <50 35 1.75 1.25 0.5 0.25 4.0
50<100 5.0 2.25 2.0 0.75 0.35 6.0
100 <1000 6.0 2.75 2.5 1.0 0.5 7.5
> 1000 7.5 3.5 3.0 1.25 0.7 10.0
Table 2.3 IEEE 519-1992 Current Harmonic Limits (69-161) [47]
ISC/IL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<50 2.0 1.0 0.75 0.3 0.15 2.5
> 50 3.0 1.5 1.15 0.45 0.22 3.75

Table 2.4 IEEE 519-1992 Current Harmonic Limits (>161 kV) [47]
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The IEEE 519-1992 current limits in Tables 2.2-2.4 can be related to the voltage harmonic
limits in Table 1 through a system impedance which can be derived from the short-circuit to
load ratio assuming the load current is 1.0 per unit. If followed, this derivation will show that
multiple customers, each injecting their allowable current harmonics, are required to produce the
voltage harmonic limit. IEEE 519-1992 accounts for load diversity, harmonic cancellation, and
network resonance conditions by insuring that multiple customers are always required to
produce the limiting amount of voltage harmonic distortion. The voltage quality management
process embedded in IEEE 519-1992 is achieved indirectly through end-user current harmonic
injection control. In the event that all end-users are within their permissible limits and voltage
quality is not acceptable (i.e., the voltage harmonic limits are exceeded), the utility is
responsible for whatever further actions are required in order to meet the voltage quality
(harmonic) targets. The IEC has developed harmonic limits with a more direct focus on voltage
quality. Planning levels, which are system-wide design targets at medium voltage (MV), high
voltage (HV), and extra-high voltage (EHV), for voltage harmonics are established based on
electromagnetic compatibility requirements for end-use equipment [51]-[54]. These planning

levels are shown in Table 2.5.
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Odd harmonics

Odd harmonics

Even harmonics

Non-multiple of 3 Multiple of 3
Harmonic | Harmonic Voltage Harmonic Harmonic Harmonic Harmonic Voltage
% Voltage o
Order Order % Order Yo
h MV HV-EHV h MV | HV-EHV h MV HV-EHV
5 5 2 3 4 2 2 1.8 1.4
7 4 2 9 1.2 1 4 1 0.8
11 3 1.5 15 0.3 0.3 6 0.5 0.4
13 2.5 1.5 21 0.2 0.2 8 0.5 0.4
17<h<49 1.9.%— 0.2 1.2.1—h7 21<h<45 0.2 0.2 10<h <50 0.25.170+ 0.22 0.19.%+0.16

2.2 Improving Power Quality by Means of Reducing Harmonics

Table 2.5 IEC 61000-3-6 Voltage Harmonic Planning level [47]

There are different methods of reducing harmonics such as filtering techniques and control

schemes in power electronics converters. In the former, harmonics can be mitigated with passive

and active methods. In the latter, harmonic compensation can be achieved by using appropriate

control schemes. PI and PR controllers in dq and aff reference frames, are examples for

harmonic compensation by control techniques.

2.2.1 Active and Passive Filters

Filter is an electrical network that alters the amplitude and/or phase characteristics of a signal

with respect to frequency. Ideally, a filter does not add new frequency components to the input

signal however; it changes the relative amplitudes of the particular frequency components and/or

their phase relationships.
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Filters can be classified based on their operational frequency range. There are five basic filter
types accordingly, which are referred to as band-pass, notch, low-pass, high-pass, and all-pass.
Band-pass filters are used in electronic systems to separate a signal at one frequency or within a
band of frequencies from signals at other frequencies. This filter could also reject unwanted
signals at other frequencies outside of the pass-band, so it could be useful in situations where the
signal of interest has been contaminated by signals at a number of different frequencies. Filters
that affect conversely with regards to the band-pass are called band-rejection or notch filters.
Notch filters are used to remove an unwanted frequency from a signal, while affecting all other
frequencies as little as possible. The third type is a low-pass filter. A low-pass filter passes low
frequency signals, and rejects signals at frequencies above the filter's cut-off frequency. Low-
pass filters are used whenever high frequency components must be removed from a signal. The
opposite of the low-pass is the high-pass filter, which rejects signals below its cut-off frequency.
High-pass filters are used in applications requiring the rejection of low-frequency signals. The
fifth and final filter type has no effect on the amplitude of the signal at different frequencies.
Instead, its function is to change the phase of the signal without affecting its amplitude. This
type of filter is called an all-pass or phase-shift filter. All-pass filters are typically used to
introduce phase shifts into signals in order to cancel or partially cancel any unwanted phase
shifts previously imposed upon the signals by other circuitry or transmission media.

In another classification based on the nature of components, a filter can be passive or active. A
passive filter is simply a filter that uses all passive components. Passive filters have some
advantages. Because they have no active components, passive filters require no power supplies.
Since they are not restricted by the bandwidth limitations of controllers, they can work well at

very high frequencies. They can be used in applications involving larger current or voltage
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levels than cannot be handled by active devices. Passive filters also generate little noise when
compared with circuits using active elements. The noise that they produce is simply the thermal
noise from the resistive components, and, with careful design, the amplitude of this noise can be
very low. Passive filters have some important disadvantages in certain applications. The
compensation characteristics heavily depend on the operating point, such as the system
impedance because the filter impedance has to be smaller than the source impedance in order to
eliminate source current harmonics. Overloads can happen in the passive filter due to the
circulation of harmonics coming from nonlinear loads connected near the connection point of
the passive filter. They are not suitable for variable loads, since, on one hand, they are designed
for a specific reactive power, and on the other hand, the variation of the load impedance can
detune the filter. Series and/or parallel resonances with the rest of the system can appear which
is another disadvantage of passive filters.

Conventionally passive filters were used to reduce harmonics in various applications such as
capacitors that employed for improving the power factor of the ac loads. However, passive
filters have the demerits of fixed compensation, large size, and resonance. The increased
severity of harmonic pollution in power networks has attracted the attention of power electronics
and power system engineers to develop dynamic and adjustable solutions to the power quality
problems. Such equipment, generally are known as active filters. Active filters use switching
elements, especially MOSFETS and IGBTs, with respective control loops, to synthesize the
desired filter characteristics. Possibly their most important attribute is wide range of operation,
thereby reducing the problems associated with certain operating point in passive filters. The
active filter technology is now mature for providing compensation for harmonics, reactive

power, and/or neutral current in ac networks, eliminate voltage harmonics, regulate terminal
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voltage, suppress voltage flicker, and to improve voltage balance in three-phase systems [48]-
[49]. These filters are costly and relatively new and a number of different topologies are being
proposed. In the next section, few solutions are described to reduce harmonic effects and also

improving power quality [39].

2.2.2 Using Active Filters for Harmonic Compensation

Active filters are a means to improve the power quality in distribution networks. In order to
reduce the injection of non-sinusoidal load currents shunt active filters are connected in parallel
to disturbing loads. Its main component is a voltage source inverter (VSI) with dc link
capacitors. The VSI is connected to the point of common coupling (PCC) via a decoupling
inductor that is usually the leakage inductance of a transformer. The purpose of the active filter
is to compensate transient and harmonic components of the load current so that only
fundamental frequency components remain in the grid current. The control principle for the
active filter is rather straightforward: The load current is measured, the fundamental active
component is removed from the measurement, and the result is used as the reference for the VSI
output current. In [50], a control structure for the compensation of selected stationary harmonics
in active filters has been presented. The high power active filter investigated is based on a pulse-
width modulation (PWM) controlled voltage source inverter. Its inner current control is realized
with a dead-beat controller that allows fast tracking of stochastically fluctuating load currents.
For the mitigation of stationary load current harmonics, an outer control loop is required that
compensates for the persistent phase error caused by the delay of the inner loop. The outer loop
developed is based on integrating oscillators tuned to the major load current harmonics. A
distinguishing feature from conventional control concepts is the direct path, which allows the
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fast compensation of transient harmonics. With conventional concepts, it takes one period of
fundamental frequency to eliminate the harmonics after the load current has changed. Here, the
harmonics are filtered immediately with the full speed of the inner dead-beat control loop. The

initial phase error is corrected within the first period. This control structure is illustrated in

Figure 2.1.
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Figure 2.1 Control structure for the complete compensation of stationary harmonics [50]
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Furthermore, in [19], the use of artificial neural network (ANN) technique for the shunt active
filter is proposed. The extraction circuit uses ANN algorithm to compute the harmonic currents
and reactive power for the nonlinear load. With the use of this ANN extraction circuit, the shunt
active filter can be made adaptive to variations in nonlinear load currents. It can also compensate
for unbalanced nonlinear load currents and correct the power factor of the supply-side near to
unity. It also has the capability to regulate the dc capacitor voltage at the desired level. The
application of ANN in active filters makes the extraction of harmonics faster resulting in faster
adaptation of the active filters to any variation in the operating condition. Besides that, it also
makes alternation in the designs of control circuit easier and more flexible for active filters.
Furthermore, the modification of the conventional ANN weights updating algorithm to extract
the harmonics greatly enhances the speed of the algorithm and extraction. Besides all of these
advantages, stability of the system as an important issue has not been considered. Moreover,
according to existing literature, combination of active and passive filters in series and parallel
has better results in harmonics compensation. In [31] a control algorithm for a hybrid power
filter constituted by a series active filter and a passive filter connected in parallel with the load is
proposed. The control strategy is based on the dual vectorial theory of electric power. The new
control approach shows that the compensation characteristics of the hybrid compensator do not
depend on the system impedance, and the set of hybrid filter and load presents a resistive
behaviour. The method in [31] eliminates the risk of overload due to the current harmonics of
nonlinear loads close to the compensated system. And the compensator can be applied to loads
with random power variation, as it is not affected by changes in the tuning frequency of the
passive filter. Furthermore, the reactive power variation is compensated by the active filter.

Series and/or parallel resonances with the rest of the system are avoided because compensating
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equipment and load presents resistive behaviour. Therefore, the active filter improves the
harmonic compensation features of the passive filter and the power factor of the load [31].
Another example of integration of active filters is proposed in [41]. This paper deals with unified
power quality conditioners (UPQC’s), which aims at the integration of series-active [56]-[58]
and shunt-active filters. The main purpose of a UPQC is to compensate for supply voltage
flicker/imbalance, reactive power, negative-sequence current, and harmonics. In other words, the
UPQC has the capability of improving power quality at the point of installation on power
distribution systems or industrial power systems. The UPQC, therefore, is expected to be one of

the most powerful solutions to large capacity loads sensitive to supply voltage flicker/imbalance.

2.2.3 Using PI Controller for Harmonics Compensation

Synchronous reference frame control, dq control, uses a reference frame transformation
module to transform the grid current and voltage into a reference frame. Since, the dq control
structure is normally considered with proportional — integral (PI) controller, the possibilities for
harmonic compensation are based on low-pass and high-pass filters. But in this case, under
unbalanced conditions, more compensators are necessary to compensate for both positive and
negative sequence of each harmonics. Figure 2.2 shows the dg control structure having a

harmonic compensator for the positive sequence of the fifth harmonic.
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Figure 2.2 Compensating method for the positive sequence of the fifth harmonic in dg control

system

This control algorithm is more complex. On the other hand, the controlled current should be in
phase with the grid voltage, so the phase angle has to be extracted from the grid voltage. As a
solution, the phase-locked loop (PLL) technique is used to extract the phase angle in the case of
distributed generation systems. Considering all these improvements, very poor capability in
rejection of low-order harmonics is a major drawback of the PI controllers [5]. The PI controlled
active power filter (APF) scheme proposed in [24] is based on sensing the line currents. This
approach is different from conventional ones, which are based on sensing harmonics and
reactive power requirements of the nonlinear load. The three phase current/voltages are detected
using only two current/ voltage sensors. This PI controller is used for the generation of a

reference current template. It gives better performance in terms of time response and system
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stability, when compared to traditional PI ones.

2.2.4 Using PR Controller for Harmonics Compensation

In this case, harmonic compensation can be achieved by cascading several generalized
integrators adjusted to resonate at the ideal frequency. In this controller, only one harmonic
compensation is necessary for a harmonic order, cause, the harmonic compensator works on
both positive and negative sequences of the elected harmonic; and this is the main advantage of
this controller. A significant feature of this harmonic compensator is that it does not affect the
dynamics of the PR controller, as it only reacts to the frequencies very close to the resonance
frequency. This characteristic makes the PR controller an effective solution in applications
where high dynamics and harmonic compensation, especially low-order harmonics, are required,
as in distributed generation systems. In [30], the transfer function of a typical harmonic

compensator (HC) designed to compensate the third, fifth, and seventh harmonics is given:

S
Gu(s) = Z Kmm (2.1)

h=3,5,7
In this case, it is easy to extend the capabilities of the scheme by adding harmonic compensation
features simply with more resonant controllers in parallel with the main controller, as illustrated

in Figure 2.3.
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2.2.5 Using Nonlinear Controllers for Harmonics Compensation

The basic implementation of the hysteresis current controller derives the switching signals from
the comparison of the current error with a fixed hysteresis band. Although simple and extremely
robust, this control technique exhibits several unsatisfactory features such as producing a
varying modulation frequency for the power converter. Another negative aspect of the basic
hysteresis control is that its performance is negatively affected by the phase currents’
interaction, which is typical of three-phase systems with, insulated neutral. However, since both
hysteresis and dead-beat controller are very fast, there is no concern about the low-order
harmonics when the implemented control structure uses such controllers. Another issue is the

need for the hardware with fast sampling capabilities of the hardware used [5].
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2.3 Grid Synchronization

One of the most important issues of the distributed power generation systems (DPGS)
connected to the utility network is the synchronization with the grid voltage. The
synchronization algorithm mainly outputs the phase of the grid voltage. The phase angle of the
utility voltage is a critical piece of information for grid-connected systems.

Therefore, a synchronization technique is essential in all grid-connected power converters
providing a reference phase signal synchronized with the grid voltage to control and meet the

power quality standards [13].

2.3.1 Grid Synchronization Methods

e Zero-Crossing Method
One of the simplest methods for obtaining the phase information is to detect the zero crossing of
the utility voltages. However, the zero crossing points occur only at every half cycle of the
utility voltage frequency; thus the dynamic performance of this technique is quite slow. The
principle of operation of zero-crossing method is shown in Figure 2.4. Disturbances in the input
signal, such as voltage sags and harmonics, influence the accuracy of the method, Figure 2.5

[13].
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* Filtering Method
The phase angle of the utility grid voltage can also simply be obtained by filtering the input

signals, i.e. the three phase voltages (Ua, Ub, Uc). Depending on the reference frame where the
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filtering is applied, two schemes are possible, first, filtering in af8 stationary reference frame and

second, filtering in dq synchronous rotating reference frame.

» Filtering in af8 stationary reference frame
Figure 2.6 depicts one of such filtering approaches in a-f} stationary reference frame [55]. Three
phase voltages are transformed to the aff reference frame, and filtering is applied to both o and 3
components of the grid voltage [18]. In [16], different filters such as low pass filter (LPF), notch
filter, space vector filter, etc. are investigated and their effectiveness is discussed. It is well
known that using filtering, delays will be introduced in the signal, which is unacceptable in the
case of grid voltage angle; therefore a proper filter design has to be made. Another alternative,
as suggested in [59], is to compensate for the filter delay. A PI controller, monitoring the g
component of the voltage can be used to correct the displacement introduced by the filter.
Another techniques is to take advantage of band-pass filters as explained in [17]-[18]. In order to
obtain satisfactory results under the unbalanced grid conditions, the authors implemented a
“wave shaping and normalization module” which keeps the a and § components of the voltage
sinusoidal and in quadrature. Similar to this method, in [13], a resonant filter is proposed to filter
the aff voltages. The resonant filter has a similar characteristic as a band-pass filter but is not

introducing delay.
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Figure 2.6 Synchronization method using filtering on af8 stationary frame
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» Filtering in dq synchronous rotating reference frame
Filtering techniques in the dq reference frame are easier to design, since voltage components are
dc variables, Figure 2.7 various filtering techniques including notch filter, LPF, band-stop filter,
etc. have been introduced in the rotating dq reference frame. Major deficiencies of filtering
methods include their bad performance in case of grid frequency deviations, or voltage

unbalance situation [5].
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Figure 2.7 Synchronization method using filtering on dq synchronous reference frame

* PLL Based Techniques
» Single Phase Structures
The third method for synchronization is the phase locked loop (PLL) technique. The phase-
locked loop (PLL) is a fundamental tool that has been used in different systems of electrical
technology. The PLL can be defined as a device, which causes one signal to track another. In
other words, it is known as the state-of-the-art technique in detecting the phase angle of the grid
voltages. It keeps an output signal synchronizing with a reference input signal in frequency as
well as in phase. In other words, the PLL system controls the phase of its output signal in such a
way that the phase error between output phase and reference phase drives to zero by means of a

control loop. A block diagram of a single-phase PLL is shown in Figure 2.8 the phase difference
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between the input and the output signals is measured using a phase detector. The error signal is
then passed through a loop filter. The output of the filter drives a voltage-controlled oscillator
(VCO), which generates the output signal. This technique can perfectly reject harmonics,
voltage sags, notches and other kinds of disturbances. But, this tool needs additional

improvements to overcome the unbalanced situations.

Input Signal . Phase Angle
Phase Detection Loop Filter Voltage—Controlled
Scheme Oscillator

A

Figure 2.8 PLL Structure

» Three phase Structures

A common structure for grid synchronization in three-phase systems is a phase locked loop
implemented in the dq synchronous reference frame [43]-[44]. This structure uses a abc/dq
coordinate transformation and the lock is realized by setting the U} to zero. A regulator, usually
a PI regulator, regulates the error to zero. The VCO integrates the grid frequency and outputs the
utility voltage angle that is fed back into the af to dq transformation module.

This structure of PLL consists of two major parts, the transformation module and the PLL
controller. The transformation module has no dynamics. In fact, the PLL controller determines
the system dynamics. Therefore, the bandwidth of the loop filter determines the filter’s filtering
performance and its time response. As a consequence, the loop filter parameters have a

significant influence on the lock quality and the overall PLL dynamics.
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The method in Figure 2.9 is also called the synchronous reference frame PLL (SRF-PLL) [5],
[60]. Under ideal utility conditions, i.e., balanced system with no distortion, a loop filter of a
wide bandwidth yields a fast and precise detection of the phase angle and the amplitude of the
utility voltage vector. This method will not operate satisfactory if the utility voltage is
unbalanced, distorted by harmonics or frequency variations.

Several works have been published based on the SRF-PLL of Figure 2.9 to improve its
performance [28], [60]-[66]. In general, improved versions of the SRF-PLL use specific
"filtering" techniques to deliver a non-distorted signal to the conventional SRF-PLL structure.
An adaptive SRF-PLL filtering method proposed in [40], is another solution with a high
rejection of the disturbances introduced by the voltage imbalance and by the voltage harmonic

distortion, regardless of the grid frequency variation. On one hand, the adaptive nature of the
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filtering process makes the rejection insensitive to the grid frequency variation. On the other
hand, the Schur-lattice IIR structure used to implement the filter stage makes the stability of the
phase estimator independent of the adaptive process. In fact, the filter is inherently stable and
does need neither any reference to be properly tuned nor added filtering stage to avoid swinging.
Moreover, the used IIR structure makes this technique a suitable choice for fixed-point DSPs, or
even for cheap fixed-point dsPICs, due to its low round-off noise and its ease to remove

quantization limit cycles.

* Adaptive Notch Filter (ANF) Method

As mentioned before, PLL technique is not strong enough to handle the unbalanced situations
and harmonic disturbances. So, to alleviate the aforementioned problems, a synchronization
method based on adaptive notch filtering (ANF) is presented.

ANF is a basic adaptive structure that can be used to extract the desired sinusoidal component of
a given periodic signal by tracking its frequency and amplitude of the fundamental component
of the input signal. This structure guarantees a fast and accurate estimation of the phase angle
when the distorted input signal contains low order harmonics. The power of this tool is that it
outputs useful signal information such as the fundamental component, its 90° phase-shift,
amplitude, frequency, sin/cos functions of its phase angle, harmonics and symmetrical

components.

2.4 Summary

This chapter provides a quick overview of the existing techniques for power quality

improvement in terms of harmonic compensation. Various methods for harmonic compensation
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and different classes of methods have been reviewed.

Control schemes for harmonic compensation in various reference frames have been discussed.
State-of-the-art grid synchronization techniques have also briefly reviewed. Important existing
methods and highlights both the merits and shortcomings of each method have been addressed.
It has been addressed that among all grid synchronization techniques, the PLL-based algorithms
show a better performance. However, PLL-based algorithms also suffer from situations such as
grid voltage unbalance. Therefore, ANF method is discussed for achieving better results
compare to PLL techniques. In the next chapter, a power quality enhancement method using a

synchronization scheme based on an adaptive notch filtering approach is presented.
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Chapter 3

Harmonic Extraction in Renewable Energy

In the single-phase systems, the imaginary stationary reference frame PLL using all pass filter
(APF) is widely used. However, this conventional method is not robust enough to the
harmonics, and consequently some errors in Zero-crossing can be occurred. For grid
synchronization in three-phase systems, the dq synchronous reference frame PLL method has
been widely used. Modified grid synchronization techniques are developed to improve the
dynamic performance of the system during the transient due to the voltage amplitude and/or
frequency variations, instability in phase detection, and harmonic/disturbance injection, etc.
However, adaptive notch filter based grid synchronization method is developed for the
estimation of errors due to the harmonics and noise. When the low order harmonics exist in the
grid voltage, there is a trade-off between the response time and its harmonic rejection capability
in the ANF-based method. Input signal harmonics are eliminated and an almost sinusoidal signal
can be achieved at the output of the ANF.

In this chapter a single-phase and a three-phase synchronization scheme based on an adaptive
notch filtering approach are discussed and implemented in PSCAD. Simulation results confirm
the accuracy of harmonic extraction drawn from single-phase and three-phase ANFs. The

simulation platform is employed in next chapter for closed loop operation.
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3.1 Single-Phase Adaptive Notch Filter Unit

3.1.1 Adaptive Notch Filter (ANF) Characteristics (Basics)

As mentioned in chapter 1, one important part of the grid side power processor in converter-
interfaced DG units is the grid synchronization unit. In grid-connected converters, the input
signal to the synchronization tool is usually a periodic signal and is in the form defined in

equation (3.1).
n

u(t) = EAL- sin @; where Qi = w;it + @; (3.1)
i=1

Nonzero amplitudes A;, the nonzero frequencies w;, (for i=1,2...n), and the phases ¢;, (for
i=1,2...n), are typically unknown parameters. Estimating unknown parameters especially
unknown frequencies, are a required task in many applications, and are a fundamental issue in
systems theory and signal processing. Fast and precise detection of the phase angle of such a
polluted grid signal is the main task that a good synchronization technique must provide.
Existing synchronization schemes, as mentioned in chapter 2, have some advantages and
disadvantages.

Most of low power DG systems are single-phase, Grid-synchronization techniques for single-
phase applications differ from those developed for three-phase systems. The synchronization
scheme discussed in this chapter is simpler than existing schemes, overcomes their drawbacks,
and is able to be extended for three-phase systems.

The adaptive notch filter is a basic adaptive structure that can be used to extract the desired
sinusoidal component of a given single phase periodic signal by tracking its frequency
variations. The dynamic behaviour of the modified ANF [68]-[76], is characterized by the
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following set of differential equations:

X+ 0%x = 2{0e(t)

6 = —yx6Be(t) (3.2)

e(t) = u(t) —x

0 is the estimated frequency and { and y are adjustable real positive parameters determining the
estimation accuracy and the convergence speed of the ANF. For a single sinusoid input signal

(n=1),u (t) = Asin(wt + @), this ANF has a unique periodic orbit located at:

Ay
X ——cos(w1t + ¢1)

3.3
Aq sin(w4t + ¢4) (3:3)

wq

X
0

The third entry of O is the estimated frequency, which is identical to its correct value, w,. Figure
3.1 shows the schematic structure of an ANF unit, where the ANF is functioning as the main
cell. The input is a distorted sinusoidal signal or in general a periodic signal. The power of the
this structure is that it outputs useful signal information such as the fundamental component, its
90 degrees phase-shift, its amplitude, its frequency, sine/cosine functions of its phase angle, and

harmonics.
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X; ——  Fundamental
—0x1—— Fundamental 90-deg
Input Signal ——» Uy, (t) ANF W1 ——»  Frequency
h I —»  Harmonics

A —» Amplitude

Figure 3.1 Basic structure of ANF [67]

A detailed implementation diagram of the single-phase ANF scheme is shown in Figure 3.2. The
ANF is composed of simple adders, multipliers, and integrators. The output 6 provides the
fundamental frequency of the input signal, w4, and the amplitude of the fundamental component
is calculated using two additional multipliers, a summer, and a square-root function. The
sin/cosine functions of the phase angle are simply obtained by dividing the fundamental

component and its 90 degrees phase-shift by the amplitude the fundamental component.

—® h
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(t > > > >CU
Um()4><“) >‘< y f 1
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Figure 3.2 Detailed implementation of the single-phase ANF-based unit
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3.1.1 Harmonic Extraction Using a Single-Phase ANF-based Unit

In some applications, it is desirable to estimate more than one frequency. In this section, it is
shown how an extended structure of an adaptive notch filter can extract multiple frequencies.
Consider the ANF the equations of (3.2) with the periodic orbit of the equation (3.3). The filter
dynamics in the equation (3.2) is identical to a resonator (i.e. ¥ + 82x = 0) that is forced with
the error signal e (t). The error signal incorporates the signal x(?) in the update law in the
equation (3.2). The term 8 in both equations is for scaling. In addition, the second component of
the periodic orbit of the equation (3.3) (i.e. X = Aysin (w1t + ¢1)) is equal to the fundamental
component of the input signal. A structure composed of n parallel adaptive sub-filters has been
used in [67] to directly estimate frequencies of an input signal u (t) given by the equation (3.1).

In such a structure, the i*" sub-filter is formulated by:

J'C‘l' + i292xi = ZCiGe(t)

6 = —yx,0e(t) (3.4)

e(t) = u(t) — Z i
=1

Similarly, in the equation (3.4), {; and y determine the behaviour of the i** sub-filter in terms of
accuracy and convergence speed, are real positive numbers. The method for estimating multiple
frequencies based on the concept of ANF is shown in Figure 3.3. This figure shows a schematic
structure of the multi-frequency estimator that extracts the fundamental component and the 5th
and 7th order harmonics of the input signal. The input signal in this figure contains the

fundamental (the 1st order harmonic) and only harmonics of the order of 6k +1 (for £ =1,2,....).
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The multi-frequency estimator shown in Figure 3.3 consists of i) a master ANF that estimates
the fundamental component of the input signal and its frequency; and ii) a multiplicity of slave
ANFs that use the information and extract a number of harmonic components and their
frequencies. The master ANF is linked to the slave ANFs in a parallel structure and operational
frequencies of the slave ANFs are dictated by the frequency estimation loop embedded in the
master ANF.

The operating principles of this multi-frequency estimator can be explained as follows. At
steady state, ¥; = A; sin @;(t) (the i*" component of the input signal) appears at the output of
the corresponding slave filter. For instance, the 2nd filter in the proposed algorithm finds the
instantaneous frequency of the Sth harmonic of the input signal (x5) and depicts it at its output.
Simultaneously, the master ANF outputs the fundamental frequency, 8 = w;. In addition, at
steady state, we can write 4; = (i20%x? + J'cl-z)l/ 2 that is the amplitude of the i*" harmonic
component of the input signal. This means that the algorithm can be further furnished to
estimate the amplitudes of the harmonics using arithmetic units that compute the right-hand side

OfA,‘.
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Figure 3.3 Structure for selective harmonic extraction
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3.1.2 Performance Evaluation of Single-Phase ANF Unit

Extensive simulations in PSCAD evaluate performance of the ANF-based power signal
processor technique. The input signal, produced by a programmable voltage source, is fed into
the ANF-based power signal processor implemented in PSCAD. The parameters of the ANF are
set to y=18000 and {=0.7. The initial condition for the integrator that outputs the frequency, w4,
is set to (2m)*60 rad/sec (the nominal power system frequency). The initial conditions for all
other integrators are set to zero.

Accurate tracking and harmonic extraction feature of this method is investigated in this section.
The input signal is composed of a fundamental (120v), a fifth harmonic, and a seventh harmonic
component. Simultaneous step-changes in the fifth harmonic (from 1V maximum peak to 5V
maximum peak), and the seventh harmonic (from 1V maximum peak to 8V maximum peak) are
applied and the system response is recorded. Figure 3.4 shows the sum of the fifth and seventh

harmonic components of the input signal. The step change occurs in the t=0.1s.
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Figure 3.4 The harmonic content of the input signal for evaluation of harmonic extraction
capability. Sum of the fifth and seventh harmonic component has been shown
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The performance of the system for tracking the changes in magnitudes of the harmonic
components are shown in Figures 3.5-3.7. Figure 3.5 shows the maximum magnitude of the
fundamental component, in which the maximum amplitude of the fundamental component has
remained at 171V. This has been expected, as the system is a 120V single-phase system. This
figure shows that the system has properly followed the magnitude of the fundamental

component even under step changes in the harmonics.
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Figure 3.5 Extraction of amplitude of the fundamental component 60Hz.

Figure 3.6 illustrates the tracking capability of the system as the fifth harmonic is gone under a

step change. This figure shows that the system successfully follows the changes in the

magnitude of the fifth harmonic from 1V to 5V.
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Figure 3.6 Extraction of the magnitude of 5th harmonic component

The same performance has been observed in the extraction of the seventh harmonic component,
Figure 3.7. Therefore, operation of the system for following the changes in the harmonic content

has been successfully verified.
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Figure 3.7 Extraction of the magnitude of 7th harmonic component
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Another feature of the ANF unit is to provide the in-phase and quadrature component for each
frequency component of the signal. This has been done by providing the sin and cosine
functions of the phase angle of each component. Figure 3.8 illustrates the sin and cosine
functions of the fundamental, 5™ and 7" harmonics. The harmonic content has a step change in
magnitude as explained above. As it can be seen in the following figures, the phase angle, or the
sine and cosine functions has no variations. This has been expected since there has been no
change in the phase angle of the frequency components. Accurate in-phase and quadrature
components highly improve the performance of the system because of the sensitivity of control

schemes to phase angle.
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Figure 3.8 Sine of phase angle (quadrature component) of the fundamental, the fifth and the

seventh harmonic components
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Figure 3.9 Cosine of phase angle (in-phase component) of the fundamental, the fifth and the

seventh harmonic components

3.2 Three-Phase Adaptive Notch Filter Unit

This method is based on a three-phase ANF approach. Mathematical derivations of this
technique are presented to describe the principles of operation and simulation results confirm the

validity of the analytical work [67].

3.2.1 Three-Phase Synchronization Method

A three-phase ANF-based synchronization for three-phase systems is proposed in [67]. The
three-phase based method introduced uses a seven order dynamical ANF system and provides
fast and accurate estimation of the input signal’s information in the presence of frequency and
amplitude variations. In addition, the simplicity of the structure makes the method suitable for

both software and hardware implementations.
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3.2.2 Three-Phase Frequency Estimator

For three-phase applications, three single-phase ANFs can be employed to provide the
fundamental component and its frequency for each u, (t), up(¢) and, u.(t). Each ANF is a third-
order dynamic system; therefore, the three- phase system in has a dynamic of order nine.

However, the three-phase signals have a common frequency, w,, and therefore there is no need
to estimate the frequency of each phase independently. Therefore, there is a common frequency
estimation law based on the output information of all three ANFs. Consider three identical

ANPFs:

Xq = —0%xq + 200e,(t) a=ab,c (3.5)

ea(t) = ua(t) — Xq

Where 0 is an estimate for w,. To derive an The Equation for estimating w,, we note that i) w,
is the common frequency of three-phase signals, therefore, information of all three sub-filters
must be incorporated into the update law for frequency estimation, and ii) the regressed signal
x (t) and the error signal e (t) incorporate into the 8 update law in the equation (3.6). The term

0 is for scaling. Therefore, the update law for frequency estimation is:

6=—y0 2 Xgeq () (3.6)

a=a,b,c

For a three-phase sinusoidal signal u (t) given by:

ug(t) kg sin(wot + 8,)
u(t) = up(t) | = | kp sin(wot + 6p) (3.7)
u.(t) k¢ sin(wot + 8;)
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The dynamical system given by the equation (3.5) and the equation (3.6) has a unique periodic

orbit located at:

Fa(t)

P(t) = I;” ((;)) (3.8)

0

Where, P, (t) is given by:

Aq
X -— t+6

Pa(®) = (5) = [ T (0 * 00 (39)
« Ag sin(wgt + 8,)

and 8 = wg. For the ANF, in the steady state, the defined outputs x,and 8. x,, are:

Xo=Ag sin(wot + 8,) (3.10)

—0%, = Agcos(wot + 84)

which are equal to 1, (t) and Segeu, (t). This means that the a™ component of the input signal

and its 90° phase shift are made available by ANFa at its outputs (i.e. X, and — 6. x,).

51



Frequency
Estimator
uea 4
u 6 > > Xa
a » ANF-a
€a > » 0x,
g
Ueh |
Up > g ANF-b >
€p > > be
g
uec 4
uC » > ANF-C > xc
L > » Ox,
-

Figure 3.10 Structure for three-phase system

A structural block diagram of the first stage of this algorithm is shown in Figure 3.10. Detailed
implementation block diagram of the frequency estimator and the a‘"sub-filter (ANFa) are
shown in Figures 3.11 and 3.12. The basic structure of this system has two independent design
parameters, vy and {,. The initial condition for the integrator in the frequency estimator block is
set to the nominal power system frequency and the initial conditions for all other integrators are
set to zero.
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Figure 3.12 Structure of the a*®sub-filter
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This structure receives the three-phase input signals and outputs the fundamental component and
its useful information associated to each phase. In the next section, the three-phase based
method is extended to estimate more than one frequency. This method has several applications
in a variety of power electronics equipment, where the removal of a selected number of

harmonics, especially low order harmonics, is desirable.

3.2.3 Three-Phase multiple Frequency Estimator

To extract a selective order of harmonics, the structure of the sub-filter in Figure 3.12 is
modified and replaced by the multi-block ANF, as shown in Figure 3.13. In this configuration,
the inputs e, (0 = a, b, ¢) and 0 are coming from the frequency estimator and the outputs U, (00 =
a,b,c) and Ox,(0 = a, b, c) are fed back to the frequency estimator of Figure 3.10. When the
three-phase input signal contains harmonics, the first sub-filter outputs the fundamental
component of the input signal and ith sub-filter outputs the ith harmonic components of the
input signal for each phase. Note that A, = (62.x2 + x2)Y/?is the amplitude of the

fundamental component of the a** phase of the input signal.
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Figure 3.13 Structure of the a**sub-filter; modified structure for faster time response

This configuration guarantees a fast (one cycle) and precise extraction of the individual

harmonics that can be employed for further harmonic analysis or elimination purposes.

3.2.4 Performance Evaluation

Extensive simulations in PSCAD evaluate performance of the ANF-based power signal
processor technique. The input signal for each phase, produced by a programmable voltage
source, is fed into the ANF-based power signal processor implemented in PSCAD. The

parameters of the ANF are set to y=18000 and {=0.7. The initial condition for the integrator that
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outputs the frequency, w1, is set to (2m)*60 rad/sec (the nominal power system frequency). The

initial conditions for all other integrators are set to zero.

The performance of the three-phase power processor has been evaluated by imposing a step

change in the magnitude of the fifth and seventh harmonics in each phase. The three-phase input

signal is composed of a fundamental (120v), a fifth harmonic, and a seventh harmonic

component in each phase. Step-change of 1V maximum peak to 5V maximum peak in the fifth

harmonic component of each phase, and from 1V maximum peak to 8V maximum peak in the

seventh harmonic component of each phase are applied and the system response is illustrated in

Figures 3.15-3.17. The sum of the fifth and seventh harmonic components of the input signal for

each phase is illustrated in Figure 3.14. The step change occurs in the t=0.1s.
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Figure 3.14 Harmonic content of the input signal for evaluation of harmonic extraction

capability. The fifth and seventh harmonic component in each phase has been shown
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The three-phase operation for tracking the changes in magnitudes of the harmonic components
are shown in Figures 3.15-3.17. Figure 3.15 shows the maximum magnitude of the fundamental
three-phase component, in which the maximum amplitude of the fundamental component for
each of the phases has remained at 171V. This value is because the system under study is a
three-phase 208V. Accurate tracking capability for the three-phase system has been indicated in

the results.
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Figure 3.15 Extracted amplitude of the fundamental component 60Hz in the three-phase system
The tracking capability of the system is evaluated where the fifth harmonic has experienced a
step change from 1V peak magnitude to 5V peak magnitude in each phase. Figure 3.16 show

that the system perfectly follows the variations of the fifth harmonic component. Therefore,

operation of the system for the changes in the three-phase system has been successfully verified.
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Figure 3.16 Extraction of magnitude of the 5th harmonic component in the three-phase system

The response of the system to the same step change on the 7" harmonic has been shown in

Figure 3.17.
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Figure 3.17 Extraction of magnitude of the 7th harmonic component in the three-phase system
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For each phase the power processor has derived the sine and cosine functions of the respective
phase angles when the harmonic contents experienced a step change in each phase. The sine and
cosine functions for the fundamental, 5™ and 7™ harmonics have been shown in Figures 3.18-
3.19. The harmonic content has a step change in magnitude as explained above. Because the step
change in the amplitudes does not result in phase angle variations, it is expected that the
resulting in-phase (cosine) and quadrature (sine) components does not experience significant

changes. This is verified by the results shown in Figures 3.18-3.19.
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Figure 3.18 Sine of phase angle (quadrature component) of the fundamental, fifth and the

seventh harmonic components of phase a
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Figure 3.19 Cosine of phase angle (in-phase component) of the fundamental, the fifth and the

seventh harmonic components of phase a

3.3 Proposed Modified Three-Phase Adaptive Notch Filter

A power processor based on a modified reduced-order digital adaptive notch filter (ANF) is
presented in this chapter. The proposed technique is employed to extract harmonic content and
symmetrical components of each harmonic of the voltage and the injected current at the point of
common coupling (PCC). A universal digital power processor has been developed to improve
the power quality enhancement capabilities of distributed generation systems in smart micro-
grids; power quality support is one of the benefits of integration of decentralized power
generation with the power grid. In other words, each distributed generation (DG) source can
contribute to power quality improvement in a micro-grid by employment of proper control
schemes.

The developed power processor has been employed in the control scheme of a renewable energy
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DG system. It has been shown that the proposed technique is suitable for both selective and
wide range current harmonic compensation. The proposed technique allows for compensation of
either particular unwanted frequency components or a wide range in the spectral content of the
injected current. Current harmonics of non-linear local loads have been therefore compensated
by the DG source and a good quality electric power is injected to the grid. Moreover, it has been
shown that the proposed scheme is able to deal with unbalanced harmonic contents. The
proposed power processor also diminishes the need for extra phase extraction units such as
phase-locked-loops (PLL).

The proposed scheme is simpler than PLL-based approaches, and overcomes some weaknesses
of the PLL systems such as suffering from the presence of double-frequency ripples.
Mathematical derivations of the proposed technique are presented to describe the principles of

operation and simulation results confirm the validity and accuracy of the proposed scheme.

3.3.1 Proposed Modified ANF Dynamic and Structure

The dynamic behaviour of the newly modified ANF, which is of our interest, is characterized by

the following set of differential equations:

n

Uy (t) = 2 Agi sin(ia)t + (pa_i) (3.11)

i=1
where i denoted the harmonic components and a@ = a, b, ¢ represents the three phases. The set of

differential the Equations are presented in the equation (3.12):
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Xoi+1%0%x,; = 2(;0iey(t) (3.12)

b=—r ) xa1bea(®

a=a,b,c
n
ea(t) = ua(t) - 2 xa,i
i=1

This ANF has a unique periodic orbit located at:

Qg i sin(iwt + @q ;) (3.13)

w

. Agi .
(xa,l> ———cos(iwt + @4 ;)
: _ iw

0 Is the estimated frequency and {; and y are positive parameters that determine the estimation
accuracy and the convergence speed of the ANF. According to the equation (3.13), the in-phase
and quadrature components of the input are derived using the proposed ANF, which alleviates
the need for extra phase-extraction units, such as PLLs. Other useful information such as the
amplitude will also be provided. To apply conventional ANFs to the three-phase power systems,
considering the unbalanced conditions and harmonic content of the variables (Three-phase
voltages and currents) a high-order nonlinear set of differential equations has to be solved. To
simplify this, a reduced-order scheme is proposed for frequency estimation, harmonic extraction

and symmetrical component extraction.

3.3.2 Three-Phase Multiple Frequency Estimator

This scheme is a power processor which is developed based on the modified ANF in (3.12) and
(3.13). It consists of a frequency estimator, one or more harmonic extractor to estimate the

fundamental and harmonic content of the signal and a symmetrical component extractor. Since
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the equations required for harmonic estimation in three phases are correlated, the reduced order
set of the equations has been achieved and therefore they have been incorporated to form a set of
inter-related differential equations for three-phase systems. The practical implementation of the
derived set of simplified differential equations is represented in Figures 3.20 and 3.21. For a
particular set of variables of interest such as a set of three-phase voltages or currents, a
frequency estimator has been employed to extract the fundamental frequency of the system. The
frequency estimator, as it can be seen in Figure 3.20, incorporates all the harmonic components
from all the phases. This is where the modification to the set of the equations has been
performed to obtain a set of the equations with reduced order. The amplitude and in-phase and
quadrature components of the fundamental and any harmonic component of interest can then be
estimated by including one harmonic extractor for each component of interest. The power
processor also includes a symmetrical component extractor, which simply performs the

necessary mathematical operations on the outputs of the harmonic extractor.
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Figure 3.20 Structure of the frequency estimator

Figures 3.20-3.21 are the main blocks of the modified ANF-based power processor, where i is
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the harmonic order and « represents one of the three-phases a, b or ¢. And, the harmonic

extractor is shown in Figure 3.21.
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Figure 3.21 Structure of the harmonic extractor

3.4 Summary

In this chapter a single-phase and a three-phase ANF-based synchronization techniques is
implemented and simulated in PSCAD for harmonic extraction of the grid signal, which both of
them have several applications in power systems such as monitoring, synchronization, power
quality and protection.

Compared to the PLL-based method, 1) the ANF-based scheme, since it does not require a
voltage-controlled oscillator (VCO), is structurally simpler, 2) contrary to PLL-based methods;
the ANF-based structure guarantees a fast and precise extraction of the frequency when the
distorted input signal contains low order harmonics.

The three-phase ANF based approach is extended for the extraction of individual harmonics of a

load current and was simultaneously evaluated for various load conditions. Also, the capability
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of the three-phase ANF in simultaneous extraction of individual harmonics and all useful
information of a measured signal such as frequency, amplitude, and phase angle were verified.

Unique and multi-purpose features of the modified ANF based on power processor technique, as
discussed in Chapter 4, can be used for harmonic extraction, grid synchronization, sequence
components decomposition, active power filtering, reactive power control, power flow control,
voltage regulation, etc. All these, nominate the technique as a simple and powerful “power
processor”. The operating principles of such a power signal analyzer are presented in the next

chapter.
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Chapter 4

Micro-grid Power Quality Enhancement

The modified reduced-order ANF has been discussed in chapter 3 is the main subsystem
in the power processor introduced in this chapter. The proposed technique is employed to extract
harmonic content and symmetrical components of each harmonic of the voltage and the injected
current at the point of common coupling (PCC). Power quality support is one of the benefits of
integration of decentralized power generation with the power grid. A digital power processor has
been developed to improve the power quality enhancement capabilities of distributed generation
systems in smart micro-grids. It has been shown that the proposed technique is suitable for both
selective harmonic compensation, and wide range current harmonic compensation. Moreover,
the proposed scheme is able to deal with unbalanced harmonic contents, and further diminishes
the need for extra phase extraction units such as phase-locked-loops (PLL). The scheme is
simpler than PLL-based approaches, and overcomes some weaknesses of the PLL systems such
as their suffering from the presence of double-frequency ripples. An analysis of the proposed
system is discussed and simulation results are provided to verify the validity of the analytical

work.

4.1 Overview of the System Under Study

4.1.1 Power Circuit Configuration

The power circuit diagram of the proposed system is shown in Figure 4.1.
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Figure 4.1 Power circuit diagram of the system under study

The structure of this system contains a dc-link connected to the grid-side converter. The power
converter is a three-phase six-switch inverter, which is controlled by high frequency switching
signals. The power converter in interconnected with the grid through a high frequency RL filter.
In this study the DG system and its associated local loads form the micro-grid. For this purpose
the local load can be a nonlinear load such as a three-phase rectifier. This rectifier is loaded with
resistive-capacitive loads. The network parameters and the associated values are listed in Table

4.1.
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Parameter VLS
) 208 v
Grid Voltage
) 60 Hz
Grid Frequency
. 0.001Q
Filter parameters, R
2.5mH
Filter parameters, L
_ 450 v
DC link voltage
. ) 470 uF
DC-link capacitor
25Q
Non linear load
‘ 2.8 kw
Non linear power

Table 4.1 Power circuit parameters

4.1.2 Control Scheme Configuration

The purpose of the control scheme is to generate proper switching signal so that the nonlinear
loads” current are compensated by the DG unit. Thus the currents injected to the grid contain
only a negligible amount of harmonics. The power processor, which was explained previously,
is used to derive the harmonic contents of the nonlinear load current. The negative of the low

order harmonics then is used to generate reference values for the DG current (igcom). The
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reference value for the fundamental component is determined using the power generated from
the source of the renewable generation unit. The total reference current is then compared to the
actual value of the DG current and the error is sent to a hysteresis controller to generate the
switching signals. The hysteresis controller can be replaced by a synchronous reference frame
control scheme, yet for the sake of brevity, a hysteresis controller is used in this work. Figure

4.2 illustrated the control scheme of the proposed system.
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Figure 4.2 Control scheme of the proposed system

4.2 Performance Evaluation of the Proposed Power Processor

The performance of the proposed power processor for extraction of selective harmonics is

evaluated by applying a 2.8kW three-phase diode rectifier as a nonlinear load. The three-phase
69



system is a 60Hz 208V system. The goal is to extract the fundamental, 5™ and 7" harmonics of
the current using the proposed power processor. Then, the extracted harmonic components have
been utilized to generate proper current references in the DG unit. The DG therefore
compensates for the selected harmonics of the non-linear load.

The nonlinear load absorbs non-sinusoidal currents from the point of common coupling as it

illustrated in Figure 4.3.
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Figure 4.3 Three-phase non-linear load currents (Rectifier Currents)

As a result if the DG unit is not compensating the low-order harmonics, the currents drawn from

the grid will contain considerable harmonic content. These currents are shown in Figure 4.4.
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Figure 4.4 Three-phase currents drawn from the grid when the DG unit is not compensating the

harmonic content of the nonlinear load

In this simulation the fifth and seventh harmonics of the currents drawn from the grid are

extracted by the power processor and compensated by the DG control scheme. In this

simulation, the DG unit starts compensation at t= 0.1s.

71



linja linjb linjc

linj(A)

Time(s)
0.115

0.105 0.11

Figure 4.5 Three-phase currents drawn from the grid when the DG unit starts compensation at

t=0.1s

As it is shown in Figure 4.6 the compensated currents to the grid are closer to a sinusoidal

shape. It means the low order harmonics have been compensated.
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Figure 4.6 Currents drawn from the grid when the DG unit compensates the 5" and 7"

harmonics

The harmonic content of the uncompensated and the compensated currents drawn from the grid

are illustrated in Figures 4.7 and 4.8 respectively.
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Figure 4.7 Harmonic content of the uncompensated current drawn from the grid
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Figure 4.8 Harmonic content of the compensated current drawn from the grid

The performance of the system is evaluated when the nonlinear load is reduced by 50% in a step

change. The DG continues to compensate the 5™ and 7" harmonics and the resultant current

drawn from the grid is illustrated in Figure 4.9.
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Figure 4.9 Transient response in the current drawn from the grid when the nonlinear load was
reduced by 50% at t=0.2 s
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Figure 4.10 Compensated current drawn from the grid when the nonlinear was reduced by 50%

Figure 4.11 illustrated the harmonic content of the current drawn from the grid when the

nonlinear load was reduced by 50%. As it was expected the fundamental component was also

reduced.
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Figure 4.11 Harmonic content of the compensated current drawn from the grid, 50% of nominal

load
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The DG injected currents will contain low-order harmonics in order to compensate the nonlinear

loads currents. So, as it is shown in Figure 4.12 when the compensation starts at t=0.1s the DG

injected currents is not purely sinusoidal.
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Figure 4.12 DG injected currents before and after the compensation scheme starts at t=0.1s

Upon the load change, only the harmonic content of the DG injected current varies and it is

shown in Figure 4.13.
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Figure 4.13 The DG currents before and after the load step change at t=0.2s

The harmonic content of the DG injected current when the nonlinear load was reduced by 50%

is illustrated in Figures 4.14-4.15 respectively.
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Figure 4.14 Harmonic content of the DG injected currents before the load step change (t=0.188s)
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Figure 4.15 Harmonic content of the DG injected currents after the load step change (t=0.262s)

4.3 Summary

In this chapter an ANF-based digital power processor has been used to enhance the power
quality capabilities of DG systems in micro-grids. The power processor has been developed
based on a modified reduced-order digital adoptive notch filter (ANF) that can potentially
motivate much interest in the field and provide solutions for power quality improvements in
smart micro-grids. The developed power processor has been employed in the control scheme of
a renewable energy DG system.

Mathematical derivations are presented to describe the principles of operation and simulations
results are obtained to confirm the validity of the work. The ability of fast and accurate
harmonic extraction of the scheme is employed in a DG system to compensate the nonlinear

local load current and therefore, the injected current to the grid achieved a higher quality.
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Chapter 5

Conclusion

5.1 Summary and Conclusion

As mentioned before, the application of an individual distributed generation system using
renewable energy sources may cause some problems and to avoid of this, the distributed
generation systems and loads were considered as a subsystem called micro-grid. Since the
micro-grid is usually installed in weak grids, it should offer high strength against disturbances.
These disturbances might be initiated inside a micro-grid system due to load changes, harmonic
disturbances, and interactions between the DG interface and the main network. Therefore, the
capability of renewable energy sources to increase the power quality of DG systems in micro-
grid is considered as an important issue.

In chapter 2, a quick overview of the existing techniques for power quality enhancement in
terms of harmonic compensation was provided. Also, control schemes for harmonic
compensation have been discussed.

In chapter 3, a power quality improvement method based on an adaptive notch filter (ANF) has
been presented and excellent performance of its application in both single-phase and three-phase
is depicted. And in chapter 4, a digital power processor based on a modified reduced-order ANF
has been used to compensate for the load harmonic currents.

The ANF-based power processor was employed to extract of harmonic contents of a nonlinear
load in a micro-grid. In this research this aforementioned power processor is employed in a

closed loop control scheme to enhance the power quality of the micro-grid. This is achieved by
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proper reference generation in the renewable energy system control scheme to compensate for

the harmonics content of the nonlinear local load.

5.2 Contributions

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

A recently proposed ANF-based power processor that is simple and offers high degree of
immunity to power system disturbances and harmonics is investigated in detail and its capability
to extract harmonic contents of non-sinusoidal waveforms is highlighted. The most prominent
feature of the proposed technique is that the power processor also lightens the need for extra
phase extraction units such as phase-locked-loops (PLL). Simulation extraction of harmonics
and adjustable accuracy and speed of response are another superior advantages of this proposed
technique. It has been shown that the proposed technique is suitable for extraction of selective
and/or wide range harmonic content of the injected current and the voltage at the point of
common coupling (PCC) and also it has been shown that the proposed technique is appropriate
for selective or wide range current harmonic compensation. Extensive simulations show the
excellent performance this power processor for power quality enhancements in micro-grids. This
powerful feature is employed in a closed loop control system to remove selected load

harmonics, and thus enhance the power quality of the micro-grids.

5.3 Suggestions for Future Work

This dissertation has made major contributions to power quality enhancement in micro-grid by

employing a digital power processor based on an adaptive notch filter in its control scheme.
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However, it has left many open areas to be investigated. Some future research works are
presented here:
* Unbalanced harmonic conditions can be further analyzed and compensated by using this
technique.
* The impact of unbalanced loads on micro-grid performance.
* Investigating the performance of the power quality enhancement technique for islanded

mode operation.
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