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Abstract

The transition toward more sustainable energy systems is driven mainly by
greenhouse gas emissions reduction schemes and the growing demand for energy
worldwide. Consequently, more Distributed Energy Resources (DER) based power
sources and their enabling technologies such as Medium Voltage Direct Current
(MVDC) systems are being integrated into the existing distribution networks to help
meet such challenges. However, due to the presence of the Power Electronics (PE)
based power converters interfacing these systems with the main power network,
concerns related to power harmonics in today’s distribution networks must be
addressed. To investigate the severity of power harmonics in the distribution
networks with the presence of the MVDC converters, a detailed model of an MVDC
converter including the switching behaviour of the semiconductor devices with a
suitable control system and an interleaved Pulse-width Modulation (PWM) scheme
was developed in this study. The key finding is that the proposed harmonic
mitigation technique, the interleaved SPWM technique, has significantly reduced
the Total Harmonic Distortion (THD) to 2% at the rated system capacity with no
significant even-order harmonic components. The real data obtained from the
power network of Albaha was also modelled and simulated in the frequency domain
using the established harmonic models of the power system components to conduct
the harmonic propagations study of the MVDC converter into the AC network. The
MVDC converter harmonic performance in the Albaha power system revealed that

the THDs at different voltage levels comply with the standard limits.

Moreover, applications of Artificial Intelligence (Al), especially the optimization
algorithms for power harmonic solutions have received considerable attention over
recent years. Thus, in this research, the recently developed Manta Ray Foraging
Optimization (MRFO) algorithm has been implemented for the optimal parameters
design of a high-pass Passive Power Filter (PPF). An analytical harmonic analysis
approach based on the Monte Carlo Simulation (MCS) was also proposed for PPF
harmonic performance evaluation including uncertainties at the power network
level. For the superiority validation of the MRFO algorithm, different optimizers

that have quite similar hunting and modelling strategies have been adopted. The



MRFO algorithm has shown better solution-finding capability but relatively higher
computational effort. By including uncertainties at the power network level, the
harmonic performance of the optimally designed PPF proposed by the MRFO
algorithm was investigated using a proposed MCS-based method, which has shown
the significance of the PPF in terms of voltage distortions, system performance
parameters, and the network’s hosting capacity for more renewable systems. The
results imply that the optimally designed PPF can effectively attenuate the high-
order harmonics and improved the system performance parameters over different
operating conditions to continually comply with the standard limits. The proposed
MCS method showed that the optimally designed PPF reduced the voltage and
current distortions by roughly 54% and 30%, respectively, and improved the

network hosting capacity by 10% for the worst-case scenario.

Furthermore, DER-based power sources are predicted to cause significant harmonic
distortions in today’s power networks due to the utilisation of power conversion
systems, which are widely recognized as harmonic sources. Identifying the actual
contribution of an offending harmonic source can be a challenging task, especially
with multiple harmonic sources connected, changes in the system’s characteristic
impedance, and the intermittent nature of renewable resources. Hence, a method
based on an Artificial Neural Network (ANN) system including the location-
specific data was proposed in this thesis to estimate the actual harmonic distortions
of a harmonic source. The proposed method would help model the admittance of
the harmonic source under the estimation, capture its harmonic performance over
different operating conditions, and provide accurate harmonic distortions
estimations. For this purpose, a simple power system was modelled and simulated,
and the harmonic performance of a solar Photovoltaics (PV) system was used to
train the ANN system and improve its prediction performance. Additionally, the
expert ANN-based harmonic distortion estimator was validated in the IEEE 34-bus
test feeder with different established harmonic sources, and it has estimated the
individual harmonic components with a maximum error of less than 10% and a

maximum median of 5.4%.
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Chapter 1. Introduction

1. 1. Renewable Generation and Electricity Demand Growth

1.1. 1. Background

Over the last two decades, the widely appreciated impacts of greenhouse gas
emissions on climate change have stressed the importance of decarbonization of
energy production schemes. The global Carbon Dioxide (CO2) emissions were
required to be 45% below 2010 levels by 2030 and reach net-zero by 2050.
Additionally, global energy-related CO> emissions were targeted to be cut by 40%
below the 2010 levels by 2030 and reach net zero by 2060 [1]. For instance, in a
meeting held in Kyoto, several European countries pledged to cut down their
emissions to at least 5% by 2012, and then the target was increased to 20% by 2020
[2]. To help achieve these targets, several regulating measures in the power sector
such as increasing the amount of Renewable Energy Sources (RES) based power
generation were stressed by governments. International attempts have been made
to lessen these emissions; therefore, policies are being set by authorities and
organising groups for the adoption of more environmentally friendly technologies
based on RES to meet these future global challenges. By 2020, the United Kingdom
(UK), for example, aimed to achieve the following renewable energy targets [3]:

e More than 30% of electricity production is from renewables, including a
considerable amount of small-scale electricity power generation systems
that are mainly connected to the power distribution networks,

e 10% transport electrification from renewables, and

e 12% heating systems from renewables.

In the UK, the total renewable-based electricity generation share is about 39% of
its total power generation of 76 GW by 2022 [4]. However, there has been a
continuous increase in the utilisation of clean and renewable resources for energy
generation and a significant reduction in the consumption of fossil fuels. Moreover,
the increase in large-scale integration of electrified transport and decarbonised

domestic heating systems are projected to increase the power generation demand.
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By considering all these factors and the continuous population growth, a further
increase in electricity demand is anticipated in the future [3].

The global climate change issue and the increased power demand have also driven
many countries around the world to adopt such effective measures. Likewise, in
Saudi Arabia, the greenhouse gas emitted by different sectors has increased by
almost 200% from 1990 to 2017. Although coal has become obsolete in today’s
power generating stations in Saudi Arabia, a high amount of fossil fuels (65%
natural gas, 35% oil) is being employed to meet local energy consumption. The
shares of renewable energy systems were almost negligible until the “Saudi 2030
Vision” with the climate commitment has come into the picture in 2017. Policies
were introduced to reduce fossil fuel subsidies, accelerate large-scale integrations
of renewable systems, and support the diversification of the non-oil-based economy
[5]. However, international challenges such as the pandemic of COVID-19 seemed
to slow down the progression of such ambitious targets not only in Saudi Arabia
but all over the world.

Saudi Arabia has started an ambitious campaign for sustainable energy that
emphasises education and research opportunities, international investment and
collaboration, and localization of the technology. Additionally, with the high
potential for RES in the region, the Saudi authority has recently committed to
increasing the share of renewables to 50% of its total power generation of 80 GW
by 2030. This is because of the dynamically growing economy and population
growth that spurred the high local electrical power demand. The use of renewables
will include electric power generation, water desalination systems, agriculture
supporting systems, and transport electrification. This ambitious approach will not
only place Saudi Arabia as the world’s largest renewable energy leader but also be
an expert in the technology’s development globally [6].

Technically, significant transformations in today’s electric power systems seem to
be required to maintain a reliable, secure, and affordable energy supply with all
these measures and targets. The emerging concept of “smart power grids” has been
developed as an optimal solution to address future challenges and ensure the

effective deployment of existing infrastructure.
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1. 1. 2. Development of Smart Power Grids
Principally, a smart power grid is an intelligent version of an electric power network
developed to deliver electricity efficiently, sustainably, economically, and securely.
There are several definitions of a smart grid proposed in the literature. The
International Energy Agency (IEA) defined the smart grid as an electricity network
that adopts digital and sophisticated technologies to supervise and control the
electricity transport between prosumers (producers who can also be consumers).
The detailed definition proposed by the European Smart Grids Technology
Platform is as follows [7].
“To summarise the definition of a smart grid the principal smart grid functional
characteristics are:

o  Self-healing from power disturbance events

e  Enabling active participation by consumers in demand response

o  Operating resiliently against physical and cyber attacks

e  Providing power quality for the 21°' century needs

o  Accommodating all generation and storage options

e  Enabling new products, services, and markets

e  Optimising assets and operating efficiently

A smart grid uses digital technology to improve the reliability, resiliency, flexibility,
and efficiency (both economic and energy) of the electric delivery system. The
strategy to achieve this vision hinges upon activities that directly address the
technical, business, and institutional challenges to realising a smarter grid. These
overall explanations of the smartening of electrical systems can be carried out in a
city, on a national or regional scale, and can also be brought to the level of mini-
or micro-grids. All electricity systems can be improved or optimised, but it is a key
to determine what drivers are motivating investments and then to choose
investments that can yield the most value for stakeholders.”

The possible challenges to be addressed over the next years to accomplish a smart
grid in the UK should be highlighted. The development of power distribution
networks is the key transformation to meet the decarbonization targets through the

integration of large-scale RES-based technologies to form smart grids [3].
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Similarly, the Saudi Electricity Regulatory Authority (SERA) has worked on
enabling measures to establish conceptual smart grids. Several technical studies
funded by the SERA have been conducted to identify the smart grids and smart
meter’s contributions, functional requirements, and potential implementation
challenges. The principal objective of such studies is to set a clear-milestones
roadmap to facilitate smart grids in Saudi Arabia. The studies concluded that the
implementation of the smart grid and smart meters would have high paybacks due
to the direct profits of the power transmission and distribution system operators’
initiatives. Smart grids can also activate the load shifting during peak times and this
can result in an efficient operation of the electricity systems. These benefits can
finally result in increased power generation hosting capacities, reduced use of fossil
fuels, compact greenhouse gas emissions, and enhanced opportunities to export
surplus electric power [8]. On the other hand, the future modernised electrical
networks are anticipated to trigger some challenges such as power quality and
harmonics issues due to the high utilisation of the Power Electronics (PE)-based

power conversion systems [9]-[11].

1.2. Overview of Power Harmonics

The term “Power Quality” firstly appeared in 1968 in a study specifying the
requirement for electronic equipment for the U.S. Navy. Several years later, the
reliability of electric power supply, which refers to the continuity of power to
customers, tended to be the major concern among most electricity suppliers.
Increased power network complexity, growing demand, power security, and
environmental sustainability have triggered the next step in the development of the
power system toward smart grids. This also means more complex power distribution
networks due to the increased implementation of DER-based Distributed Generation
(DG) systems, storage systems, enabling technologies like MVDC systems, and the
latest information and communication technologies in the existing power systems.
PE-based power conversion systems, which are being widely used to interface these
clean technologies to the power grid at different voltage levels, are believed to be the
main source of power quality issues in future networks, and thus the topic has drawn
the attention of many researchers and engineers in the field of electric power systems

[12], [13].
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Power conversion systems that are based on semiconductor devices operating in
switching mode can efficiently modify the voltage and current waveforms from one
form to another depending on the loads’ requirements. Rectification (AC-DC),
inversion (DC-AC), DC regulating (DC-DC) as well as AC magnitude and/or
frequency regulating (AC-AC) are the typical function of PEs power conversion
systems [14]. Although recent Silicon Carbide and Gallium Nitride based devices are
elected as promising technology for higher efficiency with higher switching
frequencies, they are yet limited to relatively low power applications [15]. Power
harmonics that are inherent problem associated with power conversion systems were
thought to be limited to lower voltage levels. However, with the increased
penetrations of the DER-based technologies and several large nonlinear loads
introduced to distribution power networks over the last years [10], [11], the power
harmonics related challenges and solutions have, therefore, attracted many in
academia and industry.

Generally, the voltage and current in a power system are represented as sinusoidal
waveforms of the power frequency of 50 or 60 Hz differing from one country to
another. When a linear load such as resistive, inductive, capacitive, or a
combination of all is supplied with a sinusoidal voltage, a proportional sinusoidal
current (phase-shifted or in-phase depending on the type of the load) of the same
supply frequency will be drawn. However, due to the development of power
networks, the situation has become more complicated. With the presence of power
converters, the current becomes distorted and no longer proportional to the supply
voltage. The distorted current can be further analysed by signal analysis solutions
such as the Fourier series and decomposed into the corresponding harmonic
components, which can then be categorised as characteristic and non-characteristic
harmonics. These harmonic components can also involve sub-harmonics and supra-

harmonics depending on the range of frequency at which they occur [13].

1.2.1. Power Harmonic Components Analysis
The power harmonics in a power system are commonly characterised and quantified
by their harmonic components. When the power harmonics are assumed periodic,

the Fourier series solution can be used to represent a periodic non-sinusoidal signal
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composed of multiple signals of different frequencies into their equivalents over the

range of frequency of interest [14]. The Fourier series is expressed as follows.

f@®) =a, + 2 [a,, cos(n2mft) + b,sin (n2rft)] (1.1)
n=1

where a, is the DC component of zero frequency, a,, and b,, are the Fourier series
coefficients, and f is the fundamental/power frequency. The coefficients can then

be computed as:

T/2
d=7], J@a (1.2)
T/2
an =2 _T/zf(t) cos(n2mft) dt (1.3)
2 T/2
b, == in(n2 d
7 _T/Zf(t) sin(n2rft) dt (1.4)

Where T is the periodic time of the signal under analysis. Depending on the
characteristics of the waveform to be analysed, some simplifications over the
Fourier expression can be made to reduce the computational effort. For instance,
when there is no DC component and the signal is symmetrical around the vertical

y-axis, only a, will be computed.

1.2.2. Power Harmonics Sequences

In a three-phase power system, like for the fundamental frequency component, the
concept of the phasor rotating sequences for harmonic components is applied.
Typically, there are three components: zero, positive, and negative sequences. The
zero-sequence phasors have equal phase-shifted magnitudes and do not rotate.
Positive-sequence phasors have equal magnitudes, uniformly 120-degree phase-
shifted, and counter-clockwise rotation. The negative sequence is like the positive

sequence but with clockwise rotation [13]. To clarify this phenomenon, with the
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fundamental three-phase AC voltage, the harmonic components sequences are
worked out as illustrated in Table 1-1. The conventional rotation of the fundamental

AC phasors can be counterclockwise with phase A taken as a reference.

Table 1-1 Sequence of power harmonics.

Harmonic Phase Angle Rotation | Sequence
Order A B C q
Ist 0° 120° 240° ABC Positive
3rd 3x0° 3x120° 3%240° No Zero
(0% (1x360° = 0°) (720° =2x360°= 0°) rotation
5%0° 5x120° 5x240°
5th (0°) (600°=1x360°+240° | (1200°=3x360°+120°) CBA Negative
(240°) (120°)
7%0° Tx120° 7%240
7th (0°) (840°=2x360°+120°) | (1680°=4x360°+240°) ABC Positive
(120°) (240°)
9th 9x0° 9% 120° 9%240 No Zero
(0% (3%360°=0°) (6x360°=0°) rotation

The non-rotating triplen harmonic components such as the 3rd and 9th are of zero
sequences since they are zero-degree shifted to each other. Harmonic orders such
as 5th and 11th which are 120 degrees shifted to each other and rotate in opposite
directions to that of the fundamental phasors, are of negative sequence. In contrast,
harmonic orders such as 7th and 13th are of positive sequence as their phasors are
also120-degree shifted to each other and have the same rotating sequence of the
fundamentals. Apart from the fundamental frequency, the 2nd, 3rd, and 4th
harmonic orders will have a pattern of negative, zero, and positive sequences, and
this pattern continuously repeats for the rest of the harmonic orders. The harmonic
order sequences can be significant in power harmonic analysis studies since they
can develop serious impacts on power system components such as motor operation,
neutral lines overloading, power transformers saturations, and other general effects

as will be briefly discussed later in this chapter.

1. 2. 3. General Harmonic Indices

e Total Harmonic Distortion (THD)

The THD is the most utilised index for quantifying electric power harmonics [13],

[14]. It is based on the harmonic components obtained from the Fourier series
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solution and can be applied to distorted voltage and current traces. The voltage and

current total harmonic distortion can be computed as:

JEr=2 Vi (15)
Voltage THD = ———
Vi
A ’ Z?{):Z Iﬁ. (1 6)
Current THD = 7 '
1

where h is the harmonic order, V}, and I}, are the Root Mean Square (RMS) voltage
and current, respectively, of the harmonic signal at h*" order, and V; and I; are the
RMS voltage and current of the fundamental frequency component, respectively.
However, when the traces are purely sinusoidal, the RMS quantities can be replaced

by peak values in both equations with no impact on the solutions.

e Total Demand Distortion (TDD)

Another common index used to quantify the accurate harmonic distortion for
current signals is the Total Demand Distortion (TDD). The main difference between
THD and TDD is that the TDD is calculated based on the maximum rated current
of the nonlinear load/harmonic source. This is a very useful index for applications
in weak power systems with a relatively low Short Circuit Level (SCL) and can

help overcome the confusion that the THD can cause when used in such a case [16].

JZir=2 i (1.7)

Imax

The TDD can be expressed as:

Current TDD =

where I,,,4, 1s the maximum demand current of the nonlinear load/harmonic source

at the fundamental frequency.

1.2.4. Power Harmonic Effects
Power harmonics can adversely impact most power system components [12], [13].
The most serious influences of power harmonics are summarised as follows.

e Power system’s efficiency reduction,
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e Ageing of the installed equipment due to the degradation of the insulation
system,

e Power transformers and motor overheating and vibrations,

e  High core magnetization losses in transformers and motors,

e Transformers and neutral conductors overloading in distribution systems,

e Malfunctioning and damage of metering equipment,

e Power Factor Correction (PFC) capacitors overloading and fuse damage,

e  Maloperation of protective relays and circuit breakers,

e Impact on vulnerable electronics-based equipment and loads, and

e Interferences and distortions effects on communication systems.

1.2.5. Harmonic Analysis Methods

Harmonic analysis studies are performed to evaluate the harmonic performance of
a power system. Several powerful computer-program packages adopting either
frequency or time domain methods are employed to compute harmonic flow with
the presence of nonlinear loads. These methods aim to detect resonant points,
calculate harmonic distortions of voltage and current, evaluate harmonic power
losses, investigate compliance with standard limits, design effective PPF, help plan

for future renewables and PFC capacitor banks installations, etc.

¢ Time Domain Solution

The time domain solution, which has been commonly adopted for key studies such
as transient stability, transmission lines, and switching transients, has involved the
representation of the dynamic behaviour of the interconnected components of a
power system by means of differential equations [13]. The resulting equation
system is generally non-linear, which can then be solved using numerical
integration. The most widely used time domain methods are the state variables and
Norton equivalents-based nodal analysis. The states variables approach used
extensively in electronic circuits was first employed for AC-DC power systems
[17], while the nodal method is more efficient and commonly used in the

electromagnetic transient studies of power systems [18].
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The harmonic solution derived from the time domain programmes such as an
Electromagnetic Transient Program includes solving a system for the steady-state
and then utilising the Fast Fourier Transform (FFT). This involves a considerable
computation time even for comparatively small systems and some techniques have
been introduced to accelerate the steady-state solution process [19]. Another issue
related to the time domain solutions for performing harmonic studies is the
components modelling complexity with distributed or frequency-dependent
variables. To overcome these difficulties, frequency domain solutions were

proposed [17].

e Frequency Domain Solution

The frequency domain method provides a steady-state solution for the
consequential impact of certain individual frequency (or harmonic) injections
throughout a power system, without considering the harmonic interactions between
the power network and the nonlinear components such as the control system [13].
The most well-known method of the frequency domain solution is the Decoupled
Harmonic Power Flow (DHPF). Generally, this approach uses a single harmonic
source and single-phase analysis solutions to evaluate the harmonic flow under the
assumptions of a balanced and symmetrical power system. This approach is widely
adopted for the fundamental frequency load-flow studies, but it is performed
separately for each harmonic order, and it is commercially used to verify the
harmonic distortions compliance, and performance of power filters [17]. In this
approach, the time-invariant harmonic currents generated by the harmonic sources
are either determined by the manufacturer or obtained from a model accurately
developed for a specific operating condition. Therefore, the nonlinearity is
overcome by a constant harmonic current source and a harmonic flow can then be
performed. When there are no other comparable harmonic sources in the power
network, the impact of a given harmonic source is usually evaluated with the use of
the equivalent harmonic impedances [20].

The approach of a current source model for a harmonic source is still widely
implemented for determining the harmonic penetrations through the power

networks and harmonic filters design [17], [21]. The frequency domain method can
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also be applied to an asymmetrical power system. The asymmetry that can be
observed in practical systems justifies the necessity for multiphase harmonic flow
analysis solutions. The basic power system component of a multiphase model is the
overhead conductors and/or cables, which need to be accurately represented by an
appropriate model at any frequency, involving mutual effects, neutral conductors,
skin effects, etc [13]. This model is then combined with the other harmonic models
of the network components to perform the complete harmonic analysis study for
each phase.

The current source modelling technique is also applicable to assess the distortions
resulting from multiple harmonic sources when the interactions between them are
negligible. The superposition principle is then used to derive the aggregated
harmonic distortions throughout the power network. Lastly, either deterministic or
probabilistic studies can be conducted with the knowledge of the magnitude and
phase of various harmonic sources’ components to accurately evaluate the overall

distortion [22], [23].

e Iterative Solutions

The adoption of PE-based enabling technologies, such as the High Voltage Direct
Current (HVDC) system and Flexible Alternating Current Transmission Systems
(FACTS) devices in a high-voltage power system, has increased the system’s SCL.
This implies that the principle of superposition would not be applicable when
evaluating the multiple harmonic sources impacts. This is because of the high
dependency between the different harmonic sources and the state of the power
system, and thus accurate harmonic performance can only be achieved by iterative
solutions of the nonlinear equations that model the steady-state of the complete
system [24]. The system steady-state is significantly, but not entirely, described by
the harmonic voltage components all over the network. This sort of analysis is
commonly referred to as the harmonic domain solution, and it differs from the
frequency domain methods by modelling the nonlinear interactions between
harmonic sources and the power system components. With an accurate derivation
of the nonlinear equations describing the system’s steady-state, the harmonic

domain solutions also have the advantages of including power converters, control
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circuits, PWM-based switching instants, the saturation of the transformer core, etc.
[25].

Several methods were proposed to acquire accurate nonlinear equations for
describing the system’s steady-state. The nonlinear devices should be linearized for
a given boundary condition and represented by separate linear equations, then they
are combined with a set of linear equations of the power system’s components under
the study. The system is then solved for the same operating condition using, for
example, the FFT for the sampled waveforms [26], or the harmonic phasor analysis
[27].

In this work, the frequency domain solution, which is widely used for evaluating
harmonic distortions, compliance with standard limits, and Passive Power Filter
(PPF) design when the interactions between nonlinear devices and the power
network are assumed negligible, is adopted. The frequency domain approach
requires an accurate realisation of the system under the study in terms of the system
components and harmonic sources specifications. Nowadays, power simulation
packages with powerful tools for harmonic modelling can help perform accurate
harmonic analysis studies with less effort and time burdens. The following
numerical example aims to introduce a powerful simulation environment for
harmonic analysis studies, the Interactive Power System Analysis (IPSA). This
software will be used later to assist evaluate the harmonic propagations of the
MVDC converter into a real data-based power network and validate the harmonic

performance of an optimally designed PPF.

1. 2. 6. Numerical Example of a Simple Power Network for
Harmonic Analysis

1.2.6. 1. System Description and Modelling for Harmonic Analysis

The simple power system is shown in Figure 1-1, consisting of a harmonic source
connected to the secondary side of a power transformer through an overhead line,
which is represented by its nominal-r model that introduces a capacitive element at
both ends for which the parasitic resistance of the capacitive elements is assumed

negligible. This example aims to illustrate the harmonic propagations into the
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simple power system using a MATLAB coded analytical DHPF solution and IPSA

power system simulator.

Power BUS 1 Overhead line BUS 2
Transformer

@ I n-section Model

Power Harmonic
Grid Source

Figure 1-1 Single line diagram of the example system.

In this simple example, the system is assumed to be symmetric and balanced.
Therefore, the positive and negative sequence equivalents are identical, and only
one circuit is required for the harmonic equivalent model as displayed in Figure 1-
2. The per unit (p.u.) system parameters shown in Table 1-2 are calculated based
on the 100 MVA and the base impedance at the low voltage level of 10.89 Q. It
must be noted that the resistive part of each component is neglected to investigate
the worst-case scenario of harmonic resonances and interactions between the

harmonic source and the power system.

Related assumptions made in this demonstrative example:
1- The three-phase system is balanced and symmetrical.
2- The system components’ reactance parts are dominant.
3- The inductance of each component increases linearly with frequency.

4- The effects of the control system of the harmonic source are negligible.

BUS 1 BUS 2

XTr I XL
Y

Source

BL2 BL/2 % Current

M

Figure 1-2 Harmonic impedance diagram of the example system.
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Table 1-2 Power network parameters.

Power System Parameter Value (p.u.)
Power Grid impedance 0
Transformer reactance (Xrtr) 0.20
Line reactance (Xvr) 0.10
Line susceptance (BL) 0.02

The power grid that is considered an infinite power source of a pure sinusoidal
output with zero impedance at the fundamental frequency, is represented as a short
circuit for harmonic frequencies. The 10-MVA, 132/33 kV (A/Y), power
transformer is represented between the power source and BUS 1 by its fundamental

frequency reactance (Xr,) for harmonic frequencies (h) as follows:
ZTT =thTT fOT h > 1 (18)

For the overhead lines, a simplified nominal-m model is used. The harmonic model

is calculated using its fundamental frequency reactance (X;) and susceptance (B;)

as follows:
Zy, =jhX,  for h>1 (1.9)
. B
Yg, = jh > for h>1 (1.10)

The harmonic source, which can be a PE-based power converter, is represented by
a harmonic current source connected to BUS 2. In this simple system, the harmonic
source is assumed to produce only positive and negative sequences of characteristic
harmonics up to 50th as listed in Table 1-3. Typical harmonic magnitudes are
adopted to simplify the calculations for the harmonic solution. For instance, the 5th
harmonic order is of one-fifth amplitude with respect to the fundamental
component, which is 1 p.u. This is assumed for all harmonic current components
(Ip). The phase angle of each harmonic current is assumed aligned with the
fundamental current since there is only one harmonic source presented in this

simple system.
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Table 1-3 Harmonic Source Content.

Harmonic Order Magnitude (p.u.) Harmonic Order Magnitude (p.u.)
5 0.200 29 0.034
7 0.143 31 0.032
11 0.091 35 0.029
13 0.077 37 0.027
17 0.059 41 0.024
19 0.053 43 0.023
23 0.043 47 0.021
25 0.040 49 0.020

1.2.6. 2. Analytical Solution (using MATLAB script):
The MATLAB coded solution was implemented for the given system components
models and harmonic currents data to perform harmonic analysis in the frequency

domain. In this approach, the bus admittance matrix is built first as follows.

1,1 Yy 1
Y, = Y11 _le — ZTr ZXL 2 ZXL (1 11)
B Yoz L EENRL
Zx, Zy, 2

Where Y; 1, Y5, are the admittances corresponding to BUS 1 and BUS 2 respectively,
and Y;, is the admittance between BUS 1 and BUS 2. The impedance matrix is then

calculated as follows.

- Zh11 Zhlz

Z, = =y, ! (1.12)

Zn —Zp
21 22

The harmonic impedance scan was performed for a 0.5 frequency step, and Figure
1-3 identifies the possible parallel and/or series resonances that can contribute to
harmonic magnifying or attenuating behaviour in the power system. It can be
observed that the system has two parallel resonance points around the 15" and 48

harmonic orders.
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Figure 1-3 System harmonic impedance seen from the two buses.

Consequently, with the harmonic source connected to BUS 2, the harmonic voltage

components at Bus 1 are obtained using the transfer impedance Zj ,, between Bus

2 and BUS 1, while the harmonic voltage at Bus 2 is found utilising the driving

point impedance Zj,,, as follows:

VhBUSZ :Zh22 Ih fOT' h = 2,3, ...50 (113)
VhBUSl =Zh21 Ih fOT' h = 2,3,50 (114)
It can be noticed from Figure 1-4 that BUS 1 and BUS 2 voltage spectra have higher

harmonic contents around the 15" and the 48™ harmonic orders due to the parallel

resonances developed by the line shunt capacitances.
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Figure 1-4 System harmonic voltage obtained from the analytical solution.
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The presence of the line capacitive element has triggered the corresponding
resonances with the system inductances. At BUS 1, for instance, the transfer
impedance plot with respect to frequency indicates possible amplification of
harmonic components as shown in Figure 1-5. The harmonic orders around which
the system impedance resonance occurs will be further amplified by the peaks of

the transfer impedance compared to those away from resonance points.

. 2
R -------- Impedance Scan STO,
5 100 - —o Voltage Distortion 115 §
11 R
G a
5  50r ©
o ] : (@)
g' ]7 1105 ®
£ I i o
K T 91. 2 66 60 0.9 3 * >

0 TT, .- TT? ....... IR S T 0

0 10 20 30 40 50

Harmonic Order (h)

Figure 1-5 Amplification of the system harmonic voltage.

1.2. 6. 3. Simulated Analysis using IPSA

The IPSA power systems simulator can perform frequency domain harmonic
analysis studies. It can conduct positive and negative impedance scans, harmonic
penetrations, and compute corresponding voltage traces. The simple two-bus
system depicted in Figure 1-2 with parameters shown in Table 1-2 is modelled using
IPSA, and the harmonic source is represented by a harmonic source that enables
users to assign the magnitude and angle of each harmonic current component shown
in Table 1-3. The p.u. calculations are based on the same base values of the
analytical solution.

The resulting voltage traces of BUS 1 and BUS 2 are plotted using IPSA and
depicted in Figure 1-6(a) and Figure 1-6(b), respectively. The corresponding
harmonic contents of these voltage traces, which are identical to what the analytical

solution found, are shown in Figure 1-7.
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Figure 1-6 Voltage traces obtained from IPSA solution (a) at BUS1, (b) at BUS2.
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Figure 1-7 System harmonic voltage obtained from IPSA solution.

This simple example of harmonic flow analysis provides insight into the

interactions between the harmonic currents of a harmonic source and system
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components modelled for harmonic propagations and resonances investigations.
The comparison between analytical and simulated solutions helps determine the
suitability of the power system simulation software for such studies. However,
IPSA offers different harmonic models of the power system components for the
user to define, and thus a realistic and reliable harmonic flow analysis of large and
complicated power systems with different topologies and more specifications can

be achieved with high accuracy and less computational effort.

1. 3. Research Motivation

The international upward trend of decarbonization of the energy sector associated
with the global growing energy consumption has motivated governments to set
ambitious targets and effective policies. Consequently, more RES-based systems
and their enabling technologies such as the MVDC systems are being integrated
into today’s power networks. The technical challenges, related to such high
penetrations of renewables and high-power demand, necessitate the development
of the existing power network to increase its hosting capacity and address smart
grids requirements. However, due to the intermittent nature of the RES and the wide
use of high-power PE-based power converters in the existing power systems, power
quality and harmonics issues have received a great deal of attention. Power
harmonics can have serious impacts on the power system components in different
aspects, and thus many concerns regarding the power harmonic challenges and
solutions can arise in future power networks. Therefore, this research work
primarily aims to investigate the severity of power harmonics in medium voltage
AC distribution networks and approach their challenges and solutions using
advanced Al-based solutions including the newly proposed optimization algorithms

and ANN systems.
e MVDC Converter Modelling for Harmonic Analysis Studies

The introduction of the MVDC links to the power distribution networks will help
increase the networks’ hosting capacity for more DER-based power sources and
meet future growing energy consumption without triggering stability and thermal
issues. The development of a detailed MVDC converter model and control system

with an interleaved Sinusoidal Pulse-width Modulation (SPWM) scheme is
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required to mitigate the significant harmonic components and thus enable accurate
harmonic analysis studies. When such an application is to be modelled to validate
its concept of operation, the simple Proportional-Integral (PI) controller stands out
as the most favourable option to be adopted. However, the tuning of the PI
controller’s parameters remains a challenging task with the variety of classical
control design approaches. Therefore, the performance of the Loop-shaping
technique should be explored for the control design of the MVDC converter.
Besides. the performance of the control system and the effectiveness of the

harmonic reduction method should be analysed.

e MVDC Converter Harmonic Analysis in Distribution Networks

The severity of the power harmonics injected by an MVDC converter into the power
distribution networks must be investigated. Different harmonic models of the power
system components have been proposed and reported in the literature. However,
when accurate power harmonic analysis studies are required to be performed in the
distribution networks, concerns can arise about the selection of the most accurate
harmonic model of a system component. Therefore, the harmonic models of key
power system components should be analysed from the distribution network point
of view, and recommendations for realistic power harmonic flow analysis studies
must be provided. A real data-based power network is required to be modelled for
conducting an accurate propagations analysis of the harmonics generated by the
MVDC converter, and the voltage distortions against the defined standard limits

must be investigated for any potential risks to sensitive loads.

e Passive Power Filter Design and Harmonic Performance

Analysis

The parameter design of PPF has been widely acknowledged as an optimization
problem, and novel nature-inspired optimization algorithms are being developed
and proposed for a wide range of applications. The recently developed Manta Ray
Foraging Optimization (MRFO) algorithm has shown considerable computational

progress, a powerful ability to solve non-linear optimization problems, easy
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implementation, and relatively fewer parameters that require to be adjusted for
several applications. However, the performance of the MRFO algorithm has not
been investigated for the PPF parameter design problems applications.
Additionally, the superiority of the MRFO algorithm can be validated against
recently proposed algorithms that have general similarities in inspiration and
hunting behaviour modelling. Moreover, the evaluation of an optimally designed
PPF harmonic performance in power distribution networks subjected to
uncertainties and inevitable variations has not been addressed. The Monte Carlo
Simulation (MCS) approach, which is a computer-based simulation technique that
uses probabilistic theory and statistical solutions, has been widely adopted to tackle

such uncertainties.

e Harmonic Distortions Estimation wusing Artificial Neural

Networks

Renewable resources-based power sources are predicted to cause significant
harmonic distortions in today’s power networks due to the increased utilisation of
power conversion systems, which are widely recognized as harmonic sources.
Power harmonics, which are one of the crucial power quality problems, would lead
to undesirable effects on the power system such as increased power losses,
overheating and vibration of power transformers and motors, degradation of power
factor, and maloperation of protection systems. These harmonics-related financial
and technical consequences have stressed the necessity for effective measures to
maintain harmonic distortions at lower possible levels to ensure compliance with
the standard limits. However, identifying the actual contribution of an offending
harmonic source can be a challenging task, especially with multiple harmonic
sources connected, changes in the system’s characteristic impedance, and the
intermittent nature of renewable resources. Therefore, an improved harmonic
distortion estimating method based on an ANN system taking the location-specific
data into consideration should be developed to model the admittance of the
harmonic source under the estimation, capture its harmonic performance over
different operating conditions, and provide accurate harmonic distortions

estimations.
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1. 4. Research Objectives and Contributions

The main objective of this research work is to investigate the severity of power
harmonics in the distribution networks with the presence of MVDC converters and
approach harmonic solutions considering the potential application of optimization
algorithms and ANN systems. Details of the research objectives and contributions
are as follows.

Objective 1:

Developing an accurate model of the MVDC converter for harmonic analysis
studies in medium voltage AC distribution networks.

Contribution 1:

e A comparative study of the MVDC system and power converter topologies
to nominate the best candidate for MVDC system applications was
undertaken.

e A detailed model of the MVDC converter including PE devices with
switching behaviour was developed for harmonic analysis studies.

e A suitable control scheme with the controller parameters tuned using the
robust and simple Loop-shaping technique was developed and its
performance was investigated.

e An interleaved SPWM scheme to reduce the overall system’s harmonic
emissions was proposed and its effectiveness was discussed.

e The harmonic performance of the developed model will be compared to that

of the established models to validate its superiority.

Objective 2:

Developing a harmonic model of a real data-based medium voltage power
distribution network to investigate the MVDC converter’s harmonic propagations
and penetration through the AC network.

Contribution 2:

e A critical review of the reported harmonic models of the power system
components was conducted to determine the most reliable models for
accurate power harmonic analysis studies.

e Real data of the case study power system was collected, and the power

system was modelled for the harmonic analysis study.
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e  Thorough harmonic propagations, penetrations, and resonances of the real
power system using the frequency domain approach were analysed.
e Total and individual harmonic distortions were evaluated against harmonic

standard limits to identify any potential risk on nearby sensitive loads.

Objective 3:
Investigating the feasibility of the recently developed Manta Ray Foraging

Optimization (MRFO) algorithm for the PPF applications and investigating its
performance against newly proposed algorithms. Also, a method for evaluating
statistically the harmonic performance of such an optimally designed PPF with
uncertainties at the network level is to be developed.

Contribution 3:

e A critical review of the optimization algorithms employed for PPF
applications was undertaken.

e The problem formulation, objective function, and constraints were set for
the PPF parameters design problem.

e A comprehensive comparison between the MRFO and the most recently
proposed optimization algorithms was achieved for superiority validation.

e An analytical approach based on the MCS was developed to extensively
evaluate the performance of an optimally designed PPF in a power system

considering the variations and uncertainties at the network level.

Objective 4:
Exploring the feasibility of the ANN for estimating the true harmonic distortions of

a grid-connected power converter application with multiple harmonic sources
connected, changes in the system’s characteristic impedance, and the intermittent
nature of renewable resources.

Contribution 4:

e A critical survey of the ANNs utilised for power harmonic distortions
estimation was conducted.
e An improved harmonic distortions estimator was proposed and developed

based on voltage, current, and location-specific signals.
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e A simple power system including several renewable systems and events at
the power network level was simulated to investigate the variations in the
harmonic performance of a solar PV power inverter.

e A multilayer perceptron ANN was trained using the simulated system
results and the optimal number of neurons in a hidden layer was investigated
for a relatively small prediction error.

e The proposed estimator was validated in the IEEE 34-bus test feeder with

established harmonic sources measured from a test field.

1. 5. Research Limitations

Generally, the developed systems in this work require high accuracy and thus
require a larger number of samples and computational time (i.e., simulation time).
Since most of the work in this thesis was validated using simulation platforms,
technical and convergence issues for several methodologies are anticipated.
Depending on the nature and requirements of a study, different methodologies for
approaching power harmonic solutions in today’s power systems can be integrated
and this would lead to more computational complexity. Furthermore, experimental
validation of this work in real power systems would require intensive consideration
of auxiliary filtering and protection systems. However, approaches and principles
implemented in this thesis remain valid irrespective of the power levels.

In Chapter 2, different classic and advanced control configurations and topologies
including Phase-Looked Loop (PLL) systems can be adopted, and realistic
assumptions about the delay of control and communication systems can cause some
variations. Additionally, power transformer windings are not usually symmetrical
and loading conditions of power distribution networks are not always balanced.
These different factors would cause some variations in the harmonic performance
of the real Medium Voltage Direct Current (MVDC) converter.

In Chapter 3, the decision on available harmonic models of the key power system
components in the frequency domain can lead to uncertainty for large power
systems. The parameters required for these established harmonic models seem to
depend on assumptions and field measurements, which would also lead to difficult

implementation and misestimation of harmonic resonances and indices.
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Although typical values for coefficients of the optimization algorithms adopted in
this work were used, better performance can be achieved by searching for optimal
settings for these parameters. Moreover, for the stochastic harmonic performance
of Passive Power Filters (PPF) using Monte Carlo Simulation (MCS), normal
and/or uniform distribution functions may not accurately represent some real-life
events. Prior knowledge of the loading condition and configuration, PPF topology,
and harmonic emissions of a harmonic source is required to describe uncertainties
in Chapter 4.

In Chapter 5, the proposed harmonic distortion estimator requires a larger training
data set and computational effort for accurate performance. Signal synchronization
is one of the key challenges of system implementation, especially in the training
and testing stages. The offline prediction stage requires an appropriate delay to
compensate for the mismatch between input and output signals. Inherent fault
tolerance of such an ANN-based system, which was deliberately excluded in this

work, would unfavourably affect harmonic distortion estimation.

1. 6. Thesis Outlines

The rest of this thesis is structured as follows.

Chapter 2 presents the development of the harmonic model of the MVDC
converter. An overview of the different configurations of the MVDC
systems and a concise comparative analysis of the multilevel power
converter topologies for such applications are provided. The topology,
control system, and interleaved SPWM scheme of the MVDC system are
discussed. The MVDC system performance at the fundamental and
harmonic frequencies for different operating conditions is presented.

Chapter 3 is dedicated to the harmonic modelling of the real data-based
power network. It also presents the MVDC system’s steady-state
performance in the Albaha power network with different cases including the
development projects in the region. A comparison between the established
harmonic models of the power system components is conducted, and the

Albaha power network model for the harmonic analysis study is presented.

25



Chapter 1: Introduction

The MVDC converter harmonic propagations into the Albaha power
network at different voltage levels are analysed and evaluated against the
standard limits. Potential harmonic issues and impact on nearby electronics
loads are highlighted.

In Chapter 4, the parameters of a PPF are optimally designed using the
recently developed MRFO algorithm, and an analytical harmonic analysis
method is proposed. A thorough literature review of the optimal design
approaches and optimization algorithms implemented in this area is
undertaken. The formulation of the optimization problem and decision on
the objective function and constraints are discussed. The superiority
validation of the MRFO algorithm among the most recently proposed
optimization algorithms is presented. The harmonic performance of the
optimally designed PPF using the proposed MCS-based approach including
uncertainties is discussed.

An improved power harmonic distortions estimator using the ANN system
is introduced in Chapter 5. A review of previous work and an overview of
the ANN-based system are presented. A simple power system simulated
with several renewable systems and power events at the network levels on
which the training of the ANN-based is discussed. The process of training
and prediction stages of the proposed system is detailed. The validation of
the estimator performance in the IEEE 34-bus test feeder with established
harmonic sources measured from a test field is discussed.

Finally, the conclusions drawn from this research work and potential

directions for future work are provided in Chapter 6.
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Chapter 2. MVDC Converter Modelling for
Harmonic Analysis Studies

This chapter aims to develop an accurate model of the Medium Voltage Direct
Current (MVDC) converter for harmonic analysis studies in medium voltage AC
distribution networks. A comparative study of the MVDC system and power
converter topologies to nominate the best candidate for MVDC system applications
is undertaken. Next, a detailed model of the MVDC converter including Power
Electronics (PE) devices with switching behaviour is developed for accurate
harmonic analysis studies. This also includes a suitable control scheme
development and an interleaved Sinusoidal Pulse Width Modulation (SPWM)
scheme to improve the overall system’s harmonic emissions. The harmonic
performance of the developed model is compared to that of the established models

to validate its superiority.

2. 1. Introduction to MVDC Technologies

Modern power systems are increasingly adopting power conversion systems for
renewable energy generation and enabling technologies such as High Voltage
Direct Current (HVDC) and Flexible Alternating Current Transmission Systems
(FACTS) devices and other applications. Due to the rising use of power electronics-
based technologies, it is expected that power distribution networks would also be
contaminated with considerable harmonic distortions [11]. Power distribution
networks are typically operated in a radial configuration with normally open points
connecting adjacent networks and providing alternative power supply routes for
planned or unplanned power outages. The radial configuration provides a
distinctive benefit due to its inherent operation and protection simplicity. However,
the increasing penetration of renewables and growing electricity consumption have
led to key challenges in the existing power networks, which cannot be addressed
via conventional network reconfiguration methods [28]. Conventional network
reinforcement offering an additional network capacity is an unfavourable option
due to its cost and implementation difficulty. Therefore, innovative solutions to the
existing networks have been proposed to overcome such disadvantages. The

method of interconnecting (or meshing) the existing radial networks, which helps
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relieve the stress on heavily loaded networks, is practically adopted in today’s
distribution networks due to its technical benefits such as reliability of supply
improvement, load balancing between distribution networks, voltage profile
enhancement, and power losses reduction. Nevertheless, the increase in fault
current levels, which would necessitate more complicated and costly protection
schemes, is the main drawback of this approach [29].

An alternative flexible connecting method over the radial and mesh configurations
is the DC link, which is achieved by utilising PE-based power converters. Instead
of regular circuit breakers, the MVDC system can provide the following features to
the AC distribution networks [28], [29]:

e Connectivity between AC networks regardless of the synchronisation
conditions of line voltage magnitude, phase angle, phase sequence, and
operating frequency,

e Flexible and dynamic controllability of the active power flow between the
interconnected networks, and therefore increasing the hosting capacity for
more renewable resources-based technologies,

e Independent control of the reactive power at each AC terminal, and thus
dynamically regulating the AC voltage. The MVDC system can additionally
perform the Static Synchronous Compensator (STATCOM) functionality,

e Active fault isolation for the AC networks and the controlled fault current
contributions depending on the current control loop of the MVDC
converters,

e Power quality improvement such as voltage imbalance, sags and swells,
flickers, and low-order harmonics mitigation, and

e Ancillary services such as reactive power compensation, black-start, and

post-fault supply restoration through healthy AC networks.

The advantages associated with such a technology would lead to increased
utilization of the MVDC system in today’s power networks. However, power
harmonics have recently attracted attention because of the growing use of PE-based
power conversion systems [11]. Harmonics are known to cause excessive heating
and power losses in power system components, as well as harming consumer

electronics, industrial drives, and communication systems. Furthermore, they have
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the potential to drastically reduce a power network's capacity for high DER
penetrations. Harmonic distortions can also impact the capacity of
power transformers and underground cables [30]. As a result, an accurate harmonic
model of the MVDC converter is required to investigate its harmonic emissions
severity, propagations, effects, and solutions in AC networks. This work aims to
develop an accurate model of the MVDC converter for accurate harmonic analysis
studies including a harmonic emissions reduction solution at the power converter

level.

2. 2. Previous Studies on MVDC Technologies

In the literature, there is a lack of published work related to MVDC converter
modelling and control development. However, the MVDC systems are appointed
as a promising technology for today’s distribution networks to accommodate the
high penetrations of DG systems with increasing power demand [31]—-[39]. These
technologies with a suitable control system can also help reduce power losses,
improve power supply, and compensate for load unbalancing. The study conducted
in [40] investigated the impact of renewable resources on the distribution network
and showed that the controllability of MVDC systems can increase the hosting
capacity for distributed generators and the loading capability of the network while
maintaining the voltage of the nodes within the standard limits. In [32], an
optimization method was developed based on a comparative study of the
conventional reinforcement measures and the use of the MVDC system to enable
more renewable-based technologies in the distribution networks, while an
assessment of the MVDC system including different topologies, degrees of
freedom, and performance against conventional network reinforcing measures was
reported in [33].

An application of the MVDC technology to boost the penetrations of solar
photovoltaic and energy storage systems in a distribution network was presented in
[34]. Furthermore, a method based on nonlinear optimization was developed in [32]
to determine the possible operating region of an MVDC system for different load
and generation conditions within the AC networks. The authors in [41]
implemented an algorithm to evaluate the potential increase in hosting capacity due

to the use of an MVDC system for renewables in two interconnected distribution
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networks. In [42], the impact of the active power flow control on AC network
voltage profiles was investigated. The study focused on the control effectiveness of
a multi-terminal MVDC system to minimise voltage deviation among multiple AC
networks. However, the impact of both active and reactive power control on voltage
profiles and distributed generation penetrations was assessed in [34].

The power system reinforcement offered by the utilisation of an MVDC system
connecting two adjacent distribution networks was discussed in [29]. It considered
the existing distribution network to be replaced by a DC circuit with power
conversion units installed at each substation. This approach would improve the
power transfer capacity, hosting capacity for more renewable systems, and overall
efficiency of each AC network.

The influence of various control systems on the MVDC systems operation was also
discussed in a few publications. A control scheme for an MVDC system was
proposed for supply restoration capability in power distribution networks in [35],
[43]. Two switchable control schemes were introduced for the normal operating
conditions and post-fault restoration, and a smooth transition method between the
control modes based on the design of the Phase-Locked Loop (PLL) circuit was
proposed. Furthermore, a control system for a balanced DC voltage operation of a
scaled-down MVDC system was proposed in [39].

There is a limited number of publications dealing with the harmonic modelling of
an MVDC converter and its harmonic propagations into the distribution networks.
A modelling method for an MVDC system for harmonic analysis studies was
presented in [44], where the switching device detailed model is substituted by a
current source controlled by a switching function that simulates the PWM instants
to reduce the computational complexity. This method shows an excellent harmonic
performance in comparison with the average model of power converters but is not
as accurate as a detailed switching behaviour-based model and thus it would result
in less accurate harmonic analysis studies in the AC power network. In [45], the
harmonic performance of an MVCD system was analysed within the DC circuit that
incorporates power cables. However, the harmonic propagations of the MVDC
converter into the AC network have not been investigated. Also, the AC output

current traces of the MVDC converter were shown to have relatively high
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distortions, which indicates the absence of the interleaved PWM algorithm that
must be incorporated in the case of cascaded topologies.

Therefore, the main aim of this part of the thesis is to develop an accurate harmonic
model of the back-to-back MVDC system with a detailed representation of the
switching devices to investigate its harmonic performance in the power distribution
networks. A cascaded power converter topology will be developed, and the impact
of the interleaved SPWM on the harmonic performance of the MVDC converter
will be investigated. The active power and reactive power control mode and DC
voltage and reactive power control mode will be implemented using the simple and
effective PI controllers tuned using the Loop-shaping method. The harmonic
performance of the developed model will be compared to that of the established

models to validate its superiority.

2. 3. Different Structures of MVDC Systems

There are a variety of MVDC systems configurations for distribution networks
depending on the arrangements and operating requirements of the power converters
adopted, and can be classified into, but not limited to, Back-to-Back, Multi-
terminal, and Unified Power Flow Controlling (UPFC) systems. These topologies
are well established for high-voltage transmission systems, and custom power

devices for power quality applications at low voltage.

2. 3. 1. Back-to-Back MVDC System Topology

The back-to-back configuration is shown in Figure 2-1, consisting of two power
conversion units connecting two AC networks via a DC link to develop an
asynchronous AC-AC connection [35], [46]. These power conversion units can be
two-level, three-level, multilevel, or cascaded Voltage Source Converter (VSC)
based power converters. The coupling transformers are used to interface each power
conversion system, provide grounding for the system to suppress fault current,
match grid voltages to the power converter AC voltages, and help smooth the
fundamental current. However, some recent studies have proposed transformerless

topologies aiming to reduce the size and cost of the system [36].
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Figure 2-1 Back-to-back MVDC system topology.

2. 3. 2. Multi-terminal MVDC System Topology

The multi-terminal configuration depicted in Figure 2-2 is an extended version of
the back-to-back topology and enables the connection of more than two AC
networks through a common DC link [47]. Although this topology can provide
similar features to the conventional back-to-back systems and ensure improved
security and reliability of supply, it requires more sophisticated control, higher cost,
and larger size systems.

Interf. Transf. 1 VSC1 DC Link VSC 2 Interf. Transf.2

Grid 1 Grid 2

Interf. Transf.3
— Grid 3

1/~

VSC 3

Figure 2-2 Multi-terminal MVDC system topology.

2. 3. 3. Unified Power Flow Control (UPFC) System Topology

The UPFC system displayed in Figure 2-3 comprises shunt and series-connected
power conversion units linked via a common DC circuit [46], [48]. The series-
connected power converter controls the voltage magnitude and phase angle at its
connection point, in that way the power flow is controlled between interconnected

networks. On the other hand, the main role of the shunt power converter is to deliver
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the power required by the series converter through the DC link and provide
independent control over the reactive power at its AC connection point.

The main benefit of the UPFC system is the high potential power flow that can be
achieved by a relatively smaller rated power conversion system imposing voltage
magnitude and phase angle differences. However, this feature is dependent on the
network’s configurations, operation constraints, normal operating conditions, and
the location of the UPFC system. Inherent drawbacks of the UPFC are the
requirements for a complicated control scheme and protection system to undermine
the disturbances and fault levels across the AC networks, and that the UPFC system

should be connected between power systems that are already synchronised.

Grid 1 |

Q)

Interf. Transf.1

Grid 2
Interf. Transf.2 |

DC Link

~ ~

VSC 1 VSC2

Figure 2-3 UPFC system topology.

2. 4. Multilevel Power Converter Topologies

A PE-based device that can operate as either a power inverter (DC to AC) or a
power rectifier (AC to DC) is called a power converter. The two-level power
converter with the topology shown in Figure 2-4 has been the most commercially
available and widely used for low voltage applications. The main evident difference

between the two-level and multilevel power converters as their names imply is the

output voltage; the two-level AC output phase voltage alternates between + % and

— %, while the multilevel output has more than two voltage levels, which results

in more sinusoidal waveform and thus lower harmonic distortions.
For multilevel converters, the DC-link is split over more than one capacitor, unlike
the two-level converter that consists of only a single DC-link capacitor. The use of

multiple series DC-link capacitors enables the aggregation of multiple voltages with
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the power semiconductor devices for commutation and thus forming high voltage
at its output, and simultaneously allows each switching device to withstand a
reduced voltage level appearing across each DC-link capacitor, which determines

the power semiconductor switches rating.
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Figure 2-4 Three-phase two-level VSC converter.

The advances in PE switching devices for handling high-power capabilities have
made power converters feasible for high-power applications. For high-voltage
systemes, it is problematic to directly connect a power semiconductor switching unit
to a high voltage DC-link because the stray inductance and capacitance present
within these switching devices can result in an undesirable voltage overshoot and
device damage. Instead, a series connection of multiple switches with lower voltage
ratings is beneficial to improve the conversion system reliability [49], [50].
Generally, the benefits of utilising multilevel converters over conventional two-
level power converters can be summarised as:

o The output voltage and current of a multilevel converter have reduced
distortions in comparison to a two-level converter,

o Because multilevel converters have several output voltages levels, the
dv/dt stress is decreased, which in turn lessens the Electromagnetic
Compatibility (EMC) problems,

o The switches of multilevel converters can be operated using PWM of
the fundamental frequency or higher switching frequencies. However,
high switching frequency causes higher switching losses, which

decrease the overall efficiency of the conversion system, and
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o The multilevel converter makes better utilisation of the DC-link voltage
when compared to the two-level converter. This is mainly due to the
PWM technique such as the 3rd order harmonic injection for three-level
VSC converters. Additionally, for H-Bridge converters, floating

capacitors can boost the maximum fundamental voltage [51].

Several research works have been dedicated to multilevel converters in terms of
topologies, control, and operation with different proposed modulation schemes.
Cascaded H-Bridge (CHB), Neutral Point Clamped (NPC), and Flying Capacitor
Clamped (FCC) converters have been appointed as the most promising multilevel
topologies for future power systems. A brief overview of the three common
multilevel converter topologies is presented next and the best candidate based on
the literature survey will be nominated for the MVDC system applications in the

power distribution networks.

2.4.1. Cascaded H-Bridge (CHB) Multilevel Converter
The Cascaded H-Bridge (CHB) multilevel converter was originally proposed in

1975 [52]. The concept of such a converter is to connect multiple DC-sourced full-
bridge units in series to produce a staircase voltage waveform at the AC output. The
single-phase structure of the CHB converter is demonstrated in Figure 2-5. The AC
output of each H-bridge converter depending on the switches’ states can be + Vg, —
Vae, and 0, and by establishing different conduction times between each unit, a
staircase voltage waveform of (N+1) levels at the AC output (V,./) can be formed
with a peak of (NX V), where N is the number of H-bridge units used. This is made
feasible by the series connection of multiple DC-link capacitors (or DC sources) to
the overall AC output terminals with a suitable control scheme over the power
switching devices of each unit.
Advantages:
o The levels of the AC output voltage are more than the number of H-
bridge units used,
o With a high number of H-bridge units, an AC output with very low
harmonic distortions can be achieved even with a lower switching

frequency, and
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o System modification simplicity due to the series H-bridges modularity.

Disadvantages:

o The main constraint of the CHB converter is that independent DC-link
capacitors (or sources) are essential for each H-bridge unit that
consequently restricting its application,

o Due to harmonic distortion reductions requirements, a high number of
H-bridges is used for a high number of AC output levels, which means
more DC-link capacitors and thus a bulky and costly system, and

o The complexity of the control system to operate the CHB converter for
maintaining equal voltages across the DC-link capacitors when

controlling output active and reactive power components.
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Figure 2-5 Single-phase CHB VSC converter.
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2.4. 2. Neutral Point-Clamped (NPC) Multilevel Converter

The Neutral Point-Clamped (NPC) or diode clamped multilevel converter was first
introduced in 1981 with diodes blocking the DC sources to establish a neutral point
defining a third voltage level [53]. The three-phase topology of a three-level NPC
converter is depicted in Figure 2-6. In this structure, the A, B, and C-phase share a
common DC link, which comprises two capacitors connected in series. These

capacitors divide the voltage of the DC link via the middle point into three levels

(+ %, — % and 0) that appear at each AC output phase voltage of the converter
by a suitable control over the power switching devices. For a single leg, there are
two complementary switching devices (Q11, Q14), which are the main switches, and
(Q21, Q24), which are the auxiliary switches clamping the output terminal to the

neutral point (V) through the two clamping diodes.

DI5 +
C, | vder

Qll

Figure 2-6 Three-phase three-level NPC VSC converter.

Advantages:

o A common DC link is shared by the three-phase terminals, and minimising
the number of DC-link capacitors required, system size and cost,

o Since the DC link voltage is divided through the midpoint, lower voltage
rating switches can be utilised, and voltage stress issues can be minimised,

o Lower output harmonic distortions and high efficiency with a lower
switching frequency, and

o The pre-charging of the DC-link capacitors as a group is possible, thus

improving system dynamics.
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Disadvantages:
o Increase in the number of diodes required for clamping, and
o Voltages across the DC-link capacitors must be balanced for all operating

conditions, thus requiring an effective control system.

2.4. 3. Flying Capacitor-Clamped (FCC) Multilevel Converter

The Flying Capacitor Clamped (FCC) converter has a similar topology as that of
the NPC converter but with clamping capacitors replacing the clamping diodes,
proposed in the 1990s [54]. The role of clamping capacitors is to clamp the voltage
of the switch to the voltage that appears across the DC link. Consequently, each AC
output level in the staircase waveform reflects the voltage across each DC-link
capacitor. The three-phase three-level FCC converter is displayed in Figure 2-7.
Like the NPC converter, the FCC topology has a common DC link split by the two

capacitors connected in series. Each AC output voltage with an appropriate

switching of the power semiconductor components has three voltage levels: + %,

- % and 0. The functionality of the clamping capacitor is to clamp the switching

device to a reduced DC voltage appearing across a DC-link capacitor, which is the

role of clamping diodes used in NPC converters.
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Figure 2-7 Three-phase three-level FCC VSC converter.
Advantages:

o The voltage across capacitors can be balanced by the redundant switching

states available, and
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o Short duration outages ride through capability due to the increased number

of capacitors.

Disadvantages:
o The high cost and bulky size of the system due to many capacitors in
comparison to the NPC topology, and
o Requirement of a separate pre-charge circuit and complicated control

system for voltage balancing of clamping and DC link capacitors.

The different multilevel converter topologies can also reduce the size and cost of
the output filters and improve power conversion efficiency. The three-level NPC
and FCC converters, for instance, require half the output inductor for a given
switching frequency used in two-level converters and thus reduce the output ripples.
Additionally, the switching devices in the three-level converters have half the
voltage rating of that used for two-level converters, and therefore reduce the voltage
stress across the power converter components and switch losses and improve the
system reliability [55].

Comparative studies of switches losses comprising switching and conduction losses
and DC-link capacitor losses of most common topologies were conducted in [56],
[57]. They concluded that the conventional two-level converter results in
significantly higher losses than the CHB and NPC converters even with lower
switching frequencies due to the high-voltage rating of switching devices used. For
the three-level topologies, switch losses are almost equal for the CHB and NPC
converters, assuming equivalent modulation techniques. In terms of DC-link
capacitor losses, the CHB and FCC converters have significantly more capacitor
losses than conventional two-level and three-level NPC converters, which proved
to be equal. However, increased switch losses of two-level converters cannot
compensate for their lower DC-link capacitor losses unlike the NPC converter,
which proved to be the most efficient and promising topology for high-voltage and
high-power applications. In conclusion, as it can be seen from the comparisons
made in the literature and detailed discussion presented earlier, the NPC converter
topology with the relatively minimised cost and size, lower associated switch and
DC-link capacitor losses, and control design simplicity, stands out as the optimal

choice for high-voltage and high-power applications such as the MVDC systems.
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2.5. Modelling and Control Development of an MVDC Converter

2.5.1. Topology and Specifications

To estimate the harmonic performance of the proposed MVDC converter with the
topology shown in Figure 2-8 with parameters provided in [44], [45], [58] and listed
in Table 2-1, the first stage is to model the power converters with a detailed
representation of the power switching devices. The MVDC converter is based on
several three-phase three-level NPC VSCs connected in an especial structure to
form a return-grounded bipolar configuration with each DC side connected in
series. At both substations, each six power converters are connected to the AC
network through a three-phase transformer of 17 MVA having high-voltage star-
connected windings and six low-voltage delta-connected windings of 2.1 kV each.
Two transformers are used to connect the twelve power conversion units to form
the overall topology, while the total DC link of 54 kV is formed by the series
connection of each converter DC link of 4.5 kV. The mid-point at each substation
is connected to the ground through a grounding resistor, and a DC reactor is

commonly used along the DC line to filter out the DC ripples.
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Figure 2-8 Proposed MVDC system topology.

40



Chapter 2: MVDC Converter Modelling for Harmonic Analysis Studies

Table 2-1 Specification of the MVDC system.

Parameter Value
Link Capacity 30 MW
AC Voltage 33 kV - 60Hz
DC Voltage +27kV
Transformer Rating (each) 17 MVA
Transformer Reactance (each) 0.2 pu
Switching Frequency (f;,,) 900 Hz
DC Reactor 6 mH
Grounding Resistor 10 Q

2.5.2. MVDC Converter Control System

The power-flow control scheme, which is widely used to operate a VSC-based
conventional back-to-back power conversion system, is adopted for the MVDC
system. It has the capability to control the active power between the AC networks,
independent control over reactive power at each AC end under normal operating
conditions, and fault isolation between the interconnected networks. In this control
mode, cascaded or dual closed control loops based on the dg-synchronous rotating
frame are used to operate the MVDC converter. The advantages introduced by the
current control in the dg-frame are the decoupling between the active and reactive

power control and the inherent suppression feature of fault currents [35].

2.5.2.1. Phase-Locked Loop Circuit

The PLL is the key component for the synchronisation of a grid-connected power
converter with the grid voltage [59], [60]. The PLL control scheme shown in Figure
2-9 is based on Park’s transformation theory, where the q-component of the grid
voltage is controlled to zero and a PI controller is used to estimate the corresponding
angular frequency (w), and the phase angle (8) can then be obtained by an
integrator. The PLL developed in Simscape/Simulink is used, which has a similar

topology with automatic gain control for the PI controller.
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Figure 2-9 Schematic of a simple PLL controller.

2.5.2.2. Inner Control Loop

In [61], to design the inner current control loop, the three-phase three-level NPC
converter can be simply modelled by a voltage source behind an impedance
representing its equivalent AC filter inductance introduced by the power
transformer in this case as shown in Figure 2-10.

VSC Equivalent Circuit
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Figure 2-10 Simplified model of a grid-connected VSC converter.

By applying Kirchhoff’s voltage law, the following equation in the abc-frame can
be obtained.

v, = L—= v — vpoc 2.1

Applying Park’s transformation with the cross-coupling due to the inductance

behaviour considered yields:

dig )
de = LE = +Lw I,q + vtd - Upocd (22)
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di
Vg = Ld_t? = —Lwig + v, — Vpoc, (2.3)

Transforming the time domain equations to the frequency domain by applying

Laplace transform yields:

IdLS = +L(l) Iq +th _VPOCd (24)

IgLs = —Lwlq+ Ve, — Vpoc, (2.5)

Based on the Laplace equations, the grid filter model representing a reduced-order

model of the power converter can be developed as in Figure 2-11.

Detailed Grid Filter Plant

Figure 2-11 Equivalent model of a grid-connected VSC converter in the dq-frame.

Now, the control circuit regulating the output current of the VSC converter
modelled in the dg-frame can be drawn as shown in Figure 2-12. It should be
noticed that the grid voltage and cross-coupling components in the control circuit
have opposite signs to that shown in the detailed grid filter plant. This is to
compensate and cancel out their impact on the dynamic response of the system

under the control.
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Figure 2-12 Current control model of a grid-connected VSC converter in the dq-frame.

The inner current control circuit receives the dq-current commands from the outer
loop and provides the proper reference signals for the PWM circuit. The difference
between the reference and measured dq-current components are processed through
a PI controller, and the reference signals (v, are obtained after the inverse Park’s
transformation. The compensations of the feedforward voltage and cross-coupling
current due to the dq transformation are commonly employed to improve the
transients of the conversion system [61], [62]. The PWM then generates the train
pulses for the switching devices such as Insulated Gate Bipolar Transistors

(IGBTs).

2.5.2.3. Outer Control Loop

The implementation of the outer control loop shown in Figure 2-13 is
straightforward. It is used to provide the reference dq-current components through
PI controllers for the inner loop shown in Figure 2-12. The structure of the inner
loop control is common for each power converter in each substation, while the outer
loop differs for each converter based on where it is placed. For the MVDC system,
converters at Substation 1 are operated in P-Q control mode, while the V4.-Q
control scheme is used for those at Substation 2. As the names imply, the P-Q
controls the active and reactive power to the predefined set points, while the V4.-Q
maintains the DC link constant for a stable active power flow and controls the

reactive power at its AC end. Dynamic current limiters are usually incorporated to
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detect and protect the system from overcurrent during abnormal operating

conditions [35], [61].
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Figure 2-13 Outer control loop model of a grid-connected VSC converter in the dq-
frame, (a) P-Q control mode, (b) Va-Q control mode.

2.5.3. PI Controller Parameters Design

There are several available methods for the control loop design. The methods of
robust control design including high-order control systems cannot be simply
realised in real power conversion systems [61]. Nevertheless, the easily
implemented Loop-shaping method yields satisfactory control performance [62],
and thus it is used for the MVDC converter inner current loop to tune the PI
controllers’ parameters, whereas outer loop PI controllers are tuned in this work by
trial-and-error approach to achieving the desired performance. When the power
network is assumed to be balanced, and the steady-state operation is of concern, the
voltage disturbances and cross-coupling components can be overlooked due to their
significance in transients only. Besides, the DC link voltage can be assumed
constant with no disturbances since its response time is much slower than the inner
current loop [61]. Additionally, when the system operates at the unity power factor,
the d- and g-component models are identical to represent the overall system
response, and hence the converter model can be further simplified as shown in
Figure 2-14.
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Figure 2-14 Overall structure of the simplified current control loop.
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For the given performance requirements, the process starts with the open-loop Bode
plot of the plant model of the system under the control, then an integrator is placed
with a Left-Hand Zero (LHZ) to achieve the required open-loop phase margin.
Finally, a factor is imposed to modify the crossover frequency to meet the required
performance criteria. To accomplish a fast response current control loop, the PI
controller design objective is to adjust the current control bandwidth between 1/20
and 1/10 times the switching frequency (fs,,), while sufficient close-loop stability
can be assured by regulating the phase margin normally higher than 45 degrees at

the crossover frequency with a slope of -20 dB/dec [61], [62].

For the MVDC system, the transformer leakage reactance is assumed symmetric
for each winding connecting each power conversion unit, and it is adopted in the
grid filter plant for the control design. At 2.1 kV and 2.9 MVA, the low voltage
equivalent inductor (Leq) is approximately 2.15 mH. Figure 2-15 to Figure 2-18
illustrate the process of the Loop-shaping technique, and Figure 2-19 shows the
resulting open-loop Bode plot of each stage of the current control design.

Grid Filter Plant

Figure 2-15 Stage-1 for the Loop-shape design of the current control loop.

Firstly, an integrator (%) is applied to control the plant instead of a Pl-type

controller. From the Bode plot, the system shown in Figure 2-16 is constantly
unstable with a continuous zero phase margin irrespective of the controller gain
(Kg), which can only change the crossover frequency. Therefore, with the integral
controller only, the phase margin cannot be modified, and an LHZ requires to be

added as shown in Figure 2-17.
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Figure 2-16 Stage-2 for the Loop-shape design of the current control loop.

System stability can be achieved by adding the LHZ of a low frequency in the
controller transfer function that modifies the system phase margin. In the case of

low switching frequency, the crossover frequency is planned at 90 Hz, (i.e.,

1

5 X fsw), for the inner control loop, and therefore the LHZ frequency (f,) is

selected as 45 degrees, which is adequately below the planned crossover frequency.

Grid Filter Plant

Integrator &
LHZ

Figure 2-17 Stage-3 for the Loop-shape design of the current control loop.

From the Bode plot, the system now has a phase margin of 63.4 degrees that ensures
the system stability, but the crossover frequency needs to be adjusted. The integral
controller gain (Kj), which influences only the control loop magnitude, now acts to
modify the crossover frequency to 90 Hz. The gain computation depends on how
much increment the system requires to cross the 0 dB at 90 degrees. As a result, the
gain is computed as 10%%7/20 for 56.7 dB as illustrated in the Bode plot. The final

model of the controller is given as:

B Ky S _ K, s
Integrator & LHZ = ~ ( w, + 1) =5 (2 Tf + 1) (2.6)

The standard PI controller shown in Figure 2-18 is preferred for its easy
implementation and modelling. Moreover, a discrete form of it can be easily

implemented in a simulation program like Simulink/MATLAB. The proportional

47



Chapter 2: MVDC Converter Modelling for Harmonic Analysis Studies

gain (K,=1.132) and integral gain (K;=320) are simply calculated from the

controller model developed from the Loop-shaping technique as:

K,

PI troller = —
controller = — 27,
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Figure 2-18 Stage-4 for the Loop-shape design of the current control loop.

Bode Diagram

100

— Plant
— Plant & Integrator
@ 50 [ -
k) — Plant & Integrator with LHZ
§ o
S Crossover Freq.
-50 - at 90 deg ]
-100
-90 *
=)
S
o -
& 139 Phase Margin
o 63.4 deg
-180 =
|

Frequency (Hz)

Figure 2-19 Bode plots of the current loop control design stages in terms of amplitude

and phase characteristics.

2. 6. Pulse Width Modulation Techniques

Among the different modulation techniques, the SPWM approach, which is based

on a reference modulation signal compared with a high-frequency carrier signal,

has a superior performance during normal and faulty operation conditions with

different power flow profiles and less complicated control for balancing the DC-
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link capacitor voltage in comparison with Space Vector Modulation technique [63].
For the three-level NPC converter topology, the controlled sinusoidal reference
signal of the fundamental frequency is compared with two triangular signals
determining the switching frequency at which the switching devices operate as
depicted for a single leg in Figure 2-20. To generate switching pulses for the three-
phase converters, a 120-degree phase shift must be introduced between the three
reference modulation signals while employing the same high frequency for the
carrier [49].
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Figure 2-20 SPWM technique for an NPC converter (one leg is
shown for illustration), (a) the technique circuit, (b) plot of the
input signals.

The reference sinusoidal signal frequency decides the converter output frequency,
while the carrier signals frequency defines the switching frequency, which should
be carefully selected for a given fundamental frequency to avoid asymmetry
between the positive and negative half cycles of the output voltage waveform as

demonstrated in Figure 2-21. The frequency modulation index (ms), which is the
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ratio of the switching frequency to the fundamental frequency, should be an odd
integer and divisible by three [14]. Figure 2-22 shows the resultant voltage spectra
of different illustrative pulse numbers. It is observed that when the pulse number is
a multiple of an odd integer and divisible by 3 as in the case of ms= 39, the triplen
or zero-sequence harmonic orders are absent. However, when the pulse number is
only an odd integer but not divisible by 3 (mr= 37), the triplen harmonics (33rd,
39th, 45th, 69th, etc.) appear reflecting an asymmetrical output voltage waveform
between the half cycles, which affect the operation of power systems components
such as heating the electric motors and transformers and result in high current
flowing through neutral conductors [13], [64]. Therefore, the lower switching
frequency of 900 Hz resulting in 15 pulses that is an odd integer and divisible by 3
is chosen for the MVDC converter at the fundamental frequency of 60 Hz.
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Figure 2-21 SPWM for a three-level NPC converter with a pulse number of 39.
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Figure 2-22 Voltage spectra (in percentage) of a three-level NPC converter operated
with SPWM for two frequency-modulation indices.
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2.6. 1. Interleaved SPWM Technique

The most commercially available grid-connected converters are usually designed
with an LCL passive filter [59], [61]. For high-power applications, a lower
switching frequency is employed to reduce switch losses and therefore
disproportionately larger passive filter components are required for harmonic
currents reduction. Besides the evident burden of the filter size and cost, large filter
components have further disadvantages on the power system. Firstly, utilising a
large inductor influences the system’s dynamic response that can be critical for fault
ride-through capability with the presence of grid disturbances such as voltage dips
and swells. A large capacitance implies high currents drawn from the network, and
this requires a more complicated control system to compensate for the power factor
at the converter output [65]. The large capacitor additionally provides a low
impedance path for harmonic currents developed from the grid background voltage
harmonics that eventually raise the converter output THD. Moreover, the grid-side
inductors adding extra cost and size are occasionally used in two-level converters
to prevent the injection of high-frequency current components into the power grid.
This additional inductor is undesirable when the converter is connected to a grid or
operated autonomously and supplies a nonlinear load as it significantly increases
the voltage distortions at the connection point. This is because of the harmonic
impedance of the inductance that increases linearly with the frequency.

The interleaved topology first received attention in a wide range of DC/DC power
conversion applications such as electric and hybrid Electric Vehicles (EV) [66]—
[68], communication power suppliers [69], and solar PV systems [70], [71]. The
main reason for adopting this topology is to improve the system’s power density,
dynamic performance, and efficiency. The interleaved topology has also been
applied to power inverters [72]-[74] and rectifiers [75], [76]. Interleaved
configurations are formed by connecting an N power converter in parallel and
imposing an equal phase shift between their switching instants over the switching
period. There are several benefits of the interleaved configuration over the
conventional topology for grid-connected systems. By establishing the phase shift
between the switching pulses of the parallel converters, the overall current

distortions are N times lower, and its apparent switching frequency is N times larger
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than that of a single power converter. Therefore, the switch losses of each power
converter can be significantly reduced since a lower switching frequency is used,
and the need for the large LCL passive filter to reduce the output harmonic currents
is compromised by a smaller filtering inductance, which is usually provided by the
interfacing power transformer leakage inductance. The decrease in switch losses
reduces the cooling system size and improves the overall efficiency [59].

There are several publications discussing the benefits and optimal design of the
filtering system of interleaved power converters. The authors in [57], [72] proposed
an active power filter configured in interleaved topology to improve power
capability and minimise the AC inductor size. It showed that the resulting switching
harmonic current is reduced due to ripple cancellation by the interleaving effect. A
design method based on the frequency domain analysis was developed in [73] to
decrease the AC inductor’s size through a proper selection of the phase shift
between the interleaved converters. It demonstrated the effectiveness of the
optimised interleaving angle on the AC harmonic currents for a given PWM
strategy with various modulation indices.

Low power interleaved DC/DC converters were proposed in [77]. The principal
objective was to reduce the filters inductors so that they can be incorporated into
the printed circuit board by manufacturers. In [78], an optimization of the number
of DC/DC interleaved converters was performed to reduce the overall converter
losses involving inductor, capacitor, and switching devices losses. Moreover, the
influence of the number of interleaved DC/DC converters on the filter inductors and
capacitors size was discussed in [79]. However, unlike the published work with a
fixed switching frequency, an optimization-based design of a DC/DC power
converter was conducted in [80] to reduce its overall size with different switching

frequencies, the number of interleaving, and operating modes.

2.6.1.1. Interleaved SPWM application in the MVDC Converter

The detailed model of the MVDC converter developed in this work has a special
topology comprising multiple three-phase three-level VSC-based NPC converters
connected in a cascaded configuration. Since a low switching frequency is adopted

in the MVDC converter for switch losses reduction, an evenly interleaved SPWM
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configuration is introduced for the converters within each substation to further
minimise the distorted currents in the high-voltage winding and to reduce their
impact on each power transformer. The low switching frequency will significantly
contribute to lowering switching losses, which is undesirable for high power
applications. Figure 2-23 depicts the interleaved SPWM for six MVDC converters,
only the upper carriers are shown for illustration. The detailed mathematical models
of the interleaved SPWM introduced for the MVDC converter model developed in
this work are provided in [74].
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Figure 2-23 Interleaved SPWM generation for cascaded three-level NPC converter
(only upper carriers of six NPC converters are shown for illustration).

2.7. Performance Analysis of the MVDC System

2.7.1. Fundamental Frequency Performance

The performance of the MVDC system is analysed under different operating
conditions employing infinite AC power sources at both ends. This system is
modelled in the Simulink/MATLAB simulation environment using the parameters
of the MVDC system shown in Table 2-1. The detailed model incorporating the
switching behaviour of the switch devices is commonly adopted for investigating
both transients and the steady-state performance of the system. The performance of
the control scheme for the power flow control is also examined through this model
by assuming that Substation 1 is operated in P-Q control mode, while Substation 2

is operated in Vgc-Q control mode.
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The active power reference was set so that the MVDC system delivers 15 MW (1.25
MW per converter) to BUS 2 at 0.15 seconds and 30 MW (2.5 MW per converter)
to BUS 1 at 0.3 seconds. However, the reactive power is set independently for each
AC side. Substation 1 supplies 12 MVAr (1 MVAr per converter) between 0.2 and
0.45 seconds and absorbs the same amount of reactive power afterwards. Substation
2 provides 12 MVAr (1 MVAr per converter) after 0.18 seconds, while the DC link
voltage is maintained constant at 4.5 kV per converter resulting in 54 kV across the

total DC link.

Figure 2-24 shows the system voltage and current traces and the instantaneous
active and reactive power at both 33 kV buses. The control system accurately and
rapidly tracks the reference set points at the steady-state condition with no
significant overshoots during transients. The dq-frame control scheme offering
decoupled control over the active and reactive power is also simulated. The results
imply that the MVDC system has the capability to provide instant and retentive
power flow with dynamic and flexible control over the active and reactive power
flow at normal operating conditions. However, the high step change (including a
reverse power flow) in the active power reference (at 0.3 seconds) results in a
noticeable variation in the reactive power measurement at both AC ends. This is
because of the inherent coupling effect between the active and reactive power in

power systems affecting the DC link profile.
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Figure 2-24 The power-flow control response of the MVDC system subjected to step
changes in active and reactive power setpoints: voltage, current, active power, and
reactive power, (BUS-1 on left, BUS-2 on right).

The MVDC system DC voltage is depicted in Figure 2-25. It remained constant
over the steady-state duration with some transitory variations following the step
changes in the reference active power that causes an instantaneous imbalance of
power transferred throughout the DC link. These variations are undesirable and can
be attenuated by adopting larger DC-link capacitors. However, this can also be
improved by slowing down the DC voltage control loop response instead of
enlarging the DC link capacitors. The DC voltage variation caused by a step change
of 15 MW at 0.15 seconds is much smaller than that caused by the larger step
change of 30 MW at 0.3 seconds. Yet, when the active power step changes are
reduced or gradually changed, which is the case in real power systems operations,

the variation in the DC voltage can then be reduced.
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Figure 2-25 DC link voltage variations due to the different active and reactive power
setpoints.

2.7.2. Harmonic Performance

The detailed model of the MVDC converter including the switching behaviour of
switching devices helps accurately investigate the harmonic performance of such a
system. To eliminate the impact of the DC voltage control system and the variations
due to the large power being exchanged, a constant DC voltage source was used for
maintaining the total DC link voltage at the rated setpoint of 54 kV. The output AC
voltage of each NPC-VSC system at Substation 1 is depicted in Figure 2-26, only
six power converters’ output voltage traces are shown for illustration. The converter
voltages are applied directly to the secondary windings. The converters produce
voltage pulses that are phase-shifted by 1/6 of the switching period. Thus, the
transformer secondary currents will contain PWM switching ripple which circulates
mostly between transformer secondary windings. Due to phase shifts in the
secondary current, the current at the primary terminals will have relatively low

distortions because of the switching ripple/cross current cancellation.
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Figure 2-26 Output voltage of the NPC converters (six NPCs’ outputs are shown for

illustration).

The LV winding current waveforms are illustrated in Figure 2-27. The three-phase

NPC converters operate at a unity power factor and inject a total of 15 MW till 0.3

seconds and then supply a 30 MW afterwards to the 33 kV power grid. From the

winding current waveforms, it can be observed that the current ripples in different

windings could be different due to interleaved SPWM method excluding the

asymmetry of the coupling/impedances between LV windings.

57



Chapter 2: MVDC Converter Modelling for Harmonic Analysis Studies

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

NPC 3

ALY
A Vg0

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

£V
AR
M !

NPC 4

W N
RN N
Vot

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

NPC 5

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35

0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time (s)

Figure 2-27 The output current of the NPC converters for the two operating conditions
(six NPCs’ outputs are shown for illustration).

The FFT solution is adopted for specifying the LV current harmonic content, and
the spectra for the two different operating conditions are superimposed in Figure 2-
28. It can be noticed that the major distortions in the LV winding currents occur in
the first switching frequency band around 900Hz (15" harmonic order), which is
attributed to the low pulse number of the PWM. The regular sampled PWM has
resulted in negligible non-characteristic harmonic components. The LV winding
current THD is about 30% and 17% for half and full rated operating power of the
MVDC system, respectively.
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Figure 2-28 Output current spectra of an NPC converter for the two operating

conditions.

The MVDC converter output current is composed of fundamental current and

harmonic components resulting from the switching behaviour of the NPC-VSC

power converters. The trace of the total output current is shown in Figure 2-29, and

the current spectra for the two different operating conditions are depicted in Figure

2-30. It is observed that the output current is dominated only by low order harmonic

components. However, the switching frequency harmonics have been significantly

compensated by the mutual cancellation of the cross-currents flowing in LV

windings (due to the interleaved SPWM). The introduction of the interleaved

SPWM scheme has consequently reduced the high-order harmonic components of

the total output current.
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Figure 2-29 The total output current of the MVDC system for the two operating

conditions.
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Figure 2-30 Total output current spectra of the MVDC system for the two operating
conditions.

The harmonic performance is analysed using the FFT solution. About 17% THD at
low-voltage windings current and about 2% THD at high-voltage windings current
can be experienced at full-load operation. Although the MVDC system is rated at
30 MW, the transmitted power can vary based on time-varying power demand.
Therefore, the harmonic performance is affected by the MVDC converter operating
points. For instance, 4% THD can develop when 15 MW of power is exchanged
between the AC grids. It is observable that the 5th and 7th harmonic orders are
dominant among the low-order harmonic components. These low-order harmonics
can be amplified when PFC capacitor banks develop a lower resonant frequency.
However, the high-order harmonics, even with lower magnitudes, can interact with
power system impedance, and thus can result in high-order voltage distortions.
Therefore, a broad harmonic performance analysis of the MVDC system’s

harmonics in a power network must be investigated against the standard limits.

To validate the proposed MVDC converter model and highlight the effect of the
interleaved SPWM technique proposed, the harmonic emission of the MVDC
converter modelled in this work is compared with that of the detailed MVDC
converter model developed in [44]. Figure 2-31 shows the output current spectra of
the developed and established MVDC converter models. It can be observed that the
output current of the MVDC converter model with the interleaved SPWM has a
maximum THD of 2% in comparison with the established model that has up to 4%
THD at rated power. For the established model, the switching frequency sideband

harmonic components (i.e., 15th, 30th, 45") are dominant, while the developed
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model with the effect of the interleaved SPWM has a significantly eliminated even-
order harmonic components, which can adversely affect the operation of power

transformers and motors operation [64].
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Figure 2-31 Comparison between developed and established MVDC converters’ total
output current spectra.

2. 8. Summary

In this chapter, the different configurations of MVDC systems were reviewed, and
different multilevel power converter topologies were compared to nominate the best
candidate for such high-power technologies. A detailed model of the MVDC system
based on the three-phase three-level NPC power converters with a suitable power
flow control scheme was developed, and the Loop-shaping technique was
implemented to achieve the desired control loop performance. The control
performance was investigated for different operating set points, the interleaved
SPWM technique for such a low switching frequency-based system was developed
to reduce the harmonic emissions at the converter level, and the harmonic
performance for different operating conditions was analysed. It was observed that
the output current of the MVDC converter model developed with the interleaved
SPWM has a maximum THD of 2% in comparison with the established model, and
the interleaved SPWM has significantly eliminated the even-order harmonic

components, which can affect the operation of power transformers and motors.
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Chapter 3. MVDC Converter Harmonic Analysis
in Distribution Networks

The main goal of this chapter is to develop a harmonic model of a real data-based
medium voltage power distribution network to investigate the Medium Voltage
Direct Current (MVDC) converter’s harmonic propagations and penetration
through the AC network. A critical review of the reported harmonic models of the
power system components is conducted to determine the most reliable models for
accurate power harmonic analysis studies. Harmonic propagations, penetrations,
and resonances of a real power system using the frequency domain approach are

then analysed.

3. 1. Review of Harmonic Modelling Approaches of the Key
Power System Components

For the frequency domain power harmonic solution, the different available
modelling techniques of power system components would significantly influence
the harmonic performance of a power system under the study. Therefore, a review
of the reported harmonic models of the power system components in the literature
is introduced, and a comprehensive comparative study is conducted to highlight the

effects of different models on harmonic flow analysis studies.

3.1.1. Overhead Lines

The overhead lines and underground cable impedances are crucial for the power
network harmonic flow analysis. The detailed harmonic modelling of overhead
lines is well presented in the literature, and the characteristics of overhead lines
beyond the power frequency with the length, frequency dependency and imbalance
effects should be considered [13], [17]. Conventionally, an overhead line
encompasses a series impedance (resistance and reactance) and a shunt element
(susceptance), which are distributed over the entire circuit length and influenced by
the operating frequency. These electrical quantities can be developed from the
circuit geometry and the conductor specifications for each harmonic frequency. The

circuit’s length has a significant impact on these components at higher frequencies,
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hence long-line impacts must be involved when evaluating harmonic distortions
[13]. This necessitates the use of several lumped or equivalent-t models derived
from wave propagation calculations based on the line length.

In most harmonic analysis studies, the frequency dependency effect of the
parameters of the line, which is calculated at power frequency and represented by
a nominal-m or equivalent-t model, tended to be overlooked due to the lack of
accurate information and computing power [81]. To decrease computing power
requirements in cases where zero-sequence components and damping at resonant
points are not vital for harmonic penetrations, a simplification could be made by
ignoring frequency dependency and simply assembling the impedance and
admittance matrices over the range of frequencies of interest [17]. Later studies,
such as in [82], recognised the significance of comprising the frequency
dependency in the models by means of hyperbolic functions to improve the
representation of long-line effects in transmission lines. Nowadays, computing
power is seldom an issue and can capture both the frequency dependency and the
distributed nature of the electric quantities for the most accurate harmonic analysis.
The frequency dependency in the distribution networks could be compromised by
the relatively high R/X ratio of the overhead lines compared to transmission lines
and the highly resistive aggregated loads seen in the medium voltage level, which
provide a significant damping effect at resonant points if they occur [13]. Therefore,
a simple harmonic model of short overhead lines can be approximated by a
nominal-r model as shown in Figure 3-1, where the parasitic resistance of the

capacitive elements is assumed negligible.

Ry, XL

I BL/2 I BL/2

Figure 3-1 Overhead line representation.
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When the skin effect that will introduce additional marginal damping at resonances
is considered, the resistance part can now be associated with a factor (vh) to
account for the frequency dependency effect [13], [17], [21], and the model can be

developed as:

ZLh =\/ERLh+]hXL (31)
B
Y, =jh7L (3.2)

Where X, , R, and B, are the line reactance, resistance and susceptance calculated

at the power frequency. The nominal-t model based on lumped parameter
approximation is acceptable for short line sections. However, for a long overhead
line of more than 80 km, a distributed parameters-based (equivalent-m) or cascaded
nominal-r model is required as voltage and currents are influenced by standing
wave effects [13], [83].

Cables, in comparison to overhead lines, are more likely to trigger resonances over
lower frequencies where the damping effect tends to be the lowest. This is because
cables normally have a smaller series impedance and relatively larger shunt
capacitance components, unlike the overhead lines. Therefore, cables can be
modelled using the same approach as the overhead lines, but some influencing
factors require careful consideration for accurate harmonic analysis studies [84].
The cable design parameters provided by manufacturers are important to derive the
most accurate model for harmonic studies. However, generic data and assumptions
about parameters when cables are in operation can significantly impact the accuracy
of damping effects [85]. Differences between manufacturer data and physical
values often occur due to cable laying and bonding configurations that play a crucial
role in the harmonic performance of a power system. Additionally, simplifications
made over skin and proximity effects at the fundamental frequency for improving
the computational efficiency of a simulation package can influence the model
accuracy and lead to imprecisions in terms of damping at harmonic resonances.
Factors affecting the harmonic model of cables are summarised as follows [82],

[84], [85]:
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o Cable length plays a major role in defining the resonant frequencies, peak
value, and the number of resonant points for both the positive- and zero-
sequence harmonic components. Long lines imply a shift in the locations of
the harmonic resonances to lower frequencies. Moreover, the number of
sections and type of models depending upon the line length (up to 2 km)
will have a major impact on the positive-sequence components.

o Conductor cross-section affects the frequencies at which resonant points
appear in the positive-sequence and has a negligible influence on the zero-
sequence resonance peaks.

o Insulation material and thickness influence resonances in the positive-
sequence components regarding the frequency and peak, while in the zero-
sequence the peak only is altered.

o Cable arrangement considerably influences the frequency, peak, and
number of resonant points in the positive-sequence components.

o Bonding configuration noticeably affects the positive-sequence harmonic
components. However, it has a marginal impact on the zero-sequence

components.

3.1.2. Power Transformers

A power transformer that is a key component in power systems, introducing an
inductive behaviour over a wide frequency range and can consequently interact with
capacitive elements of overhead lines or PFC capacitors causing parallel and/or
series resonances. Hence, an accurately representative model of this commonly
used equipment is paramount for a precise estimation of resonant points and
realistic harmonic performance analysis. The harmonic model of a power
transformer can be derived from the fundamental frequency basic transformer
model with some aspects that require special attention for accurate harmonic studies
[13], [86]. The common physical representation of a three-phase power transformer
is shown in Figure 3-2, and the equivalent single-phase circuit is depicted in Figure

3-3.
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Figure 3-2 Physical representation of a three-phase power transformer.
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Figure 3-3 Equivalent circuit of a single-phase power transformer.

The stray capacitances in the transformer depending upon its configuration, type,
and size can only have an observable influence on harmonic studies of very high
frequencies (above 4 kHz) and thus can be excluded from the model. Additionally,
when the transformer is assumed to operate under normal operating conditions that
means the core continuously operates in the linear region, the magnetising branch
(Lm and Rge) can be overlooked. Nevertheless, when transformer saturation is the
main concern, the magnetising branch can be replaced by a harmonic current source
defined by the flux analysis to capture such effects for harmonic studies [82].

Technical specifications of the transformer windings configurations and the tap-
changer can affect the system’s harmonic solution [17]. The leakage reactance is
influenced by the tap changer and can shift resonant points, while the resistive
component can provide beneficial damping at harmonic resonant points across the
transformer. It is thus important to include the tap changer effect in a transformer
equivalent model for harmonic analysis studies. Winding connections of power
transformers can alter specifically the zero-sequence harmonic currents flow.
Generally, when the system is balanced and symmetrical, triplen harmonic currents

are trapped in windings connected in delta form and they flow to the transformer
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neutrals grounded. These currents will consequently lead to protection relay
operation and therefore accurate winding and neutral connections representation are
recommended [82].

Based on these considerations, there have been several harmonic models of a power
transformer taking into consideration the available or reasonably assumed data such

as the rated power, leakage reactance and transformer resistance.

e Model 1:

The proposed model in [87] represents the power transformer with a lumped

impedance (Z,) composed of a resistance (Rg,) connected in series with an
assembly comprising a reactance (Xr,-) and resistance (R,, ) in parallel as seen in

Figure 3-4. Rg, and R, are calculated using the transformer reactance.

]h XTr
R, YY" r—
o——ANN\—— L
NN
Ry

h

Figure 3-4 Power transformer harmonic model (Model 1).

The transformer leakage reactance at the fundamental frequency and the rated
power of the transformer (S;) in MVA are the required input data for this model.
The leakage inductance (L) in this model is assumed constant over the range of

frequencies of interest, thus X, rises linearly with frequency as follows.

Xrr=2m ffund.LJ (33)

Where frynq. 1s the fundamental frequency. The resistances Rg and Ry, are assumed
constant over the frequencies of interest, and they are calculated based upon the

rated power of the transformer as follows [87].

R _ XTr
*h tan(¢)

(3.4)
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Ry, = 10 X7, tan(¢p) (3.5)
tan(<p) — eO.69+0.79lnSr—0.04-(1nSr)2 (3.6)
Then the transformer equivalent impedance can be calculated as:
Zy = Rsh + (Rph//thTr ) (3.7
This can lead to:
h?X%.R h X7, R?
Zy = <Rsh + = & zphz >+J ( 2 - zphz > (3.9)
RZ + h2XZ, RZ + h2XZ,

Although the skin effect was not considered for the actual resistive part, the
resultant expression shows that the resistive term is now frequency-dependent
demonstrating the inclusion of the skin effect in this model.

e Model 2

In [88], it represents the power transformer by a series impedance (Z;) as depicted

in Figure 3-5.

Rsh Jh XTr
° AN YYY r—o

Figure 3-5 Power transformer harmonic model (Model 2-5).

The required data for this model is the transformer resistance (R,, ) and the leakage

reactance (Xr,-) at the fundamental frequency. Like Model 1, the leakage inductance
(Ls) is assumed constant over the range of frequencies of interest, and the X,
increases proportionally with frequency components as per Equation (3.3), and the

resistive part is calculated as:

Rs, =Ry, (1+A h®) (3.9)
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In this model, the resistance frequency dependency is considered and the typical
values for A and B are 0.1 and 1.5, respectively. The transformer equivalent

impedance can then be calculated as:

Zh = Rsh +thTr (310)

e Model 3:

As for Model 2, the proposed model in [89] represents the power transformer by a
series impedance Z; as shown in Figure 3-5 and requires the transformer resistance
(R;, ), leakage reactance (Xr,) data at the fundamental frequency and power rating
in MVA. The leakage inductance (L) in this model is also assumed constant and
the X, consequently escalates linearly with frequency as per Equation (3.3).

The frequency dependency of the resistance accounting for skin effect is modelled
with the typical coefficients presented in Table 3-1 under the condition that the

summation of a,, a,, and a, must equal 1.

Rsh = Rth (ao + a, h? + a, hz) (3.11)

Table 3-1 Coefficients of power transformer harmonic Model 3 [89].

Transformer Size a, a, a, b
<100 MVA 0.85-0.90 0.05-0.08 0.05-0.08 0.9-1.4
=100 MVA 0.75-0.80 0.10-0.13 0.10-0.13 0.9-1.4

e Model 4:

The power transformer model presented in [13] is represented also by a series
impedance (Z},) as demonstrated in Figure 3-5. The required data is the transformer
fundamental frequency leakage reactance (Xr,) and resistance (Rg,), which is
assumed to have the frequency dependency based on the typical characteristic
discussed in [24]. Therefore, the harmonic model including the skin effect is

computed as:

Zp =Vh Ry, + jhXr, (3.12)
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e Model 5:

The power transformer model proposed for harmonic studies in [90] is also
represented by a series impedance (Z,) as depicted in Figure 3-5. In this model, the
required data is also the transformer resistance (R, ) and leakage inductance (L)

at the fundamental frequency. The frequency-dependent effect of the transformer

resistance and inductance is now included and can be calculated as:

Rs, = Rpr, (1 + Ag(h — 1)FR) (3.13)

Ly =Ly Ay (W)Pr (3.14)

Where Ay, By, A;, and B, are the typical coefficients listed in Table 3-2. The

harmonic impedance is then calculated as:

Xrr =27 fruna. L1 (3.15)

Zp = Rg, +jhXr, (3.16)

Table 3-2 Coefficients of power transformer harmonic Model 5 [90].

Transformer Size Ap Bp Ap B,
<10 MVA 0.2 1.5 1 -0.03
10 <MVA <100 0.2 1.4 1 -0.02
=100 MVA 0.2 1.6 1 0

e Simplified Model

The simplified transformer model for harmonic studies presented in [91] is
represented as a series impedance (Z) as depicted in Figure 3-5. The damping
effect introduced by the skin effect is neglected to capture the worst-case scenario
of harmonic amplification at resonant points, and the transformer harmonic

impedance can be computed as:
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Zp = R, +j h X, (3.17)

Where X7, and R, are the transformer leakage reactance and resistance at the

fundamental frequency.

For comparison between the different models, an illustrative power transformer
with the assumed parameters shown in Table 3-3 and the typical coefficients of the
models based on its size is used to plot the harmonic impedance (Z}) over the range
of harmonic frequencies up to 50th order as depicted in Figure 3-6. The comparative
studies conducted for the different harmonic models of the power system

components in this work were performed using MATLAB coded programs.

Table 3-3 Power transformer specifications for comparison between models.

Transformer Parameter Value
Power rating 20 MVA (33/13.8 kV)
Leakage reactance (p.u.) 0.04
Resistance (p.u.) 0.0025
Fundamental frequency 60 Hz
3 ‘
- = =Simplified Model
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\% 2 [ -w“““"
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Figure 3-6 Power transformer impedance plots of different models.

The inductive behaviour of the power transformer that is anticipated to increase

linearly with frequency dominates the harmonic model. The impedance plots
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obtained from Model 2 to Model 4 and the simplified model are almost identical
over the same range of frequencies, and this clarifies the simple implementation of
the simplified model without the burden of calculating the corresponding
coefficients. However, Model 1 and Model 5 are observed to have relatively smaller
impedance over higher frequencies. This is due to the parallel resistance that
slightly reduces the inductive component in Model 1, and the frequency

dependency considered for the equivalent leakage reactance in Model 5.

3.1. 3. Synchronous Generators

At the fundamental frequency, a synchronous generator is usually modelled as a
voltage source behind an impedance as depicted in Figure 3-7(a). Apart from the
fundamental frequency, when background voltage harmonics are negligible, the

generator harmonic model is represented as shown in Figure 3-7(b).

Vgen Rgen jAthen Rgen i j hX ,gen i
(a) (b)
Figure 3-7 Power generator model at the fundamental (left) and harmonic frequencies
(right).

For the frequency domain solutions, in the literature, there are several harmonic

models proposed for power generators as follows.

e Model 1:

In [87], the generator model is represented by a series impedance (de”h)

comprising a reactance and resistance with a frequency dependency factor of Vh ,

and the model is computed as:

denh =+VhR + jhX'gen, (3.18)

genp
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!

gen,, 18 the sub-

Where Ry, is calculated from the generator power losses and X
transient reactance of the generator. Since the rotating magnetic flux due to
harmonics within the stator rotates at a speed considerably higher than that for the
rotor, the harmonic impedance of the generator matches its negative-sequence
impedance. However, the equivalent harmonic impedance of the synchronous

generator can be approximated using the sub-transient reactance [82].

e Model 2:

The model proposed in [88] represents the power generator in a similar manner but
with an exponential factor for the skin effect. The model is also based on the sub-

transient reactance (X' and the resistance (R approximated from internal
geny 1p pp

total losses that depends on the harmonic components as:

Rgen, = h* Ry, (3.19)

Zgen, = Rgeny, + 0 X'gen, (3.20)

Where a is the coefficient of the resistive part that takes a value between 0.5 and
1.5.
e Simplified Model:

This model neglects the skin effect and represents a power generator as a series

impedance (de”h) comprising the sub-transient reactance (X'y.,) and resistance

(R

gen,,) as presented in [91]:

denh = Rgen,, + th,genh (3.21)

With the variety of harmonic models of a power generator, a concern can arise for
accurate harmonic flow analysis and thus an investigation of the performance of
these models is required. An illustrative power generator with parameters shown in
Table 3-4 is utilised to plot the harmonic models over the range of harmonic orders

up to 50th as shown in Figure 3-8.
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Table 3-4 Power generator specifications for comparison between models.

Generator Parameter Value
Power rating 50 MVA
Sub-transient reactance (p.u.) 0.2
Resistance (p.u.) 0.02
Fundamental frequency 60 Hz
14
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Figure 3-8 Power generator impedance plots of different models.

The simplified model with the skin effect neglected is observed to result in a similar
performance to those obtained using Model 1, and Model 2 with coefficients of 0.5
and 1 respectively. However, a higher coefficient of 1.5 for Model 2 is observed to
result in a significantly increased impedance over a high range of frequencies above
20™, which can overestimate the high-frequency harmonic resonances and thus

produce less accurate harmonic propagations analysis studies.

3.1.4. Loads

Loads can considerably affect the network harmonic characteristics in terms of
resonance locations and damping effect, and thus it is very important to consider an
accurate representation for accurate harmonic analysis studies [13]. Power loads are
generally classified as either linear or nonlinear. Unlike nonlinear loads, static linear
loads such as lighting and resistive heating draw a sinusoidal current from the power
network. Rotating loads, however, such as motors are associated with nonlinearity

and thus require accurate harmonic models. According to [87], [88], [91], static
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liner loads are usually represented in a parallel connection form as shown in Figure

3-9.

h Xioud % Z Rim,
il

Figure 3-9 Power linear loads harmonic model.

Based on the active and reactive power components at the fundamental frequency,
the harmonic impedance (Z,444,) of a static load is modelled by their equivalent

resistance (Rpyqq,) and reactance (Xpoqq4,) cOMponents as:

VZ
RLoadh = P_L (3.22)
VZ
XLoaa = % (3.23)
ZLoadh = RLoadh /] JhXL0aa (3.24)

Where V is the nominal node voltage in kV, and P; (in MW) and Q; (in MVAr)
are, respectively, the active and reactive power drawn by the load at the
fundamental frequency. Figure 3-10 demonstrates the influence of the different
shares of active and reactive power components on the load harmonic impedance
for an illustrative load with the parameters shown in Table 3-5. The higher the
resistive content within the load the higher the damping effect the load can
contribute to the distribution network. On the contrary, the highly inductive loads
can result in higher impedance that may lead to a high-order harmonic amplification
effect since they offer a less damping effect at potential resonant points. Therefore,
accurate data on loads and their configurations are of high importance for a realistic

harmonic analysis study.

75



Chapter 3: MVDC Converter Harmonic Analysis in Distribution Networks

Table 3-5 Power load specifications for effects investigation.

Load Parameter Value
Operating voltage 33kV
Maximum active power 5SMW
Maximum reactive power 5 MVAr
Fundamental frequency 60 Hz
1.5 !
——50% P, -50% Q,
—25% PL - 75% QL
—~ ——75% P -25% Q,
E 107 ]
£
o
=
©
e
c 05 ]
o
(]
Q
E
0 Il Il Il Il
0 10 20 30 40 50

Harmonic Order (h)

Figure 3-10 Power load impedance plots of different sharing of active and reactive
power components.

The rotating loads, however, require further details to be modelled. The general
structure of the rotating loads and their harmonic performance is usually a
challenging task to obtain an accurate model for harmonic flow analysis in a power
system. These loads are highly time-variant, and the active power absorbed is not
precisely related to the damping behaviour [81]. Nevertheless, nonlinear loads
incorporating PE such as variable speed drives and electric vehicles draw a non-
sinusoidal current. These types of loads often introduce complexities for accurate
harmonic modelling because of the harmonic currents they generate and their time-
varying parameters, which cannot be represented by the equivalent linear harmonic
modelling approaches [13]. Moreover, the type and topology of power converters
and the interaction of the control system with the impedance of the AC network

should be considered to accurately represent the nonlinear loads [24].
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According to the comparative studies conducted, the different harmonic models
reported in the literature for the key power system components depending on
available data collected or provided by the manufacturer may result in slightly
different harmonic performances, and the following recommendations can be
drawn as follows.

e For long overhead lines (about 80 km and above), when harmonic resonances
are of most importance and to avoid underestimation of the damping effect at
these resonant frequencies, the skin effect, earth resistivity variations, and
inter-circuit coupling effects should be considered using a cascaded lumped
components (nominal-t model) or distributed parameters model, which can
also lead to a shift in resonances, to capture the frequency dependency
correlation of the resistance and thus provide a realistic harmonic
performance.

e For power transformers, Model 2 to Model 5 with the fundamental frequency
parameters and typical coefficients can produce a reasonable match to that of
the simplified model, which appears to underestimate the damping effect at
resonant points. However, recalculation of the models’ coefficients can
provide the best match to that of Model 1, which could sufficiently meet the
measured frequency dependency of the transformer resistance to capture the
damping effect, while the transformer reactance rises linearly with frequency.
Additionally, when the objective is to investigate the harmonic resonances
and propagations in a power network, the accuracy of the transformer model
for buses that are electrically distant from the power transformer would have
a marginal impact on the overall harmonic solution especially when cables
are not present in the power system.

e For power generators, the simplified model with accurate data obtained either
from the manufacturer or real measurement can offer a reasonable solution
that matches that of Model 1 and Model 2 except for the higher exponential
factor of 1.5. However, the influence of these models’ parameters could be
more evident at the resonant points and electrically close nodes to the power
generators that provide some level of damping. Furthermore, when series

reactance and resistance of other power system components such as
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transformers, lines and loads are included, the effect of an accurate model of
the power generator should be less significant on the overall harmonic flow
analysis.

e For linear loads, it is highly recommended to acquire accurate information on
the nature and configuration of these loads to provide a realistic representative
harmonic model depending on the voltage level for which the harmonic flow
analysis is performed. At transmission levels, the differences between the
series and parallel load models can be insignificant. However, at medium-
and low-voltage levels to which the power loads are connected, the
connection configurations of loads can have a significant impact on the
damping effect at the resonant frequencies, and thus results in a different

impedance profile.

3. 2. Harmonic Modelling of Albaha Power Network

3.2.1. Background

The Saudi 2030 Vision target of sharing 50% of the total current 80 GW power
generation by the RES has motivated electric power operators all over the country
[92]. To reduce greenhouse gas emissions in the power sector, electric power
networks should adapt for the future energy transition that promotes the
electrification of several sectors via RES, which will primarily be connected to
distribution networks. Consequently, distribution networks operators should meet
the challenge of high penetrations of renewable-based DG systems such as solar PV
and wind power, and the high energy demand is estimated to grow threefold by
2030. This requires extensive and expensive technical reinforcements for the power
network to sustain the network operating within voltage, fault, and thermal
constraints and to comply with the regulations and standard limits.

The high potential for solar power in the southern region of Saudi Arabia, which
has motivated researchers to investigate its economic feasibility and technical
challenges, can be utilised to support the government pledge of delivering such a
magnificent share by 2030 [93], [94]. Furthermore, the Albaha local power demand
is on the rise. This is mainly because of the continuous development of the

residential areas, Albaha University hospital that is under construction, and the
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expansion of the Albaha airport [95], [96]. This emphasises the challenges that
power suppliers should meet.

On the other hand, Bisha city, which has one of the largest conventional power
generating stations in Saudi Arabia, is currently the main power supplier for the
Albaha power network. It has a significant potential for solar, hydropower, and
wind resources that will be adopted to meet its local growing energy consumption
and the Albaha city power demand through the existing and proposed
interconnections [93], [94]. Technically, Bisha is predicted to generate more power
than its local demand, and thus surpluses of power could be transported to fulfil the
growing power demand of Albaha city. Therefore, with the restricted existing
interconnections between Bisha and Albaha cities, voltage and thermal challenges
will consequently be triggered in several locations in the power networks, and the
MVDC system with its advantages over the conventional AC systems and
controllability feature for the power flow is proposed to help mitigate these issues
and enable high penetrations of renewables to contribute to the dedicated effort for

meeting the “Saudi 2030 Vision” target.

3.2.2. Description of the Power Network

This research work starts with representing the Albaha power system for
performing power system analysis of different cases including the ongoing
development of the Albaha airport and the Albaha University hospital. There is no
publicly available data or a piece of research providing holistic information on the
Albaha power network due to the data sensitivity. For this study, the Albaha
network data was collected during field trips to recognize the nature of the network
and its components. The Albaha power system is represented as depicted in Figure
3-11. It consists of 23 buses of 132, 33, and 13.8 kV, 13 power transformers, 36
aggregated domestic loads connected to 33 kV and 13.8 kV, and the two existing
interconnections with Network 1 and Network 2. The specifications and details of

the Albaha power network are shown in Appendix 1.
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Figure 3-11 Albaha power network with the proposed MVDC system.

The total power demand of the Albaha network is about 220 MW, which is being
delivered mainly from the two networks. Network 1, which represents a recent
interconnection to compromise the closure of the local Albaha power generating
station, has a power capacity of around 60 MVA, while Network 2 is considered
the dominant source of power that provides about 180 MVA from the Bisha power
station. Network 3 represents the proposed connection through the MVDC system
to a site with a high potential for solar, wind, and hydropower resources that are

under planning and located in the northwest region of Bisha City.

3.2.3. Load Flow Analysis

A load-flow or power-flow, which is a steady-state solution at the fundamental
frequency, computes the voltage profile and branches power flow for specific
generation and loading conditions for a power system. Considering normal
operating conditions, this study calculates the voltage magnitude and angle of all
buses in the network and then the real and reactive power flow through the whole
power network can subsequently be determined. The power-flow solution adopted
in the IPSA power system simulator is the fast Decoupled Power Flow method. The

decoupling theory is associated with the inherent characteristic of a practical power
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system and the capability of solving radial and weakly meshed power distribution
networks.

By considering the Albaha network with the collected data, the load flow is
performed for different case scenarios including the estimated demand required for
the electrification of the Albaha airport and Albaha University hospital as shown in
Table 3-6. Case 1 reflects the actual current state of the Albaha power system prior
to the developments of the airport and hospital, while other cases correspond to the
system with the estimated increase in power demands due to the projects and the
MVDC power supply capability. This study was performed using IPSA and it aims
to evaluate the voltage of buses against the standard limits and the system power
losses. Network 2 is assumed as a reference (slack) bus, and the results of the load-

flow study are summarised as follows.

Table 3-6 Different case studies for power flow analysis.

Average load simulated
Albaha ai Albaha Uni it MVDC System
aha airport aha University :
Scenarios hospital (supplying)
p Q p Q p Q
MW) (MVAr) MW) (MVAr) MW) (MVAr)

Case 1 5 3 11 9 - -
Case 2 8 5 15 11 - -
Case 3 8 5 15 11 15
Case 4 8 5 15 11 30

3.2.3.1. Voltage Profile

The voltage magnitudes (in p.u.) at different voltage levels are depicted in Figure
3-12 through Figure 3-14. At the 132 kV power transmission level, the voltages of
buses for the different cases are within the acceptable level of +£5% as stated in
[97]. This is because of the shunt capacitance (susceptance) of the transmission
lines that compensate for the voltage drop across the lines’ series impedances. The
voltages of the 33 kV buses have different profiles for different cases due to the
direct connection of the power loads. The remote buses from the development
projects are within the voltage standard limit of +5% for all cases. For Case 2,
however, with the increased loads, the voltages are below the acceptable level. For

instance, the 33 kV buses of the Albaha University hospital and Albaha airport are
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approximately 6.5% below the rated voltage. This results from the high current
flowing through the lines, which is associated with the extra power required, and
consequently a large voltage drop developed across the line resistance affecting the
receiving end voltage. For the medium voltage network with a relatively low X/R
ratio, the significant overhead lines resistances develop a higher voltage drop and

thus are responsible for the voltage degradation at the receiving end [98].

On the other hand, the large active power supplied through the MVDC system in
Case 3 and Case 4 can significantly improve the voltage at the Albaha airport bus
and bring up the voltages of the surrounding 33 kV buses of the distribution network
to the acceptable limit. Therefore, Case 3 and Case 4 shown in Figure 3-13 indicate
the significant contribution of the MVDC system to the voltage improvements at
nearby buses. For 13.8 kV buses, the voltages are within the acceptable level of

+5% for the different cases, and a minor impact on the nearby BE-13.8 bus is

observed.
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Figure 3-12 132 kV voltage profile with different sceneries.
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Figure 3-13 33 kV voltage profile with different sceneries.
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Figure 3-14 13.8 kV voltage profile with different sceneries.

3.2.3.2. Power Supply and Power Losses

With the existing interconnections in the Albaha power system, Network 2 mainly
contributes a significant amount of power supplied. However, the MVDC system
can improve the reliability and security of the Albaha power supply by providing a
flexible and controllable power exchange of up to 30 MW from Network 3. As
shown in Figure 3-15, about 140 MW is supplied from Network 2 in Case 1
compared to roughly 160 MW in Case 2 when considering the development projects
of the airport and hospital. For Case 3 and Case 4, the flexible MVDC system
operating at a unity power factor can compensate for both the power required by
the projects and the high power transferred through Network 2, which will also help
minimise total power losses in the lines. Additionally, the MVDC system with its
capability of independently controlling the reactive power at both AC ends can

further reduce the reactive power losses and improve the system voltage profile and

efficiency.
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Figure 3-15 Power supplied by Network 2 for different sceneries.
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An unavoidable consequence of transferring power from the upstream network to
loads connected to the distribution network is the power losses related to the
impedances of the overhead lines, which can lead to significant financial and
environmental effects on the distribution network operator and end-users.
Commonly, the considerable losses in a power system are in the distribution lines,
while the high voltage transmission lines account for a marginal portion of the total
losses. For the Albaha power system, the 33 kV network power losses for the

different cases are shown in Figure 3-16.

2

I P (VW)
151 I C (MVAN) .

Power Losses

Figure 3-16 Power distribution network losses for different sceneries.

The increased loads of the Albaha airport and Albaha University hospital in Case 2
resulted in a 1 MW active power loss in the eastern region, which is almost double
that of Case 1. Case 3 and Case 4 indicate the impact of the power injected by the
MVDC system on the power network losses around where the development projects
take place. The results suggest that there will be a considerable reduction in network
losses by optimising the settings of the active and reactive power setpoints of the
MVDC system for optimal power demand management. With 15 MW at unity
power factor operation of the MVDC system, the impact of the increased loads can
be eliminated. In Case 4, for the current loading condition, high power losses can
be experienced when the MVDC system supplies its maximum rated power.
However, for the growing energy consumption due to the continuous developments
in the region, the MVDC system can further tackle the future losses problems in the

distribution network.
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3.3. MVDC Converter Harmonic Penetrations into the Albaha
Power Network

Conventionally, electric power systems are intended to operate with sinusoidal
voltage and current waveforms. Yet, the PE-based nonlinear loads and RES-based
systems would distort these AC waveforms at the steady-state operation, and
equivalent harmonic components of such distorted waveforms can be computed.
Power harmonic studies investigate the generation and propagation of these
harmonics through the power system [13], [99]. Harmonic analysis has become of
significant importance for power system engineers to compute the voltage and
current distortions at different points and determine potential risky resonant points
and how they might be lessened. Such investigations are essential in today’s power
networks because of the growing number of harmonic-producing systems. As
power harmonics flow into the network, increased losses and potential equipment
loss-of-life are predicted. Harmonic resonances resulting in overcurrent or
overvoltage can damage power system components. Moreover, harmonics can
affect the control, communication, and protection systems [13], [17].

The simple frequency domain approach utilised in harmonic flow analysis,
primarily for the characteristic impedance scans and harmonic penetrations studies,
is the most widely used in the industry for evaluation against standard limits [13],
[100]. Harmonic analysis formulation in the frequency domain can be reliable and
efficient, and it requires a low computation cost for steady-state solutions. Yet, for
power converters and the non-linear behaviour of power transformers and motors,
the use of this solution can be sufficient but not accurate [101], [102]. The harmonic
standard limits, which can vary from one country to another and depend on the
network voltage level, provide the permitted harmonic distortions levels with the
consideration of the pre-existing or background harmonics in the network. The
THD limits defined by the SERA for different voltage levels are shown in Table 3-
7.

Table 3-7 Total harmonic distortion limits defined by the SERA.

Nominal Voltage (kV) THD (%)
132 1.5
33 3.0
13.8 4.0
0.38 5.0
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With the presence of a harmonic generating source such as the MVDC system in
the Albaha power network, harmonic flow analysis is performed to determine at
different nodes the consequential voltage total and individual harmonic distortion
resulting from the propagation of the current components of frequencies other than
the fundamental frequency. The Albaha power network is modelled in this section
to assess the performance of the MVDC converter harmonics and evaluate their
penetrations at different voltage levels. Using the collected data with the
geographical specifications of the power system, the overhead lines are modelled

first with the nominal-r models since they are categorised as short lines.

3.3.1.33 kV Overhead lines Modelling

The harmonic flow in a power system is greatly influenced by the level of the
representation of the system components and the end-users loads supplied radially.
To calculate the harmonic impedances at the distribution level (33-69 kV), an
appropriate harmonic model should be used to represent the overhead lines. The
high resistance of overhead lines, which plays a key role in damping resonances,
should be incorporated into the equivalent harmonic model [13]. To compute the
shunt capacitance of the overhead lines, a method that uses conductors’
specifications and their images shown in Figure 3-17 is employed [83].

Conductor i

Conductor j

Sii

Ground surface Eopm— N T ]

@ Image of

conductor j
Image of
conductor i

Figure 3-17 Overhead conductors and images for lines’ capacitance calculation [83].

The air relative permittivity is approximated to 1, so the free space permittivity

becomes:
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£=1.0 x8.854 x 1073 (uF/km) (3.25)

The self- and mutual-potential coefficients are then described as [83]:

1 Si\ o
Pt = ome 'I"(RDL-) Uem/uF) (3.26)
Py =t (22) (kmyur

i =2z ™\p,) (km/EE) (327)

Where D is the distance between conductors in ¢cm, S is the distance between
conductor and image in cm, RD is the radius of the conductor in cm, and 6 is the
angle between images in degrees.

For an overhead line of n conductors with a four-wire grounded configuration, an

nxn matrix of the primitive potential coefficients “P

primitive. can be built as [83]:

Paa Pab Pac : Pan
Pya Ppp Ppc i Ppy
[Pprimitive] =|Pa P Fc i P (3.28)

Pna Pnb Pnc : Pnn

The partitioned matrix can be written as:

[Pprimitive] = [ (3.29)

The matrix can be reduced using the method of Kron reduction for the abc-frame

potential coefficient matrix as:

in][Pnj]

P
[Pabe] = [Pij] — [ 7] (3.30)

By inverting the abc-frame potential coefficient matrix, the susceptance matrix of

overhead lines can be obtained as:
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[Bave]l = j21f « [Papc] ™" (uS/km) (3.31)

For the Albaha 33 kV distribution network with technical specifications shown in
Table 3-8, the average of diagonal elements of susceptance matrix of 4.5 uS/km
that refer to line-to-ground capacitances is adopted to represent the overhead lines
with the harmonic model shown in Figure 3-18. This can be justified as the
distribution network has an untransposed horizontal configuration with the same
spacing between the conductors, and three-phase conductors are symmetrical with
a neutral line grounded. The capacitances between conductors are neglected due to

their very small values and thus negligible effects on the harmonic analysis.

Table 3-8 33 kV Albaha network overhead lines specifications.

Design Parameter Value
Pole height 10 m
Conductor separation distance 0.9m
Conductor cross-sectional area 150 mm?
Neutral conductor height 8 m
Neutral conductor cross-sectional area 50 mm?

The overhead lines of the eastern region of the Albaha distribution network around
where the proposed MVDC converter will be connected are modelled by the
nominal-t model with the parameters calculated and presented in Table 3-9, for

which the parasitic resistance of the capacitive elements is assumed negligible.

I BL/2 I Br/2

Figure 3-18 Overhead line representation.
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Table 3-9 Developed 33 kV Albaha network overhead lines parameters.

Lines L%ri:;h Resistance Inductance Susceptance
From To (km) R (©) X (@) B (uS)
BE33 SPRT-CTY 3 0.41 0.88 15
BE33 TEQ-CLG 6 0.62 1.32 30
BE33 BH-UNI 15 2.63 4.85 75
BE33 BH-UNI 15 2.63 4.85 75
BE33 AIR-PRT 22 3.32 441 110
BH-UNI AIR-PRT 12 1.32 2.50 60

By adhering to the recommendations on the harmonic models of power system
components in the frequency domain, the harmonic model of the Albaha network
is now applicable for harmonic analysis studies. Model 1 and the simplified model,
respectively, are used for the power transformers and generators since they were
appointed in the literature as the most accurate models. The nominal-t model
including the skin effect is used for the overhead lines since they are shorter than
80 km. The parallel linear load model is used with average power demand to
represent the linear loads of the Albaha network.

For the MVDC converter connected to the Albaha airport bus, the frequency
domain method is conducted using the IPSA power system simulator to study their
penetrations at different voltage levels. The Albaha network is modelled with the
assumption of balanced loads and symmetrical lines. The harmonic currents of the
MVDC converter modelled in Simulink/MATLAB are softly linked to the network
model to reduce the simulation running time and enable such study in the IPSA.
The soft linking approach is a common practice to represent the harmonic spectrum

by multiple current sources of different frequencies [20].

3.3.2. Harmonic Propagations at 132 kV Level

Commonly for harmonic flow analysis studies, harmonic orders up to 50th are of
interest. However, harmonic orders up to 100th are included to capture the MVDC
converter harmonic performance with possible high-frequency resonances. At the
132 kV buses, the impedance plots shown in Figure 3-19 indicate a resonant point

around 52nd due to the high-voltage lines capacitances, with another resonance
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beyond the scope of this study. Therefore, there is an expected harmonic voltage
amplification at this resonance point, especially for BN132 bus depending on the
harmonic currents. Figure 3-20 depicts the voltage distortion of 132 kV buses.
BN132 has the highest harmonic content around the 52nd order, while BE132 has
higher low-order harmonics due to its short distance to the harmonic source. For
transmission systems, the SERA stresses that the voltage THD should be less than

1.5%. Fortunately, the voltage THD does not exceed the standard limits as shown
in Table 3-10.
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Figure 3-20 MVDC harmonic propagations at 132kV.

Table 3-10 Harmonic distortions at the 132kV level

Name Volta%e THD Harmoni? Ord.er of In dils\f/ilgzzl:lngzi tage
(%) Max. Distortion Distortion (%)
BE132 0.05 53 0.02
BN132 0.09 53 0.06
BT132 0.03 53 0.02
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3.3.3. Harmonic Propagations at 33 kV Level

At the 33 kV buses near the harmonic source, the impedance plots with the overhead
lines modelled by their equivalent nominal-r models are shown in Figure 3-21.
They are almost linear with a negligible resonance around 52nd caused by the
transmission lines’ capacitance. In this case, when there is no amplification risk
from significant resonances, the voltage distortion on a specific bus is subject to the
impedance seen, the harmonic currents fed, and how close to the harmonic source
it is. Figure 3-22 shows the voltage distortions of some 33 kV buses. High voltage
distortions are observed at AIR-PRT bus, which has the highest impedance and is
the closest to the harmonic source. BAH-UNI bus, with a smaller impedance in
comparison to TEQ-CLG bus at higher frequencies, is the second highly distorted
voltage due to its location with respect to the harmonic source. A summary of the
voltage distortions with THD and individual distortion is provided in Table 3-11,

and they comply with THD limits of 3%.
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Figure 3-22 MVDC harmonic propagations at 33 kV.
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Table 3-11 Harmonic distortions at the 33 kV level

Voltage THD Harmonic Order ‘N.Ia)umum
Name (%) of Max. Distortion Indl.Vldu?l Voltage
Distortion (%)
BE33 0.19 5 0.07
SPRT-CTY 0.16 5 0.07
TEQ-CLG 0.18 5 0.07
BAH-UNI 0.85 5 0.28
AIR-PRT 1.90 61 0.61

3.3.4. Harmonic Propagations at 13.8 kV Level

For the 13.8 kV level, the impedance plots are depicted in Figure 3-23. BT13.8 with
its high-power demand acts as a resistive load over a wide range of frequencies,
which is expected to dampen the harmonic currents and suppress them from
propagating into further loads along the bus. On the other hand, the transmission
lines’ capacitance through the transformers impedances of BN13.8 and BE13.8
result in marginal resonances that can magnify the harmonic current at these
frequencies. Figure 3-24 shows the voltage distortions at these buses. It is observed
that the closer bus to the harmonic source has the largest voltage distortion as for
BE13.8, and the damping behaviour seen at BT13.8 being away from the harmonic
source has the lowest voltage distortion. Table 3-12 shows the voltage THD with
the highest individual harmonics at 13.8 kV buses. The distortions comply with the
standard limits of 4% THD, and future installations of harmonic sources at BE13.8

should consider these as background distortions.
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Figure 3-23 Impedance scan performed at 13.8 kV levels.
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Figure 3-24 MVDC harmonic propagations at 13.8 kV.

Table 3-12 Harmonic distortions at the 13.8 kV level

Name Volta§e THD Harmoni? Ord.er of In dils\f/ilczllzzl:ln{lfzi tage
(%) Max. Distortion Distortion (%)
BE13.8 0.13 5 0.050
BN13.8 0.06 53 0.040
BT13.8 0.01 53 0.004

The SERA regularly revises the standard limits with the increased penetrations of
the DER-based power sources into the existing power systems. It defines the
regulations for a variety of participants accessing and utilising the power
distribution networks. Obligations, responsibilities, and accountabilities are also
clarified so that the operation safety, reliability, and efficiency are maintained by
all the parties involved. It defines the minimum technical requirements to guarantee
the operation without extra costs and undesirable consequences [97].

When the MVDC system operates in the Albaha power distribution network, the

resultant voltage distortions at different voltage levels comply with the THD limits

defined by the SERA. The voltage THD of 1.90% at the PoC also complies with

the standard limit at the 33 kV level. However, individual harmonic components

should undergo further investigations to explore the risk of the EMC to the sensitive

electronic loads at the nearby airport and hospital.
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3.4. Summary

In this chapter, the available harmonic models of the most crucial power system
components in the literature were reviewed and compared. Recommendations for
accurate harmonic models were highlighted. The Albaha Power system was
modelled based on the data collected for load flow and harmonic flow analysis
studies. For different scenarios, the MVDC system has improved the system’s
voltage profile at different substations, reduced power losses, and provided power
flow controllability that can enable future connection of renewables in the AC grids.
The MVDC converter harmonic propagations and penetrations were also
investigated in the Albaha power system at different voltage levels, and harmonic
distortions compliance with local standard limits were evaluated, and results were
discussed. The MVDC converter harmonic performance in the Albaha power
system revealed that the THD at different voltage levels comply with the standard

limits
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Chapter 4. Passive Power Filter Design and
Harmonic Performance Analysis

In this chapter, the recently developed Manta Ray Foraging (MRFO) optimization
algorithm is implemented for the Passive Power Filter (PPF) applications, and its
performance is investigated. Additionally, an analytical approach based on the
Monte Carlo Simulation (MCS) method is developed for statistical evaluation of
the harmonic performance of an optimally designed PPF with uncertainties at the
network level. A critical review of the optimization algorithms employed for PPF
applications is undertaken. The problem formulation, objective function, and
constraints are set for the PPF parameters design problem. A comprehensive
comparison between the MRFO and the most recently proposed optimization
algorithms is presented for superiority validation. The harmonic performance of the

PFF using the developed MCS-based method is presented and discussed.

4. 1. Introduction

Modern power distribution networks are anticipated to be contaminated with
significant harmonic distortions due to the increased utilisation of Power
Electronics (PE)-based systems [11], [103]. The harmonic currents generated by a
grid-connected power converter such as an MVDC converter must comply with the
planning harmonic levels [45]. However, due to the aggregation of the harmonic
distortions of one bus with those of the neighbouring buses, the voltage at various
nodes and current through power lines can undergo significant distortions. Power
harmonics are not only known to cause excessive heating and power losses in power
system components but are also harmful to consumer electronic loads, industrial
drives, and communication systems [13]. Furthermore, they can significantly limit
a power network’s capacity for high penetrations of the Distributed Energy
Resources (DER)-based power sources. Power transformers and cables loading
capacity can also be affected by harmonic distortions [104]. Therefore, harmonic
distortions should be controlled to maximise the network’s capacity, improve
system components’ performance, and comply with the locally established standard
limits. At the power network level, an appropriate harmonic mitigation technology,

such as passive and active power filters (or a combination of both), can be utilised
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to overcome the adverse effects of the power harmonics [13]. PPFs are the most
favourable solution due to their simple implementation and low cost [105], [106].
However, the design of PPF parameters remains a challenging task for engineers,
given the power system requirements.

The shunt PPFs shown in Figure 4-1 are the most popular harmonic reduction
solutions in the industry. High-pass power filters are referred to as damped-type
passive power harmonic filters. Unlike the single and double tuned PPFs, these
damped-type harmonic filtering solutions, which introduce a low impedance over a
wide range of high frequencies and have a broadband damping characterization, can

simultaneously suppress a wide range of the high-order harmonic components.
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Figure 4-1 PPFs common topologies.
In practical applications, there are several common configurations of high-pass

power filters including the 2nd-order, 3rd-order, and C-type high-pass filters. Due

to their low cost, unique filtering characteristics, and simple implementation, PPFs
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have been widely utilised in real applications. The 2nd-order filters were adopted
to eliminate the telephone interference issues caused by a High Voltage Direct
Current (HVDC) system [107]. The high order harmonics problems of the New
Zealand HVDC link, Vancouver Island HVDC, and Cross-Channel HVDC were
addressed by the employment of 3rd-order high-pass power filters. The developed
C-type power filters were also proposed for real power systems such as HVDC links
to reduce the high-order harmonic contents with lower power losses [108].

These power filters have similar characteristics but different components and
layouts to achieve a certain objective. Firstly, the PPFs shown in Figure 4-1(a and
b) are used for specific harmonic orders to attenuate. The 2nd-order high-pass filter
topology is like the single-tuned power filters but with a resistor connected in
parallel with the inductor as depicted in Figure 4-1(c). The 2nd-order filters are a
more economical decision for situations where a wide range of harmonics are to be
reduced in comparison with the multiple single-tuned filters solution. However, the
3rd-order filters shown in Figure 4-1(d), which are believed to reduce the power
losses associated with the 2nd-order type, have an extra capacitor connected in
series with the resistor to achieve better filtering efficiency. Similarly, the C-type
power filter depicted in Figure 4-1(e) with the same number of passive components
of 3rd-order filters has a potential for reduced fundamental power losses.

To achieve the desired harmonic filtering performance, a sophisticated design
approach for these high-pass filters is required. Since the 2nd-order filter has a
lower number of passive components implying lower weight, cost, and size, it
stands out as the optimal option among other high-pass power filters. This is
because of the inherent limitations associated with 3rd-order and C-type power
filters such as the effect of the operating conditions and ambient temperature on the
filter components parameters that can lead to parameters’ variations and thus can
result in a different system characteristic impedance. Besides, the complexity of the
design is due to the involvement of more governing equations for the 3rd-order and
C-type filters in the design stage.

For the design of a 2nd-order high-pass filter, the capacitor can be sized based on
the reactive power and PFC requirements at the PoC. However, in a distorted power

system, the PFC is more complicated to address and conventional methods that are
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based on sinusoidal voltage and current traces can lead to a poor PFC solution.
Another challenge is the inductor size, which should be tuned for a maximum
harmonic reduction. Furthermore, the filter quality factor related to the damping
resistance should be optimally selected to ensure the required performance of the
2nd-order high-pass filter. To overcome these challenges, optimization algorithms
with the capability of global searching for the best solutions have been used in many

applications including PPFs design.

4. 2. Previous Work

The PPFs can be designed through a power load flow program to determine their
parameters using the trial-and-error approach. Instead, optimization algorithms
have been widely used to obtain an accurate design with reduced time and effort
burdens although this approach requires prior knowledge about the system. The
nature-inspired optimization algorithms developed for engineering applications
have placed attention on the optimal design of PPFs to improve their performance
for given criteria [106], [109]. In [110][111], the Genetic Algorithm (GA) was used
to optimise the parameters of different PPF topologies. The authors considered the
impact of parameter variations on the PPFs’ performance. In addition, the use of a
GA to minimise the THD of current and reduction in total cost was discussed in
[112]. GA was also adopted in [113] for the proposed approach for the optimal
location and sizing of PPFs. Similarly, a modified, GA-based, multi-objective
optimization problem for the placement and selection of filters was developed and
discussed in [114]. An optimal design for a dynamic tuning PPF using the GA for
harmonic distortions and cost minimization was discussed in [115]. This classical
optimization algorithm has shown better computational effort, but it would require
optimal coefficients setting to overcome local optimal solutions issue.

The authors in [116] compared the GA and some other algorithms with a built-in
optimization tool for a power system simulation software to size and place some
PPFs in a test network. The optimization problem was formulated using the
Decoupled Harmonic Power Flow (DHPF) method, which was also adopted to
design a high-pass PPF utilising the multi-objective Firefly Optimization Algorithm
in [21]. In [117], GA was adopted to design a C-type filter in a distorted system

with maximising the load Power Factor (PF). The performance of the GA solution
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could be evaluated against the generic programming code-based solution discussed
in [118]. Regarding C-type filters, Harris Hawks Optimization performance was
investigated against some other algorithms with reduced overloading on PPFs as an
objective in [119]. In [120], the Crow Search Algorithm was applied to minimise
the total cost of 3rd-order and C-type PPFs. Several PPF configurations were
optimally designed to minimize the Total Demand Distortion (TDD) by employing
the Crow Spiral Algorithm [121]. A single-tuned PPF was designed in [122] to
minimise the voltage Total Harmonic Distortion (THD) using Particle Swarm
Optimization (PSO). The optimization problem formulation is based on harmonic
power flow, in comparison with [123], which used the relative weighted harmonic
attenuation factors of the PPF design. [124][125] suggested a continuous and
discrete, neural-network-based, optimally designed, single-tuned PPF, respectively,
with a single weighted objective function for the multi-objective problem. In [126]
and [127], two single-tuned and high-pass PPFs were designed using PSO with
multi-objective optimization, THD, cost, and PF. Although the PSO algorithm
seems to have better performance than the GA algorithm for different applications,
they both require coefficients optimization to improve their global searching
capability and computational cost.

The recently developed optimization algorithms were also applied for optimal PPF
design. A Bat Optimization Algorithm was developed in [128] to design a set of
PPFs as a multi-objective problem. THD, cost, and PF were considered, and results
were compared to those obtained from the Simulated Annealing (SA) and PSO-
based solutions. In [129], an SA-based, single-tuned PPF was designed to reduce
THD and maximise power factor in a simple medium voltage network, but the
performance of the SA could be estimated with different algorithms. Different PPF
topologies were designed using the Bee Swarm Optimization and Teaching—
Learning-Based Optimization algorithms for multiple objectives, as presented in
[130] respectively. The work in [131] developed the Ant Colony Optimization
(ACO) algorithm for two single-tuned PPFs operating with an active filter to
minimise the total cost and THD. Moreover, a study that proposes a modified ACO
algorithm for a single-tuned filter is presented in [132]. Single- and double-tuned

PPFs were also designed using Bee Colony Optimization in [133]. This considered
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THD and reactive power as weighted objective functions. In [134], the Whale
Optimization Algorithm was employed for the design and location of PPF. The
results imply that the selected PPF and the objective function, which included the
power losses minimization only, had a minor impact on harmonic reductions. The
Cuckoo Optimization Algorithm was employed to design an optimal PPF with the
lowest cost [135]. In [136], three single-tuned filters for different individual
harmonic orders were designed and placed for a radial distribution system using the
Bacterial Foraging Optimization Algorithm. The objective function comprised
power losses and a reduction in investment costs. A Gravitational Search Algorithm
was adopted in [137] for the optimal design of a single-tuned PPF in an industrial
power network. Class Topper Optimization Algorithm and Slime Mould
Optimization Algorithm were also adopted for the optimal design of PPFs, as
discussed in [39,40], respectively. In the literature, the newly developed MRFO
algorithm has not yet been implemented for the PPF design problem, and the
harmonic performance of an optimally designed PPF with variations at the network
level has not been investigated. These studies have highlighted the feasibility of a
wide range of optimization algorithms for PPF applications and thus would
necessitate exploring the feasibility of newly proposed algorithms for such
applications.

However, the performance and feasibility of the MRFO algorithm, which was first
proposed in [138], has not been investigated for the PPF applications, and an
extensive analysis tool for evaluating the optimally designed PPF performance in
power distribution networks subjected to uncertainties and inevitable variations has
not been addressed. Therefore, the PPF design optimization problem is addressed
using the MRFO algorithm, which has shown considerable computational progress,
a powerful ability to solve non-linear optimization problems, easy implementation,
and relatively fewer parameters that need to be adjusted [139], [140]. Additionally,
the most recently proposed optimization algorithms, namely Golden Eagle
Optimizer (GEO) [141], Red Fox Optimization (RFO) algorithm [142], and
Chameleon Swarm Algorithm (CSA) [143], are adopted for comparison and
verifying the superiority of the MRFO algorithm. The prime reason for the adoption

of these newly developed algorithms is their similarity in the inspiration and
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modelling of hunting behaviours. The performance of each algorithm is analysed to
help nominate the most appropriate and efficient algorithm. Moreover, a new
method based on an MCS solution is proposed to extensively evaluate the harmonic
performance of an optimally designed PPF solution in a power system. This tool
can capture the influences of the variations in the system components on the
performance of the PPF and the system performance parameters to assure

continuous compliance with the standard limits.

4. 3. Optimization Problem Formulation
4.3.1. Modelling of the System Equivalent and PPF Circuits

To help formulate the optimization problem and evaluate the performance of the
PPF system design using an optimization algorithm, a simple power network,
modelled with the equivalent grid and overhead line impedance, is used. This
simplified circuit approach was also employed to validate the performance of the
optimization algorithms that were applied for PPF design studies [21], [144].
Among the several modelling techniques for the harmonic sources addressed in the
literature, the simple and easy-to-implement current source model in the frequency
domain, representing a harmonic source by the current sources of the range of
frequencies of interest, can still provide an accurate harmonic performance analysis
when the interactions between the control system of a harmonic source and the
existing background harmonics within the power network are assumed to be
negligible [13], [144]. Additionally, the harmonic current source modelling
approach has been widely adopted to conduct harmonic performance analysis
studies for the optimal design of the PPFs [21], [104]. The equivalent circuit utilised
in this work for the PPF design problem is shown in Figure 4-2(a) with the
equivalent grid, overhead line, 2nd-order PPF, linear load, and a harmonic source.
Since the system is assumed to be balanced and symmetrical, the DHPF solution is
conducted to iteratively compute the corresponding components at each frequency
[144]. This enables the application of Kirchhoff’s voltage and current laws for
fundamental and harmonic frequencies, and then the harmonic indices, such as the

THD, power losses, and PF, can be computed.
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Figure 4-2 (a) Equivalent circuit modelled for problem formulation, (b) 2nd-order
high-pass PPF.

To perform the harmonic flow solution for the equivalent power system shown in
Figure 4-2, typical harmonic modelling of the system’s components must be
followed, as defined in [13]. The power grid is represented by a voltage source of 1
p.u. at the power frequency with background harmonics as:

H

Vi(h) = Vi(1) + Aggyy ) Vi(h) @1

h=2

Where V(1) is the fundamental RMS of the voltage source, V;(h) is the RMS of
the harmonic voltage components, and H is the highest harmonic order of interest.
The grid voltage is associated with a Background Harmonics (BGH) factor (Az¢y),
which will further help evaluate its effect on the PFF harmonic performance.

The harmonic impedance of the overhead line (Z, ;) is modelled as:

Zon,(R) = VR Ropy, + jhXopy, 4.2)

Where Ryy., Xon. are the overhead line’s resistance and reactance at power

frequency, respectively. Vh is included in the model to capture the frequency
dependency and skin effect of the resistive part [13].

In comparison to the different high-order PPFs configurations proposed in the
literature, the 2nd-order PPFs have a lower number of passive components,
implying a lower weight, cost, and size. Thus, they stand out as the ideal option
among other high-pass PPFs. This is due to the inherent limitations associated with
3rd-order and C-type power filters, such as the effect of the operating conditions

and ambient temperature on the filter parameters, which can lead to significant
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parameter variations and, thus, can result in a different system’s characteristic
impedance. In addition, the complexity of the design is due to the inclusion of more
governing equations for the 3rd-order and C-type filters in the design stage [105].
The 2nd-order, damped PPF depicted in Figure 4-2(b) is the most common and
favourable type due to its lower cost, high attenuation behaviour, and design
simplicity [106]. The equivalent impedance of a 2nd-order PPF (Z) is modelled as
[130]:

Zp(h) = :
' R}+(hXLf)2 * Rf+(hXLf)2 h *3

Where Zp is PPF impedance, Ry is PPF resistance, X p and X, ; are the PPF

inductive and capacitive reactance, respectively.

The parameters of such a PPF are conventionally calculated as follows [13], [100].

QMVAT

Ce(UF) = 10°
4 Wy Veoc(Diy (44)
Ls(mH) —1 x 103
Flmt) =——5
— Lme
Rr(Q) = Qp X /Cf (4.6)
uF

Where Vp,(1) is the RMS voltage of the fundamental frequency component at the
PoC. Quy ar, wy are the reactive power delivered by the PPF and fundamental angular
frequency in rad/sec respectively. hf is the tuning frequency and QF is the quality
factor of the PPF.

The limitation of this calculation method is that the PPF parameters can use different
values to achieve different Voltage THD (VTHD), Voltage Individual Harmonic
Distortion (VIHD), Current Individual Harmonic Distortion (CIHD), and TDD. Since
this can also lead the grid voltage and the PF to violate the standard limits, the PPF
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parameters should be optimally designed with the proposed optimization algorithms
to address these challenges and ensure compliance with the standard limits.

To model a linear load for harmonic analysis studies, the rated active power (Ppyqq)
and reactive power (Q;,4q) components are employed to calculate the corresponding
load’s resistance (R;,q,q) and reactance (X;,.q) at the fundamental frequency,
respectively. The linear load is commonly represented as an assembly of a resistor,
connected in parallel with an inductor, and the linear static load harmonic impedance

(Z10qq) 18 computed as:

[Veoc(DI?

Rupaq(h) = 2220
Loaa(h) P — (4.7)

o iy < Wooc OF
Load QLoad (48)
ZLoad(h) = \/ERLoad // thLoad (49)

when the interactions of the power converter control circuit are negligible, the
harmonic source can be represented by the current sources in a range of frequencies
of interest. Additionally, since the harmonic performance varies with the operating
point, as discussed in [145], [146], the harmonic content (I}) is associated with a
factor (4y), which will further help it to investigate the PPF harmonic performance
with the variations in harmonic source emission. The harmonic source emissions can

be expressed as:

Ins(h) = Ap X In(h) h>1 (4.10)

By using Kirchhoff’s current law at the PoC of the system under the study, the

following can be obtained.

Is(h) = IF(h) + I10qa (h) - Ihs(h) (4.11)

I, I, and I} ,,4 are the current components following through the power lines, PPF,

and linear load respectively, and I,; denotes the harmonic source current.
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By substituting the harmonic impedance modelled for the system components with
the corresponding voltages in Equation (4.11) and considering the grid as a reference
node, the following representative equations decoupling fundamental and harmonic
components are used for solving the system modelled for harmonic flow analysis
shown in Figure 4-3, where V(1) is 1 pu 2£0°.

Ve(1) = Vioc (1) _
ZOHL (1)

Veoc(1) | Vpoc(1) B (4.12)
ZF(l) ZLoad(l) Ihs(l) fOT h=1
Vs(h) - VPoC(h) _
ZOHL(h) (4 13)
VPOC (h) VPOC (h) .
ZF(h) ZLoad(h) Ins(h) for h>1
Rom.  Xom I POC I,

i 1 Y Lo
X

Cr

F
XL/ Rf

Figure 4-3 Detailed circuit modelled for harmonic flow analysis for PPF design.

4. 3. 2. Decision on the Optimization Objectives and Constraints

The principal goal of installing PPFs in power systems is to reduce harmonic
distortions mainly avoiding the maloperation of sensitive loads and increasing the
system’s hosting capacity for future renewable systems. Additionally, it has been
stated in the literature that by eliminating harmonic distortions, network power losses
can be reduced and thus system efficiency can be improved. Therefore, the voltage
THD at the PoC is considered the major PPF design objective function to be
minimised, while other operational aspects such as individual harmonic distortions,

the PoC voltage, PF, and some concerns related to PPF parameters requirements are
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treated as constraints to be tackled. The objective function is the voltage THD, which

is expressed as:

Jzﬁzzlvpoc(h)v

«100 (4.14)
Vpoc (D)

Minimum Voltage THD (%) =

Where Vp,c(h) is the RMS voltage corresponding to the harmonic order, and
Vpoc (1) is the RMS voltage of the fundamental frequency component.

For the PPF parameters design, as for any optimization problem with some
inapplicable solutions, some constraints are required to ensure the system
performance is kept within the defined limits for the power network and PPF solution.
The voltage at the PoC should not exceed the standard limits. The PF at the PoC is
required to be corrected to unity. Total and individual voltage and current distortions
to be within the defined limits. The PPF quality factor (Qf) is to obey the design
requirements as discussed in [9], [13]. These constraints must be checked during the
optimization over each iteration and largely suitable penalties are used to ensure their
validity. In this work, the constraints are set according to IEEE Std. 519 [99] as

follows.

0.95 pu < Vpoc(Ry, Ly, C) < 1.05 pu (4.15)
0.9 < PF(Rs, Ls, Cr) < 1.0 (4.16)

0.5 < Qr (Rp, Ly, C;) < 2.0 (4.17)
VTHD(Ry, Ly, Cr) < 5% (4.18)
VIHD(Ry, Ly, Cr) < 3% (4.19)
TDD(Ry, Ly, Cr) < 8% (420
CIHD(Ry, Ly, Cr) < IEEE Std.519 4.21)
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The maximum allowed individual odd current distortions defined by IEEE Std. 519
are shown in Table 4-1. However, the IEEE Std. 519 limits the even harmonics to
25% of the odd harmonics. The ratio between the maximum short circuit current and

maximum demand load current of the harmonic source is assumed between 20 and

50.

Table 4-1 IEEE Std. 519 current individual distortions limits for systems rated 33 kV.

. 11<h 17<h 23<h
- = = <
Harmonic Order h<11 <17 <23 <35 35<h
CIHD,, 0.02 % 0.02 % 0.02 % 001 % 001 %

4. 4. Brief Description of the Algorithms Adopted
This section is dedicated to the introduction of the most recently developed
algorithms adopted in this work. The inspiration and principal concept of these

algorithms are briefly presented.

4.4.1. Manta Ray Foraging Optimizer (MRFQ)

Despite their appearance, Manta Rays, being one of the world’s biggest marine
animals, are fascinating creatures. Manta Rays have a flat upper—lower body and a
set of pectoral fins that allow them to swim gracefully, like birds. Manta Rays eat
plankton, which is primarily made up of minute creatures found in the ocean
because they do not have sharp teeth. When Manta Rays go foraging, they use their
horn-shaped cephalic lobes to funnel water and prey into their mouths. Modified
gill rakers filter the prey out of the water. Manta Rays consume a significant number
of plankton. Oceans are thought to be the most abundant source of plankton.
Plankton, however, is not equally distributed or consistently concentrated in certain
specific regions due to the water dynamics and changing seasons. Manta Rays,
interestingly, are adept at locating plankton.

The most fascinating aspect of Manta Rays is their foraging activity. They can move
alone, although foraging is commonly observed in groups. These critters have
developed a wide range of incredible and clever foraging techniques. The MRFO
algorithm 1is inspired by three foraging strategies, involving chain, cyclone, and

somersault foraging strategies, as shown in Figure 4-4. Detailed modelling and
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performance evaluation compared to common optimization algorithms are provided

in [138].

-------------- Chain Foraging
—— —— Cyclone Foraging
Somersault Foraging
e Plankton (food for MR)

Figure 4-4 Foraging behaviour of the Manta Rays [138].

4.4.2. Golden Eagle Optimizer (GEO)

Golden eagles are expert hunters with outstanding vision, speed, and powerful
talons, which are capable of catching prey ranging in size from insects to mid-sized
animals. Their cruising and hunting are distinct in that they occur in a spiral
trajectory, indicating that the prey is usually on one side of the eagle. This allows
them to keep an eye on the prey, as well as adjacent stones and shrubs, to choose
the best angle of attack. Meanwhile, they scout different areas to see if they can
locate better food. The golden eagle’s behaviour is always guided by two factors
during the flight: the tendency to attack and the propensity to cruise. Golden eagles
understand that if they strike very quickly, they may only grab tiny prey that is
insufficient to pay for the energy spent in hunting. However, if they keep looking
for bigger prey indefinitely, they may exhaust their energy and miss the target.

Golden eagles cleverly strike a balance between these two goals, snatching the best
prey possible, using a fair amount of time and energy. They seamlessly transition
from a low-attack—high-cruise to a high-attack—low-cruise profile. Each golden
eagle begins its hunt by searching for prey by soaring in wide circles at high
altitudes inside its domain. When prey is sighted, it begins to move around the
perimeter of an imaginary circle centred on the prey. The golden eagle remembers

where the prey is, yet it continues to circle.
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As the eagle lowers its altitude and approaches the prey, the radius of the
hypothetical circle surrounding the prey shrinks. Simultaneously, it looks for better
options in the surrounding areas. Golden eagles may occasionally tell other eagles
where they discovered the best prey that they have found to date. If the eagle cannot
find a better location/prey, it will continue to circle in smaller circles around the
current one before attacking the prey. If the eagle discovers a better prey, it will fly
in a new circle and forget about the old one. The last assaults are executed in a
straight line, as can be observed in Figure 4-5. A detailed modelling and

performance evaluation compared to common optimization algorithms are provided

in [141].

Cruise

Attack

Figure 4-5 Hunting behaviour of the Golden Eagles [141].

4.4. 3. Red Fox Optimizer (RFO)

The red fox predator’s lifestyle and hunting behaviour are rather unusual. It hunts
both domestic and wild animals, roaming the landscape, and uses a variety of tactics
to confuse victims while crawling, making it a particularly effective predator. The
fox’s territorial behaviours and the familial relationships between young and adults
help adapt to changing situations and, thus, survive.

Red foxes are divided into two groups: those who occupy well-defined areas and
those that roam freely. Under the alpha couple’s structure, each herd is responsible
for a specific region. If the possibility of taking control of another region is good,
the young may leave the herd and start their herd. Otherwise, they stay in the family

and receive hunting skills from their parents.

109



Chapter 4: PPF Design and Harmonic Performance Analysis

The red fox is a skilled predator of small animals. While travelling across the area,
the fox seizes any opportunity for food, creeping up to the prey until it is close
enough to attack. Figure 4-6 depicts the main hunting attitude of a red fox. When
the fox detects prey in the distance, the exploration of territory in search of food, as
a worldwide search, is followed by a local search to navigate the environment and
move as near to the prey as possible before the attack. A detailed modelling and

performance evaluation compared to common optimization algorithms are provided

in [142].

Figure 4-6 Hunting behaviour of the Red Fox [142].

4.4.4. Chameleon Swarm Algorithm (CSA)

The dynamic behaviour of chameleons when travelling and foraging for food
sources on trees, deserts, and near wetlands served as the idea for this algorithm.
This mimics the chameleons’ behavioural stages in their quest for food, rotating
their eyes to a nearly 360-degree field of view to detect prey, and grabbing prey
with their sticky tongues that launch at fast speeds, as shown in Figure 4-7.

Chameleons wander the search space looking for prey in this algorithm.
Chameleons utilise their globular eyes to scan a large radius in this manner, using
every possible region in the search domain. They utilise their incredibly lengthy
and sticky tongues to pick up prey quickly and efficiently when hunting. An
adjustable parameter was suggested to help chameleons better explore the search
space throughout CSA iterations to achieve a better balance between exploration
and exploitation for more dependable performance. A detailed modelling and

performance evaluation compared to common optimization algorithms are provided

in [143].
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Figure 4-7 Hunting behaviour of Chameleons [143].

Broad similarities can be observed among the recently proposed algorithms, and
thus it can be said that the MRFO algorithm with the three foraging strategies can
sufficiently represent the adopted algorithms. The GEO and RFO algorithms search
for the solutions in an orbital manner like the cyclonic behaviour of MRFO
searching for plankton. The chain or straight-line approach of the MRFO is quite
like the CSA in terms of the chameleon’s behaviour in attacking prey, with its sticky
tongue. Furthermore, the recently developed MRFO algorithm has been employed
in power system planning and control applications [139], [140], showing its
powerful ability to solve non-linear optimization problems, easy implementation,
and the lower number of parameters that need to be adjusted compared with other
common algorithms. Therefore, the different behaviour of the MRFO algorithm and

their detailed modelling are discussed as follows:

4.5. The MRFO Algorithm Modelling

The MRFO algorithm is inspired by three foraging strategies: chain, cyclone, and
somersault foraging strategies. The MRFO algorithm that incorporates the different
foraging techniques can offer a global searching solution in comparison to the
recently developed algorithm. The different searching strategies are modelled as

follows:

4.5.1. Chain Foraging Strategy
Manta Rays can identify locations with a high intensity of plankton and swim in
their direction. Although the best location is not yet known, MRFO presumes that

the best solution found to date has a high concentration of plankton for Manta Rays
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to approach. Manta Rays move in lines, head-to-tail, and develop a foraging chain.
Individuals not only swim toward the plankton, but they also swim toward the
Manta Ray in front. Therefore, in every iteration, the best candidate solution found
is updated for each Manta Ray. The mathematical model of chain foraging is

expressed as [138]:

x4 (t+1)
xid +r (xgest(t) - xid(t)) ta (Xgest(t) - x{i(t)) fori=1 (4.22)
- xid +r (Xid—1(t) - xid (t)) ta (xgest(t) - xid (t)) else

a = 2ry/|log (r)| (4.23)

where x@ is the location of i*" Manta Ray at time # in d*" dimension, 7 is a random
number between [0,1], a is a weight coefficient, xZ,, is the highly concentrated
plankton. The position update of the i*"* member is decided by the location x{ ; of

the (i — 1)®" member and the position xf,, of the plankton.

4.5.2. Cyclone Foraging Strategy
When a group of Manta Rays distinguishes potential plankton in deep water, a long
foraging series, one behind the other, develops, and a spiral movement will be

formed towards the plankton. The mathematical representation can be further

simplified as [138]:

Xfana = Ly +1(Ug = L) (4.24)

x2(t+1)

Xana + 7 (Kana(®) = 20 ®)) + B (xfna(®) = 2 ©) fori=1 (475

xfana + 7 (210 = xf©) + B (¥na® — £ ©)  else
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x{(t+1)

xgest t+r (xgest(t) - xid (t)) + ﬁ (xl;iest(t) - xld(t)) fOT' i=1 (4.26)
Xpose + T (xfl—1(t) —xf (t)) + B (Xgest(t) —xf (t)) else

T—t+1)

g =2 sin(an).eT( T (4.27)

where x4 ,is a random spot produced in the predefined search space, f is the
weight coefficient, L¢ and UZ are the lower and upper boundaries of the d®"

dimension, respectively, T is the number of iterations, and r is a random number of

(0-1).

4.5.3. Somersault Foraging Strategy

In this final foraging behaviour, the location of the plankton is considered as a
swing. Every member tends to move and turn a somersault to a different pivot.
Consequently, they always renew their spots around the best candidate position

determined to date. The mathematical expression can be developed as [138]:

x{t+1)=x¢+S (rz xt o (t) — 15 x{i(t)) ,i=1toN (4.28)

where S is the factor of somersault that indicates the somersault range, and S = 2. 1,

and r3 are two random numbers between [0,1]. N is the population number.

A flowchart illustrating the optimization process for the PPF design using the
MRFO algorithm is shown in Figure 4-8.

After providing the required parameters of the studied system, the maximum number
of iterations and population size are defined. An initial DHPF solution is performed
to help initialise the calculation of the system performance parameters, such as Vp,
and PF, and the harmonic indices, such as VTHD and VIHD. Then, the MRFO
algorithm is performed, following the different foraging behaviours and their
locations, and the DHPF solution is performed for each solution with respect to the

objective function and constraints. When the solutions are found to violate any
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constraint, large penalties are assigned, and the process is repeated without affecting

the number of iterations.

Input Data:
Grid voltage, Overhead Line, Load,
Harmonic currents data, and PPF type.

v

Set upper and lower boundaries with respect to constraints.
Set number of iterations (T) and population (N).

v

t=1:T

v

Fori=1:N

CHAIN CYCLONE

Update locations Yes
Ssing(22) Update locations Update locations

using (26) using (25)

v

Estimate the fitness of each Manta Ray
i SOMERSAULT
Update locations using (28)
v

Estimate the fitness of each Manta Ray

Max iteration (T) reached?

Yes

Figure 4-8 Flowchart of the PPF optimization problem using the MRFO Algorithm.

For the optimal design of the PPF parameters (Cy, Lrand Ry), instead of limiting
the search space of the optimization problem to, for example, a unity PF, the single
objective function to be minimised is associated with a suitably large penalty factor
(pf) for each inequality constraint Equation (4.15) to (4.21), and a reasonably small
tolerance for variations in the PPF components’ parameters is included. In other
words, the objective function becomes (Equation (4.14) + Y, pf) and the DHPF is
performed for each optimal solution, with the feasibility of the solution checked

without affecting the number of iterations. The use of the penalty technique helps
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maintain inequality constraints and enables an algorithm to search globally for more
feasible solutions in a simple manner. These procedures are followed for all the
algorithms adopted in this work. To ensure that the global minimum is reached, the
built-in algorithms developed by MATLAB were employed offline as a reference

solution.

4. 6. Development of the proposed MCS-based Harmonic Analysis
Method

4. 6. 1. Monte Carlo Simulation (MCS)

The stochastic operating characteristics of power distribution networks can lead to a
poor realisation and prediction of the actual harmonic performance when
deterministic analytical approaches are utilised. Therefore, the MCS approach, which
is a computer-based simulation technique that uses probabilistic theory and statistical
solutions, is adopted to overcome these issues [22]. The principal idea is to replace
the fixed operating point at which the system operates and/or system parameters with
a probability function composed of different points, which could be normally or
uniformly distributed around a fixed point and determine the system behaviour and
response in a semi-dynamic manner. For the power harmonic solutions, the MCS
method can help provide statistical insight into the harmonic performance of the PPF
to help engineers account for extreme case scenarios related to power system
operational uncertainties.

Different probabilistic methods, such as numerical integration, convolution, and
semi-empirical methods, were proposed in the literature to assess the harmonics flow
with the variations in power networks. In [23], the MCS was developed to investigate
the effect of the power network and the harmonic source variations on voltage and
current individual harmonic components. Furthermore, a method was developed
based on MCS to investigate the impact of the solar PV system and variations in low-
voltage customer loads on the system harmonic impedance [101]. The use of
probability density functions to represent the variations in the power system
components has successfully resulted in efficient harmonic performance analysis,
with confidence regarding the extended evaluation process, in comparison to the

deterministic approach. The MCS approach was nominated as the most effective
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solution to evaluate the stochastic characteristics of the power harmonics considering
reasonable variations in the system’s variables. Thus, an MCS-based method is
proposed in this work to enable the performance of the DHPF solution, and to analyse
the performance of the designed PPF. The generalised process of the MCS-based
approach that was developed to investigate the PPF harmonic performance is shown
in Figure 4-9.

Stage I:Input Data and Settings

Harmonic Models,
Overhead line data,

Power load data,
Harmonic currents data,
Background harmonic voltage data,
Max. harmonic order (H),
PPF configuration,
Algorithm optimal solution ,
Probability functions type, and
MCS control parameters.

2

Stage II: Monte Carlo Simulation and DHPF Solution Process

Random Generator

!

Probabilities generation for linear loads, AscH, and Ah.

v

System harmonic impedance calculation

v

Store Harmonic Impedance Results

Store

Perform DHPF [=¥ 1y e posults

«

Stage II1: Print Results

| System Impedance |

| System Performance Parameters |

| Harmonic Indices |

Figure 4-9 Generalised process of the proposed MCS-based method.

The proposed, MCS-based method incorporates three main stages: defining power

system data and the MCS parameters, the extended harmonic flow calculations
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including the MCS and DHPF solutions, and, lastly, the processing and presenting
results. After providing the system specifications and the harmonic models, the
harmonic impedance of the system is calculated for the range of frequency of
interest. This process is known as a harmonic impedance scan in the frequency
domain, and the results are stored in the form of a matrix, which easily enables
calling by the next step. The stored harmonic impedance matrices are used to
perform the DHPF solution, and the results are simultaneously stored for the
corresponding harmonic impedance matrix. The random generator iteratively
triggers the probabilities’ function generator to produce unique solutions based on
the predefined number of samples and distribution function settings. The large
matrix that is formed is used to generate results depicting the system performance

and enable a statistical representation of the harmonic indices.

4. 6. 2. Origins of Uncertainties

The MCS approach is utilised in this work to extend the evaluation of the harmonic
performance of the designed PPF solution in power distribution networks. This helps
to consider several variations at the network level such as the linear power load,
background harmonics, and harmonic source emissions.

The linear power load, which represents the aggregated low-power loads, requires a
stochastic approach to include the uncertainties attributed to the future connection of
loads, monthly, daily, and even momentary changes in the existing loads’ profile, and
the accuracy of the harmonic model of the loads, depending on their nature. The use
of a probability distribution function can help include these uncertainties to an
acceptable extent [101].

The variations in the harmonic source emissions and their influence on the PPF
harmonic performance should also be considered. The harmonic source emissions
were shown [145], [146] to vary depending on the amount of power being transferred
through the DC link. Additionally, the interactions between the converter control
system and the system impedance, and the other harmonic sources, can result in
different power harmonic performance profiles [147]. Furthermore, the
background/existing harmonics that originate from other harmonic sources that are

electrically distant from the PoC can be subject to momentary variations, especially
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in rich renewable-based power systems [145], [147]. Another source of uncertainty
is imposed by the accuracy of the harmonic analysis solution and limitations of the
modelling approaches of the harmonic sources when, for instance, the control circuits
and their effects are brought into the picture and required to be considered for accurate
harmonic analysis [13]. Therefore, these different operational uncertainties
necessitate a sophisticated method to comprehensively investigate the performance
of an optimally designed PPF.
The objective of this method is to statistically present the PPF harmonic performance
indices when the linear load, background harmonics, and harmonic source emissions
are expressed as arbitrary values based on defined distribution functions. The MCS-
based method is subject to some input parameters that should be realistically defined
for an efficient process and sensible results. These inputs are defined as follows [101]:
e Probability distribution functions in which the system variables are defined
and represented can be defined by normal distribution (Gaussian
distribution), continuous or discrete uniform distribution functions. Thus,
parameters such as mean, standard deviation, minimum, maximum, or
discrete values should be defined.
e The number of runs or number of samples over which the MCS is
performed should also be carefully defined for extensive performance
evaluation. The larger the number of runs, the more the combinations are

encompassed in the simulation.

4.7. Algorithms and PPF Performance Evaluation

In this section, the power system details are presented, the performance of the most
recently proposed optimization algorithms is assessed, and the harmonic performance
of the designed PPF is evaluated using the proposed MCS-based method, including
key uncertainties at the power network level.

For the system depicted in Figure 4-3, the parameters are as follows. At 60Hz, the
grid line voltage is 33 kV, and the overhead line impedance is 1.45 Q resistance and
2.79 Q inductive reactance per phase. The commonly representative resistive-

inductive load is used, with an impedance of 40 Q resistance and 20 Q reactance per
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phase, accounting for 0.89 lagging PF. The harmonic currents presented in [146] are
adopted and assumed to align with the fundamental current since it is the only
harmonic source in this study. Additionally, the PPF parameter variations due to the
ambient temperature changes are assumed to marginally affect the PPF performance,
as discussed in [111]; thus, a tolerance of = 5% is involved in the constraints to
account for these variations and ensure that the harmonic performance is retained
within the specified limits. The boundaries of the decision variables are each set from
0 to 100. The p.u. quantities are calculated based on 33 kV voltage and 100 MVA
base values. The harmonic source is assumed to operate at the unity power factor at
full capacity and has a fundamental current calculated based on the rated power and

the nominal voltage.

4.7.1. Algorithms Performance Evaluation

Initially, to compare the performance of the optimization algorithms, the harmonic
source is assumed to operate at full capacity, the grid voltage is sinusoidal, with no
associated background harmonics, and variations in the linear load are excluded. To
solve the optimization problem, the algorithms were performed using MATLAB
(R2021a) on a computer with a 64-bit Windows 10 operating system, an Intel®
Core™ 17 CPU @ 3.60 GHz, and 16 GB of RAM. The number of iterations and
populations are set as identical to 100 to establish meaningful results for a comparison
between the algorithms. The initial control parameters of each algorithm are shown
in Table 4-2. The typical values recommended by algorithms developers are adopted
in this work. These initial parameters can have a significant impact on the overall
performance of the algorithms that are adopted for a specific application and should
be carefully selected to achieve better performance. However, the auto-tuned
coefficients (a¢ and f) of the MRFO algorithm are based on the randomization
generated in each iteration and can lower the complexity of algorithm development,
with no anxiety about the decision made on these coefficients, as can be experienced

in the case of the CSA associated with several control parameters.
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Table 4-2 Control parameter settings of the algorithms

Algorithm Parameter Typical Value
MRFO a Both are randomly génerated and subject to
B 1teration no.
Pa Increase linearly from 0.5 to 2
GEO Pe Decrease linearly from 1 to 0.5
o T
RFO 6 0.4
D1 0.25
D2 1.50
CSA P 10
Cy,Cy 1.75

For performance comparison, the recently developed algorithms are independently
performed several times, and the PoC voltage THD, which is the objective function,
is computed using the DHPF solution for each execution/run. The statistical results
of 40 independent runs are presented in Table 4-3. The best and worst solutions
obtained from the algorithms for the minimization problem are recorded, while the
mean value and standard deviation are computed offline. The average time required

by each algorithm to complete a single execution is also shown.

Table 4-3 Statistical comparison of the algorithms over 40 runs

Algorithm Best Mean Worst Std. Deviation | Avg. Time
Fitness Fitness (Seconds)
MRFO 0.8026 0.8031 0.8036 0.00021 52.44
GEA 0.8195 0.8204 0.8214 0.00043 43.25
RFO 0.8031 0.8091 0.8148 0.00278 46.16
CSA 0.9158 0.9186 0.9192 0.00084 41.93

It can be observed that MRFO can efficiently find the best solution, with the lowest
deviation among the algorithms. The RFO can also find a close solution to that found
by the MRFO but with a larger diversity of optimal solutions around the mean value
over several executions. The GEA and CSA are also able to minimise the
optimization problem with a relatively small variation, but they seem to be trapped
in a locally optimal solution and may require more iterations to reach near-optimal
solutions. The MRFO and RFO have better solutions compared with the GEA, while
the CSA has the poorest performance among the recently developed algorithms. The

poorness of CSA performance can be imputed to the control parameters’ settings.
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However, the lowest standard deviation value associated with the MRFO, in
comparison with other algorithms, indicates its consistency in finding optimal
solutions. The optimal solutions found by the MRFO are attributed to the different
foraging strategies that widely cover the search space. It is also noticeable that the
CSA requires the shortest computational time, followed by the GEA algorithm. In
contrast, the MRFO takes a longer time to find the best solution, and this can be
justified by the multiple estimations of each Manta Ray’s fitness during each

iteration.

The convergence rates of the best solutions offered by the adopted algorithms are
superimposed, as shown in Figure 4-10. It is obvious that the MRFO algorithm first
reached its best solution of 0.8026. This was followed by the RFO algorithm after
about 70 iterations. However, the GEA algorithm converged to its best solution of
about 0.8195 after 35 iterations, while the CSA algorithm, which has the poorest
convergence rate, reached its optimal value of 0.9158 after 80 iterations. A closer
look shows that MRFO and RFO algorithms reached superior solutions compared to
the GEA algorithm. The different hunting schemes and auto-tuned coefficients
associated with the MRFO can be attributed to its better convergence rate, while the
GEA and CSA algorithms are anticipated to require more iterations to converge to a

better solution.
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Figure 4-10 Convergence curves of the algorithms.
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The decision over the best algorithm performance also depends on the other decision-
making factors for which the PPF is designed. The power system performance
parameters, such as the PoC voltage, PF, system losses, efficiency, and cost, should

be computed for comparison between the different optimization algorithms.

Table 4-4 Comparison of the different solutions proposed by the recently developed
algorithms

Parameter Uncompensated Compensated System
(Per phase) System MRFO | GEA RFO CSA
Rr [Q] - 7.083 9012 7.235 9.364
L [mH] - 1.520 1471 1.496 1.543
Cr [uF] - 51.70 52.03 51.89 52.16
Vpoc (M) [pu] 0.9470 0.986 0.981 0.983 0979
VTHD [%] 1.9000 0.8026 0.8195 0.8031 0.9158
Current TDD [%] 2.5500 1.881 1.948 1.872 1.970
PF at the PoC 0.8600 0.9610 0.9648 0.9602 0.9693
Network Losses [MW] 0.1653 0.1411 0.1422 0.1413 0.1425
Pel s [MW] - 0.0297 0.0358 0.0304 0.0371
Overall Cost [unit] - 231'3§X 231‘§2X 231.gz>< 241‘(())2X
Overall n [%] 98.350 98.29 98.22 98.28 98.20
Hosting Capacity [%] 87.290 97.06 95.93 96.89 95.04

Table 4-4 shows the system performance before and after utilising the different PPF
solutions proposed by the newly developed algorithms. It can be observed that the
performance of the uncompensated system appears to violate the standard limits that
were mentioned earlier in terms of voltage and power factor at the PoC, and this
emphasises the necessity for such a PPF solution. It also presents the optimally
designed filter parameters and the system performance with the solutions obtained
from the different algorithms. The PF with respect to the line current is computed by
Equation (4.29), and network and PPF losses are calculated by Equations (4.30) and
(4.31) respectively. The PPF overall cost model including Initial Cost (IC) and
Operational Cost (OC) can be approximated by Equation (4.32). The overall system’s
efficiency and network’s hosting capacity are calculated as per Equations (4.33) and

(4.34), respectively.
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For sinusoidal voltage and current signals, the power factor (cos(®)) is regularly
calculated based on the angle differences between the two waveforms [13], [14].
However, for a distorted system, the power factor calculation should consider a
distortion factor that represents the reduction in the actual power factor due to the

non-sinusoidal voltage and current waveforms and can be computed as [21], [104]:

II;I=1|VP0C(h) [|1s(h)| cos @,

\/Zlfleleoc(h)P JZ;’lels(h)|2 (4.29)

PF =

Where @, is the angle differences between voltage and current components.

Network Losses = 2 [I12(h) * RopL] (4.30)
H

PppFipsses = 2[1501) * Ry 4.31)
h=1

Cost = [KlRfQ + KZLme + KSCf”F]IC + [K4PFkW + KSQFkVAr] (4~32)

ocC

Pr, Qr are the PPF fundamental active power dissipated, and reactive power
supplied, respectively. The weighting coefficients (K; to Ks) are computed as

recommended in [148].

The Overall System Efficiency n (%)

— Ps - (POHL + PPPF)losses % 100 (433)

P

where P is the total active power supplied by or delivered to the power grid, mainly
through the harmonic source, and P,y; and Pppp are the active power losses within

the overhead line and PPF, respectively.
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The ratio of the extreme allowable penetration level of DER systems in MW to the
combined load’s rated MVA is used to calculate the power network’s Hosting
Capacity (HC). As a result, with all restrictions fulfilled, the hosting capacity may
be equal to the system’s instantaneous penetration level and can be expressed as

follows [104].

Hosting Capacity (%)

_ h=11Vpoc (MIlI;(h)] cos @y, % 100 (4.34)
VP, +Py)? +(Q + Qyy)?

The rated active and reactive power components of the linear loads are P, and Q;
respectively. The rated active and reactive power components associated with the
nonlinear load, which is the harmonic source, are Py; and Q.

It can also be observed from Table 4-4 that the optimally designed PPFs using the
recently developed algorithms provided improvements to the system performance
in terms of the voltage profile at the PoC, power factor, voltage distortions, current
TDD, overhead line losses, and hosting capacity. A marginal deterioration in the
overall system efficiency (1) is noticeable when the PPF solutions are employed.
This is because of the power losses developed across the PPF’s resistance, which
build up and result in slightly higher overall system losses. Moreover, the
constraints are satisfied in the compensated system with no further risk of violating
power system standard limits. However, the compensated system with the PPF
designed using the MRFO algorithm has better performance parameters, such as
the lowest voltage THD, current TDD, network losses, and a relatively higher PF
and hosting capacity in comparison to the other algorithms. The PPF design
proposed by the MRFO algorithm can offer the lowest impedance path for the high-
order harmonics, and thus results in the lowest voltage THD and current TDD.
Improvements in voltage THD and current TDD of about 57% and 26%,
respectively, are experienced. Furthermore, the power dissipation of the PPF
designed using the MRFO is lower than those obtained from other newly developed
algorithms. This is attributed to the lower resistance associated with its optimal

solution. It can also be seen that the overall cost corresponding to the solution
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offered by the MRFO algorithm is the lowest among the algorithms. This can be
justified by the smallest inductive and capacitive components associated with its
solution. Moreover, the solution proposed by the MRFO algorithms is associated

with the best improvement for the network’s hosting capacity by roughly 11%.

To validate the harmonic performance of the PPF with the parameters proposed by
the MRFO algorithm, the simplified power system depicted in Figure 4-3 was
implemented in the IPSA simulation environment that mimics a real power system
and enables harmonic flow analysis studies. By adopting the harmonic currents
presented in [ 146], the PoC voltage spectra of the uncompensated and compensated
system are depicted in Figure 4-11. The lower impedance of the PPF at high
frequencies has significantly damped the high-order voltage harmonics, while a
minor amplification of the low-order harmonics occurs due to the resonance
developed by the PPF capacitive component. The optimal solution proposed by the
MRFO algorithm is chosen as the best solution and will be used to investigate the

performance of the developed MCS-based method for harmonic performance

analysis.
2
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Figure 4-11 The PoC voltage spectra prior to and after installing the PPF proposed by
the MRFO algorithm.

4.7.2. PPF Performance Analysis Including Uncertainties

Despite its computational time burden, the MRFO algorithm showed superior

performance compared to the recently developed algorithms, with potentially better
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solutions in most cases. Therefore, in this section, the PPF harmonic performance
is extensively analysed based on the optimal solution offered by the MRFO
algorithm. When this designed PPF is implemented in a real power system,
subjected to several operational variations and unpredictable state changes at the
network level, the harmonic performance must be extended to account for these
uncertainties and assure compliance with standard limits for various scenarios. To
achieve this aim, the MCS-based method is developed by incorporating the DHPF
solution to compute the system harmonic impedances and indices in a semi-
dynamic approach and statistically present them to ensure continuous compliance

with the standard limits.

4.7.2.1. Handling Uncertainties Using the MCS-based Method

In this work, the harmonic source emissions were illustrated in [146] to vary with
the operating point. Additionally, the assumption of electrically distant harmonic
sources connected to the grid and their variations due to their unpredicted renewable
sources should be considered as time-varying background harmonics. Therefore,
the existing harmonics of the grid and the harmonic emissions of the harmonic
source are associated with the factors Ag;y and A, respectively, as shown in
Equations (4.1) and (4.10) and can be represented in a continuous uniform
distribution function to enable the MCS solution. The background voltage spectrum

is reasonably assumed, and details are presented in Table 4-5.

Table 4-5 Odd individual background harmonic voltage components

Harmonic Order 5<h 17<h 35<h 55<h 75<h
<17 <35 <55 <175 <95
Harmonic Contents 0.02 % 0.02 % 0.02 % 0.01 % 001 %

The MCS parameters are shown in Table 4-6. The linear load, which is composed
of active and reactive power components calculated in p.u., is also modelled with
normal distribution functions, modelled by normal distribution defined with
specific mean values (¢) and standard deviations (o), to explore their impact on the
harmonic performance with the PPF solution. The overhead line impedance,

however, is assumed to be constant and not subject to variations.
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Table 4-6 The MCS distribution functions and parameters settings

Characteristics Distribution Functions Parameters
Apcy(p.u.) Continuous Uniform min=0.50, max=1.10
Ap(p-u.) Continuous Uniform min=0.50, max=1.10
Proaa (p-u.) Normal u=1,0=0.15
Q1004 (p-u.) Normal uw=10=0.15

The program is encoded and implemented in MATLAB to solve the problem. Based
on the input data and MCS settings, the MCS process starts by generating the
profiles of the linear load and harmonic distortion factors (Aggy and Ay). The
system harmonic impedance is first calculated, using the provided harmonic models
of the system components over the range of frequencies of interest (H), which is
equal to 100 harmonic orders. The DHPF solution is applied using the stored
impedance that were calculated, and its corresponding harmonic indices are
computed and stored. The MCS-based method will proceed with this functionality
until it reaches the maximum number of samples/runs (R). Generally, the number
of samples should be large enough to include more solution combinations in the
MCS. Thus, the number of samples of the MCS in this work is set to 3000 to include
more possible variations, represented by the probabilistic distribution functions. To
lessen the overall computational complexity, the stored results are treated
independently for each run to compute the performance parameters and harmonic

indices more easily.

4.7.2.2. System Performance Analysis

The results of the complete application of the developed method are presented and
discussed in this subsection. Firstly, to investigate the impact of the different
operational uncertainties on each system component, the harmonic impedances are
computed independently using the developed MCS-based solution. The impedance
of the PPF system with the MRFO optimal solution is initially performed. Then, the
driving point impedance seen from the PoC, including only the variation in the
linear load without the PPF solution, is also separately computed for the range of
frequencies of interest (i.e., from the 1st to 100th harmonic order). To show the
impact of the linear load variations on the overall system impedance, the harmonic

impedance seen from the PoC is combined with the PPF impedance (i.e., the PPF
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is connected in parallel with the linear load and the overhead line impedances), and
the MCS is performed to calculate the total harmonic impedance, taking the linear

load variations into account.

The resultant harmonic impedances, performed using the developed MCS-based
approach, are depicted in Figure 4-12. It is worth mentioning that the plots include
the average, maximum, and minimum values, while all other values lay in the area
between the max. and min. impedance plots are not shown for simple visualisation.
The analysis of these impedances can be interpreted by the mean and standard

deviation values.
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Figure 4-12 System harmonic impedance variations performed using the developed
MSC-based method.

The inductive-resistive linear load harmonic impedance linearly increases with the
frequency due to the harmonic model, which represents the inductive element with
a reactance multiplied by the harmonic order. Moreover, the frequency dependency
associated with the resistive part to accommodate the skin effect shows a marginal
damping effect at higher frequencies. The impact of the linear load variations on
the driving point impedance seen from the PoC (Zp,.) is pronounced at higher
harmonic frequencies at which the impedance increases by up to 18%, while smaller
variations can be observed at lower frequencies of 6% at the 10th harmonic order.

The 2nd-order damped filter impedances (Z) corresponding to the MRFO optimal
solution are also depicted in Figure 4-12. This indicates the superiority of the 2nd-

order high-pass filter selected to eliminate the high-order harmonics and the
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performance of the optimization algorithm in generating an optimal solution with a
significantly low impedance path for the high-frequency harmonics to achieve the

aim of this study.

When the PPF is connected at the PoC, the system impedance (Zp, after PPF) seen
from the PoC is also plotted, as in Figure 4-12. It is evident that the PPF has altered
and significantly reduced the system impedance over a wide range of high
frequencies. However, the capacitive element of the PPF interacts with the
inductive parts of the linear load, overhead line, and the filter itself, and thus
resonance results at lower frequencies. The inclusion of the uncertainties of the
linear load is considered and roughly 37% variation in the resonance peak is
observed, while a small variation in the resonant point of 14% is observed. At higher
frequencies, the difference between the maximum and minimum impedance plots
is about 17%, which is caused by the uncertainties associated with the linear load.
The harmonic impedance of the system seen from the PoC after the PPF installation
indicates a considerable attenuation effect on the harmonic voltage components,
since the PPF will provide a low impedance path for high-order harmonic currents,
even with the uncertainties imposed by the linear load.

The proposed MCS-based method also helps in investigations into the PoC voltage
harmonic components variations with the expected variations in the harmonic
source emissions and the grid background voltage harmonics, since it incorporates
the DHPF solution, enabling the calculation of harmonic indices. The stored system
harmonic impedances after the installation of the PPF (Zp, after PPF), including
the linear load variations, are used to investigate their influence on the PoC voltage
harmonic distortions.

The different resultant voltage spectrums obtained from the developed MCS-based
DHPF solution are shown in Figure 4-13. The maximum and minimum resultant
spectra are shown for illustration. The resulting minor amplification effect on the
low-order harmonic components is attributed to the variations in the harmonic
resonance due to the PPF capacitance that interacts with the variations in linear

load. It is evident that, by including the uncertainties, each harmonic voltage
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component is maintained well below the standard limit, and the risk of violating

these standard individual limits has been alleviated.
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Figure 4-13 Voltage distortions variations at the PoC using the proposed MCS-based
method.

The system parameters obtained from the developed method for the uncompensated
and compensated systems can be presented by the normal distribution, as shown in
Figure 4-14(a—¢) and Figure 4-14(f), respectively. The uncompensated system
exceeds the voltage and PF limits at the PoC, while a larger-voltage THD can be
experienced at the PoC and would limit further renewable connections at this point.
In contrast, the compensated system performance parameters with the MRFO-based
PPF solution continuously comply with the standard limits in terms of voltage and
PF. It is obvious that the PPF solution would effectively maintain the PoC voltage
and PF within the limits of 0.95 to 1.05, and 0.9 to 1, respectively. This can be
attributed to the variations in the load’s impedance and, consequently, the voltage

across the line impedance.
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Figure 4-14 System performance parameters obtained from the developed MSC-based
method prior to (left) and after (right) installing the PPF proposed by the MRFO
Algorithm.

Additionally, the compensated system has a significantly lower voltage THD at the
PoC and it is continually maintained well below the IEEE Std. 519 limits. The
extreme values that were obtained are assumed to be the worst-case scenario
performance parameters. It is observable that the PPF can improve the voltage THD
and current TDD for the worst-case scenario by 54% and 30%, respectively. This is
attributed to the variations in the apparent power of the linear load and the harmonic
source. Additionally, an improvement in the network’s hosting capacity of 10% can
also be noticed for the worst-case scenario, which provides a more accurate
estimation according to the proposed PPF solution.

The MSC-based solution helps provide better insight into the PPF performance in
comparison to the deterministic analytical approach shown in Table 4-4. The results

provided by the proposed MCS-based method indicate that the optimally designed
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PPF would eliminate any potential risk of high-order harmonics. This harmonic
protective measure can also help increase the hosting capacity of the power
distribution network for further penetrations of the PE-based renewable systems,

which are widely acknowledged as harmonics-producing systems.

4. 8. Summary

In this chapter, a literature review of the optimal design approaches and optimization
algorithms implemented in this area was presented. The formulation of the
optimization problem and decision on the objective function and constraints were
discussed. The recently developed MRFO algorithm was implemented for a 2nd-
order high-pass PPF parameters design, and an analytical method based on the MCS
was proposed to evaluate the harmonic performance of an optimally designed PPF,
with variations in the power network. The most recently developed optimization
algorithms, namely GEO, RFO, and CSA, were employed for comparison and
superiority verification. A thorough harmonic performance analysis study of the
designed PPF using the developed MCS-based approach to include the variations in
the linear loads, changes in background harmonics, and different harmonic source
emissions were conducted, and the results were discussed. The results imply that the
optimally designed PPF can effectively attenuate the high-order harmonics and
improved the system performance parameters over different operating conditions to
continually comply with the standard limits. The proposed MCS method showed that
the optimally designed PPF reduced the voltage and current distortions by roughly
54% and 30%, respectively, and improved the network hosting capacity by 10% for

the worst-case scenario.
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Chapter 5. Harmonic Distortions Estimation using
Artificial Neural Networks

This chapter explores the feasibility of the Artificial Neural Network (ANN) for
estimating the true harmonic distortions of a grid-connected power converter
application with multiple harmonic sources connected, changes in the system’s
characteristic impedance, and the intermittent nature of renewable resources. A
survey of the ANN-based systems utilised for power harmonic distortions
estimation is conducted. An improved harmonic distortions estimator is proposed
and developed based on voltage, current, and location-specific signals. A simple
power system including several renewable systems and events at the power network
level is simulated to investigate the variations in the harmonic performance of a
solar Photovoltaic (PV) power inverter. The proposed system training and
prediction performance are presented. Later, the proposed estimator is validated in

the IEEE 34-bus test feeder with established harmonic sources.

5. 1. Background

The international upward trend in utilising more sustainable energy systems in the
power sector has mainly been driven by greenhouse gas emissions reduction
schemes and growing energy consumption. A possible measure in today’s power
networks is the integration of more environmentally friendly technologies such as
solar PVs, Wind Turbines (WT), and Electric Vehicles (EVs), which emerge into
the power grid through Power Electronics (PE) devices. The unpredictability of
Renewable Energy Sources (RES) besides the switching behaviour of the PE-based
power conversion systems can endanger the quality of supply of the power system
[11]. Power harmonics, which are one of the crucial topics of the power quality
problems, can lead to undesirable effects on the power system such as increased
power losses, overheating and vibration of power transformers and motors,
degradation of PF, and maloperation of protection systems [13]. These harmonics-
related financial and technical consequences have stressed the necessity for
effective measures maintaining harmonic distortions at lower possible levels and

ensuring compliance with the standard limits like the IEEE Std. 519.
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When multiple harmonic sources are connected to a grid and harmonic distortions
violate the standard limits, the grid operators must assign the offending harmonic
source for enforcing compliance with the standard limits to improve the power
quality and reduce their effects. However, the harmonic emissions of a grid-
connected PE-based system can differ from the harmonic performance provided by
the vendors and the assessment of the output current distortions of these power
converters via conventional metering equipment cannot reflect the true harmonic
emissions [147], [149], [150]. This can be attributed to the interactions between the
control circuits of the power converters, the network impedance, and background
harmonics caused by other existing harmonic sources [101], [102], [151], [152].
Furthermore, the presence of capacitive elements of the passive filters at the
converter level and PFC capacitors at the network level can trigger resonances
amplifying the existing harmonic components in the network and influencing the
harmonic performance of a grid-connected power converter, and thus misestimation
of actual harmonic source contribution can occur [10], [153]. Besides, the
intermittent nature of the RES resulting in different operating conditions has a
significant impact on the harmonic performance of such harmonic sources [145],

[154]-[156].

To clarify the problem, Figure 5-1 depicts a power distribution network including
the grid equivalent circuit, PE-based renewable power sources, PFC capacitors, and
a linear load. The time-variant currents of the PE-based applications (i.e.,
ipy(t), iwr(t),and igy(t)) are composed of fundamental and harmonic
components being injected into the power grid at the Point of Common Coupling
(PCC). The power grid is usually associated with background harmonics originating
from other electrically distant harmonic sources that could be amplified by
resonances introduced by the PFC capacitor. Due to the interactions between the
harmonic sources and the state changes at the power network level, the resulting
harmonic distortions calculated only from a harmonic source output current would

not accurately reflect its actual harmonic distortions.
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Figure 5-1 lllustration of modern power distribution systems.

The power systems operators and users are, therefore, required to extensively
monitor the harmonic performance of each grid-connected system over different
operating conditions to identify its actual contribution to the harmonics-related
problems. However, the true harmonic distortions can only be obtained when the
voltage at the PCC is pure-sinusoidal, which is impractical since it requires the
disconnection of all other potential nonlinear loads/harmonic sources and reducing

the grid impedance to zero [147], [150], [157].

5. 2. Previous Work

There have been several research works addressing the estimation of harmonic
distortions in the literature. For instance, the classical power system analysis-based
solutions such as the harmonic impedance estimation [158], active and reactive
power flow of harmonics [159], [160], critical impedance measurement [161], and
the stochastic approach for the harmonic estimation [162]-[165]. Several recent
publications have also attempted to address the harmonic distortions estimation

problem as in [166]-[169]. These methods, however, require prior knowledge about
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the system components for accurate harmonic models and network configurations

to accurately calculate the harmonic distortions.

The development of Al-based systems such as ANN has motivated many
researchers in the power harmonics area due to its simple implementation, learning
and generalisation capability, and wide applications in several engineering fields.
The ANN systems were adopted in several studies dedicated to PE harmonic
performance estimation [170] and active power harmonic filters [171], [172].
Furthermore, an ANN system was developed to evaluate the fundamental and
harmonic components deviations in a power network requiring parallel processing
operation for its high computational burden [173]. An intelligent harmonic
estimating method based on ANN for power harmonics sources was proposed in
[174]. This solution is based only on distorted voltage and current measurements,
and it resulted in a relatively high error in estimating high-order harmonics. A single
harmonic source power system was considered with neglecting the impact of

background harmonics, which can adversely affect the distortions estimated.

A Multi-Layer Perceptron (MLP) ANN system in [150], Recurrent Neural Network
(RNN) system in [175], and Echo State Network (ESN) system in [176] were
developed to estimate the true harmonic distortion of a nonlinear load. The
proposed approach relied only on measured distorted voltage and current signals
and considered several time-invariant nonlinear loads. A similar method
considering multiple ANN for each harmonic component with prior knowledge of
the nonlinear load specifications to estimate the harmonic distortions through
equivalent coefficients was developed in [177]. A method based on the Nonlinear
Auto-Regressive eXogenous (NARX) neural network system was developed for the
estimation of the power harmonic distortions [178]. However, these proposed
approaches do not capture the variations in the nonlinear load under the estimation,
which can result in a different harmonic performance, and thus they can lead to
inaccurate prediction of the harmonic distortions for different operating conditions

in the prediction stage.
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On the other hand, an approach capturing the impact of time-varying nonlinear
loads on harmonic performance was proposed in [179]. The work includes several
nonlinear loads, but the true harmonic distortions were not considered and thus can
inaccurately evaluate the nonlinear loads’ contribution to the harmonic voltage
distortions at the PCC. A power harmonic predicting system for solar PV systems
was developed in [180]. The system only predicts the THD for various operating
conditions and no attention was paid to the variations and uncertainties at the
network level, which should be considered for accurate and reliable harmonic
distortions estimation of a specific application. A summary of the established
systems in the literature and proposed harmonic distortions estimator with

requirements, features, and limitations are shown in Table 5-1.

However, there has been no such a power harmonic distortions estimator that
considers the impacts related to the different operating conditions caused by the
variations in the renewable resources, the interactions with other harmonic sources
and system components, and power network impedance state changes. Therefore,
this research work aims to fill the gap by developing an improved harmonic
distortions estimator based on an ANN system considering the location-specific
data, which will help to predict the harmonic distortions over a wide range of
operating conditions. It is anticipated that the proposed system will accurately
estimate the true harmonic distortions of a grid-connected power converter
operating with multiple harmonic sources considering the variations in harmonic
emissions due to the nature of intermittent renewable resources, effects of PFC
capacitors, interactions with other harmonic sources, and the system impedance
changes. The proposed system will be validated using the IEEE 34-bus test feeder

with different harmonic sources obtained from a test field.
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Table 5-1 A Summary of the ANN-based methods for estimating the power harmonic
distortions.

Features/Limitations
. Variations
s Required Data for !
Reference | Applications ANN Training True in

THD Operating

Conditions
e PCC distorted voltage.
e Delayed PCC distorted

[150] Nonlinear load | MLP voltage. v X

e Nonlinear load Current.

e PCC distorted voltage.

e Delayed PCC distorted
[175] DC Dirives RNN voltage. v X

e Nonlinear load Current.

e PCC distorted voltage.

[176] AC Drives ESN | ¢ Nonlinear load Current. v X
e PCC distorted voltage.
[177] Nonlinear load | MLP | ¢ Nonlinear load Current. v X
e PCC distorted voltage.
[178] AC Drives NARX | o Nonlinear load Current. v X
Nonlinear e PCC distorted voltage.
[179] loads AWNN | o Nonlinear load Current. X 4
e Solar irradiance.
[180] Solar PV MLP | ® THD of the inverter X v
Inverters Current.

e PCC distorted voltage.

[157] Renewables MLP | ® System distorted v X
Applications Current.
e Solar irradiance or wind
speed profile.
Proposed Renewables MLp | ® PCC distorted voltage. v v

Applications e System distorted

Current.

5. 3. Harmonic Distortions Estimator Development

5. 3. 1. Operation Description of the Proposed Estimator

The ANN systems have been widely used as an alternative modelling method for
power system applications. In this work, ANN is implemented to predict the actual

injected harmonic current of a specific harmonic source without disrupting the
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operation of the grid, connected loads, and power sources. A single-line diagram
comprising the grid equivalent circuit with background harmonics, PFC capacitors,
other linear and nonlinear loads, and the ANN-based harmonic distortion estimator

is shown in Figure 5-2.
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Figure 5-2 Configuration of the proposed harmonic distortion estimator.

The distorted current of the PV inverter, ipy, (t), under the estimation along with the
currents of other nonlinear loads/harmonic sources and background harmonics will
consequently result in a distorted grid voltage, vpcc(t), and thus the ipy, (t) is
affected by its actual and grid supply harmonic components. The ANN-based
harmonic distortions estimator is trained to capture the nonlinear characteristics of
the system under the study and help model the admittance between the grid and the

harmonic source.

The location-specific data such as solar irradiance and wind speed have a significant
impact on the harmonic performance of solar PV systems [145] and wind turbine
power inverters [154], respectively. Therefore, when operating condition-related
data is provided to the ANN-based estimator with the instantaneous distorted PCC
voltage signal, an accurate estimation of the harmonic source contribution can be

attained over different operating conditions. This proposed method can also be
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applicable for nonlinear loads when such a correlation between the operating

conditions and the output harmonic distortions can be established.

The weight and threshold coefficients of the ANN are optimised with the aid of a
training algorithm that compares the measured instantaneous current signal and the
desired signal from the ANN to minimise the system performance error. After this
online training stage, the offline ANN is fed with the solar irradiance of interest and
a harmonics-free signal of the grid voltage, v,;(t), or mathematically generated
pure sinusoidal waveform to predict the output signal, i,simareq (t), that attributes
to the actual distorted current of the harmonic source when it is connected to a

harmonics-free infinite power source with a zero impedance.

5.3.2. ANN Architecture and Training Algorithm

A simple feedforward multilayer perceptron ANN system consisting of an input

layer, at least a hidden layer, and an output layer is shown in Figure 5-3.
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Figure 5-3 Generalised architecture of the MLP-ANN system.

This structure is adopted for the harmonic distortion estimator developed in this
work due to its simple implementation and wide utilisation in practical applications.
The course of passing the inputs to the output through the ANN is known as
feedforward propagation. Each input is fed to each neuron in the hidden layer after
applying the corresponding weight, w,,,,,, and the same process applies to the hidden

output to the output layer through the related weights, v;,1.
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The decision of each neuron in the hidden and output layers is governed by an
activation function to determine its output. In this work, the ANN system employs
the sigmoid and linear activation functions for hidden and output layers’ neurons,

respectively. Therefore, the neurons’ outputs (h;) of the hidden layer and the output

(y) of the output layer are subject to the following governing equations [181]:

n -1
hj = (1+ e—(2i=1Wijxi+9j)) ji=12,...,m (5.1)

m
y=217ijhj+91 i=12,....m (5.2)
=1

Where n is the number of the input signals x;, w;; is the weight of each connection
between the input layer and the hidden layer, 6; is the threshold of each hidden layer
neuron. v;; is the weight of each connection between hidden and output layers, and

0, is the threshold of the neuron in the output layer.

Generally, it is challenging to anticipate the fastest training algorithm for a given
problem. This is because of various factors including the problem complexity, the
data volume in the training set, the number of weights and biases of a certain
structure, the performance error goal, and the task that the network is used for such
as pattern recognition or function approximation [182]. Although several
biologically inspired optimization algorithms have been adopted in many
applications to train ANNSs, the widely utilised and well-developed Levenberg-
Marquardt training algorithm known for its reduced computational effort and high

convergence rate is used in this work.

5.3.3. ANN Specifications and Performance Criteria

For a given number of inputs and outputs, modelling nonlinear functions using
ANNE s is significantly affected by the number of hidden layers and their neurons.
The number of neurons has a direct effect on the convergence rate, execution time,
and performance error of the ANNs [181]. In the literature, the Mean Squared Error

(MSE) method is commonly used to estimate the ANN performance error.
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The instantaneous measured voltage and current signals are discrete based on the
sampling time of the digital metering equipment or simulation environment. Since
the ANN in this work has a single output (y = ijesireq), the error for the training

algorithm to deal with is expressed as:

N . 2
. (ldesired B lmeasured)
Training Errorysg = N (5.3)
i=1

Where N is the number of samples in the training data. This is to achieve the best

fitting with the measured signal over each epoch.

To generate the required data to train the ANN-based harmonic distortion estimator
and evaluate its performance, a simple power system composed of multiple

harmonic sources and different events at the power level is simulated as follows.

5. 4. Simple Power System under the Study

5.4.1. Description of the Simulated Power System

A single-line diagram of the three-phase simple power system under the study is
depicted in Figure 5-4. The system includes a power grid modelled by an equivalent
voltage source behind an impedance, two grid-connected solar PV systems, a wind
turbine, a nonlinear load, and PFC capacitors. The system specifications are
presented in Appendix 2. The power system is simulated using Simulink/ MATLAB
to investigate with different power events the harmonic performance of the PEs-
based applications and their interactions with other system components. The three-
phase system is assumed to be balanced and symmetrical, and therefore phase A
measurements of the voltage and current and their corresponding distortions are

presented.
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Figure 5-4 Schematic of the simulated power system.

5.4.2. Harmonic Performance of the Simulated System

Since the solar PV-2 system is being under the estimation, the solar PV-1 and wind
turbine systems operate in steady-state during the simulation time, solar irradiance
of 1000 W /m? at a constant ambient temperature of 35°C is used for the solar PV-

1 system, and a 12 m/second wind speed is used for the wind turbine system.

Referring to Figure 5-4, to investigate the effects of the potential changes at the
network level and the variations in the solar irradiance on the harmonic performance
of the solar PV-2 system and the PCC voltage, several events at the power network
and two solar irradiance profiles are included in the simulation. At 0.5 seconds the
nonlinear load increases by 50%, the grid impedance (Z;) experiences an increase
of'30% at 1.25 seconds, and the PFC capacitor is disconnected at 1.75 seconds. Two
distinct solar irradiance profiles of the solar PV-2 system are also considered.
Profile 1 involves a gradual decline in solar irradiance at 1 second, from 1000 to
800 W /m?, while Profile 2 has a downward trend over the simulation time starting
from 1200 to 400 W /m?. The ambient temperature is maintained constant at 35°C

for all the cases.

Additionally, taking the advantage of such a simulation tool can help determine the
accurate and true harmonic distortions of a certain PE-based system under the

estimation when a sinusoidal voltage is delivered at the PCC, which can only be
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achieved by disconnecting all other harmonic sources and reducing the grid
impedance to zero, which is not possible in real power systems. The harmonic
performance of the solar PV-2 system obtained from this process will be later
compared with the predicted results from the ANN-based harmonic estimator.
Figure 5-5 depicts the solar PV-2 system connected to a pure sinusoidal infinite

power source.

N
| QJ | Vpcc(t) PCC
N
| I | -
L 2 =
Ideal Power Source _E
T:
AC
DC
|
PV-2

Figure 5-5 Solar PV system connected to a pure sinusoidal infinite power source.

The different cases considered for the simulated system are described in Table 5-2.

Table 5-2 Description of different cases considered for the simulated system.

PCC
Cases Information
Voltage

This case considers the power events with all the PE-based applications
Case 1 | Distorted connected to the grid, and the system is simulated with the solar
irradiance of Profile 1 used for the PV-2 system. The results are shown

in Figure 5-6.

Case 2 | Distorted Like Case 1 but Profile 2 is used in this case for the solar PV-2 system.

The results are presented in Figure 5-7.

The solar PV-2 system is connected alone to the ideal power source,
Case 3 | Sinusoidal | which is impractical in real power systems, and the solar irradiance of

Profile 1 is simulated. The results are displayed in Figure 5-8.

The solar PV-2 system is also connected alone to the ideal power source,
Case 4 | Sinusoidal | byt the solar irradiance of Profile 2 is employed in this case. The

corresponding results are shown in Figure 5-9.
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Figure 5-6 Performance of the simple power system simulated for Case 1, including
distorted grid voltage due to other harmonic sources and power events under the solar
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Figure 5-7 Performance of the simple power system simulated for Case 2, including
distorted grid voltage due to other harmonic sources and power events under the solar

irradiance of Profile 2.
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Figure 5-8 Performance of the simple power system simulated for Case 3, including a
sinusoidal grid voltage under the solar irradiance of Profile 1.
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Figure 5-9 Performance of the simple power system simulated for Case 4, including a
sinusoidal grid voltage under the solar irradiance of Profile 2.
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The THDs of the PCC voltage and solar PV-2 system output current of the simple
power system simulated over the simulation time are calculated using the FFT
solution applied to the corresponding traces with respect to the fundamental
frequency. Some observations from Figure 5-6 to Figure 5-9 are summarised as

follows.

o Generally, the harmonic sources and power events have a pronounced
influence on both the grid voltage and the PV-2 current THDs and can lead to
inaccurate estimation of the PV-2 inverter harmonic emissions in comparison

to Case 3 and Case 4 with a pure sinusoidal infinite power source.

o It can be observed that the general trend of the current THD of the solar PV-2
system is inversely proportional to the solar irradiance profile. For example, a
decrease of 18% in the current THD due to an increase of 200 W /m? is
experienced in Case 1. The reason behind this is that the higher solar irradiance
means higher power being injected into the grid, and thus higher fundamental
current and less THDs. This emphasises the dependency of the THD on the

operating conditions.

o In Case 1, there is a noticeable association between the different events
simulated and the voltage and current THDs. However, with the continuous
variations in the solar irradiance of Profile 2, the impact of the power events

can be minor on the solar PV output current THD.

o For Case 1 and Case 2, increasing the nonlinear load power at 0.5 seconds has
significantly reduced the resultant voltage distortions at the PCC from 3.9% to
2.6%, and thus a 5.2% reduction in the current distortions of the solar PV-2
system is observed. This is due to the high fundamental current component
being drawn from the grid, which is inversely proportional to the THD as

shown in Equation (1.6).
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o Also, at 1.25 seconds, the 30% increase in the grid impedance, which is heavily
inductive and increases linearly with frequency developing higher voltage
drops of each harmonic component, has increased the voltage THD at the PCC

from 2.6% to 3.3% as shown in Figure 5-8.

o For grid-connected PE-based applications, the synchronization circuit and the
control system have a considerable sensitivity to a distorted grid voltage.
Therefore, the increase in the PCC voltage distortions has consequently

increased the harmonic distortions of the solar PV-2 system by 5% in Case 1.

o The PFC capacitors are usually associated with the undesirable amplification
effect on the harmonic components within the resonant point, which is caused
by the interaction between the inductive elements of the grid and other system
components and the PFC capacitance. These interactions can commonly trigger
resonant frequencies, especially parallel resonances. At 1.75 seconds the
resonance is absent when the PFC capacitors are disconnected, and thus the
PCC voltage THD has dropped to 3.1% with a negligible impact on the solar
PV-2 system current THD. This could be due to the fact that the parallel
resonance takes place at frequencies where the harmonic components are less

significant.

o It can be observed that the actual THD of the solar PV-2 system current when
supplied with a pure sinusoidal voltage is considerably lower than that supplied
with a distorted voltage at the PCC, depending on the variations in the solar
irradiance. This is because that the control system has no interferences with

other harmonic sources and the absence of changes in the system impedance.

148



Chapter 5: Harmonic Distortions Estimation using ANNs

The results of the system simulated are used next for training and evaluating the
performance of the proposed ANN-based harmonic estimator. That is, since Case 2
includes a time-variant solar irradiance over the simulation time, its corresponding
voltage and current along with the solar irradiance signals will be used to train the
proposed harmonic distortions estimator. The results of Case 3 and Case 4 with the
help of the simulation software will then be utilised as a reference to evaluate the
performance of the ANN-based harmonic estimator over different solar irradiance

points.

It is worth mentioning that since the ANN system performs well with signals
rescaled within &1 p.u. due to the nature of the activation functions in the neurons
[181], the voltage and current signals in the p.u. are applied directly to the ANN
without the need for rescaling. However, the solar irradiance is rescaled based on

the rated value of 1000 W /m?2.

5. 5. Estimator Training and Performance Evaluation

5.5.1. ANN Training Stage

The ANN system shown in Figure 5-3 is developed using MATLAB (R2021a) on
a computer with a 64-bit Windows 10 operating system, an Intel Core TM 17 CPU
3.60 GHz, and 16 GB of RAM. The Levenberg-Marquardt backpropagation
algorithm is adopted for training the system. The ANN system is trained with the
simulated results of the voltage, current, and solar irradiance in Case 2 due to the
continuous decay in the solar irradiance of Profile 2. To explore the performance of
the proposed estimator, a defined range of the system output results is processed in
the training stage. With a sampling time of 5 us, about twenty cycles (from 0.5 to
0.8 seconds in Figure 5-7) are used based on the fundamental frequency. This
results in about 66k samples each including the solar irradiances from 800 to 1000
W /m?. The process of the proposed ANN-based harmonic distortion estimator is

described in Figure 5-10.
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Figure 5-10 Flowchart of the proposed ANN-based harmonic distortion estimator for
training and prediction stages.
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For the proposed ANN-based harmonic distortions estimator, a multilayer
perceptron, with two inputs, an output, and a single hidden layer, is sufficient as
discussed in the literature presented before. However, the number of neurons in the
hidden layer is chosen based on observations over the resultant MSE of five folds

of the number of neurons as shown in Figure 5-11.
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Figure 5-11 ANN performance error with a different number of neurons in the hidden
layer.

Commonly, a small value of the MSE is satisfactory for ANN systems in many
applications. Yet, the harmonic distortions estimator is required to have the lowest
possible error to avoid misestimation of the actual distortion through the ANN
system. The lowest MSE of 0.6 x 10™* was achieved by using 270 neurons in the
hidden layer, and it saturated afterwards for the given training algorithm and the
data size. The main reasons for the high number of neurons are a large amount of
data in the training set and the high accuracy required for such an application.
Figure 5-12 illustrates the fitting of the resultant signal of the ANN (in blue) to the
simulated current (in red) of the solar PV-2 system in Case 2 with different numbers

of neurons.
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Figure 5-12 Effect of number of neurons on ANN system performance (three cycles
are shown for illustration), simulated current (red), and ANN output (blue), (a) for 10
neurons, (b) for 30 neurons, (c) for 90 neurons, and (d) for 270 neurons.

The necessity for the lowest MSE in the training stage for the harmonic estimating
system is evident. The solution of 30 neurons introduces a minor improvement to
that of 10 neurons. However, with a higher number of neurons, the solution is much
improved and predicted to result in an accurate fitting to the actual signal compared
to a lower number of neuron solutions, which does not seem to capture the actual
distortions of the solar PV-2 current. After training the ANN and ensuring its
superior performance with the actual signal, now the system is almost expert and

ready for the prediction stage.
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5.5.2. ANN Prediction Stage

In this section, the expert ANN system performance is evaluated for different solar
irradiance points within the training range. A mathematically generated pure
sinusoidal voltage signal of 1 p.u. amplitude along with the solar irradiance signal
in the form of vectors are applied to the expert ANN system developed in
MATLAB. Then, the predicted results are compared with independently simulated
system results for the same solar irradiance with a sinusoidal PCC voltage as shown
in Figure 5-5. The prediction is performed on three equivalent cycles to reduce the
computational burden. The input and output signals of the ANN system are
processed as samples, while the simulated results at the steady-state are generated

with respect to the simulation time.

The expert ANN performs well for solar irradiances within the training range. In
Figure 5-13 and Figure 5-14, when a pure sinusoidal voltage signal is applied to the
expert ANN system, for 800 W/m? and 1000 W /m? solar irradiance values,
respectively, the predicted signals show a good agreement with that of the simulated
system connected to a pure sinusoidal infinite power source as in Case 2 and Case
4, which reflect the true harmonic distortion of the system under the estimation. The
FFT solution was performed in MATLAB for the two signals, and the results
emphasise the accuracy of the ANN system in terms of the individual significant

harmonic components with a maximum error of about 4%.
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Figure 5-13 Proposed method performance at 800 W /m?.
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Figure 5-14 Proposed method performance at 1000 W /m?.

Another important performance evaluating index of the ANN-based harmonic
distortions estimator is the THD of the predicted signals. The results of the simple
power system simulated was used as benchmark and reference to train and optimize
the performance of the proposed estimator. The results predicted by the ANN
harmonic distortion estimator are expected to closely match the results of the PV
inverter harmonic performance when it is connected to a pure sinusoidal power
source, which is the actual harmonic emissions. Table 5-3 shows the error of the

THD of the actual and predicted signals, which is calculated as:
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| actual — predicted |
Error (%) = x 100 (5.4)
actual

A relatively small error in the simulated and predicted THD can be observed. This
is attributed to the uncharacteristic harmonic components in the predicted signals
obtained from the proposed estimator and is related to the non-zero ANN
performance error. The uncharacteristic harmonic components depend on the

application and result mainly from dissymmetry imbalances in a power system [13].

An important factor that requires to be considered in the training and prediction
stages is the computational effort of the ANN system with different numbers of
neurons. For the given size of data, the more neurons in the hidden layer, the more
computational time is required for convergence. For instance, the 270 neurons-
based system requires roughly 250 and 40 seconds for the training and prediction
process, respectively. This computational burden could be further reduced by
computers with higher computational capability and larger memory size to process

a large size data.

Table 5-3 THD comparison between simulated and predicted signals.

Solar Irradiance Simulated Current ANN Predicted Absolute Error
(W/m?) THD Current THD
1000 3.60% 3.75% 4.17%
800 4.00% 4.18% 4.50%

5. 6. Validation of the Proposed ANN-based Estimator

To validate the proposed ANN-based harmonic distortions estimator, the IEEE 34-
bus test feeder with the solar PV-2 system and different harmonic sources presented
in [183] is modelled and simulated using Simulink/MATLAB. The feeder loading
conditions were preserved following the specifications provided by the IEEE Power
& Energy Society working group [184]. In this section, the IEEE 34-bus test feeder

and the aspects on which the decision on the simulated system was based are
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introduced. The harmonic sources simulated are also presented. Furthermore, the

results obtained are analysed and discussed.

5.6.1. The IEEE 34-bus Test Feeder

Even though the IEEE 13-bus is the most used feeder for validating harmonic
estimation and identification solutions, it only consists of six medium-voltage three-
phase buses, which restricts the connection of different harmonic sources. The IEEE
34-bus test feeder depicted in Figure 5-15 was utilised in this fashion because of its
length and light loading condition, making it appropriate for connecting the
harmonic sources adopted in this work. There are 23 three-phase buses in the IEEE
34-bus. However, the solar PV-2 system and the different harmonic sources adopted
will be connected to the green-highlighted nodes. Each harmonic source will be
connected to a separate bus for each run, while the solar PV-2 system will remain

connected to bus-860.
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Y
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Figure 5-15 The IEEE 34-bus test feeder single-line diagram including the proposed
ANN-based harmonic distortions estimator.

5.6.2. Harmonic Sources

Since the purpose of this research focuses on the harmonic distortions estimation of
a PE-based application, the solar PV-2 system, different harmonic sources: Six-
pulse and Twelve-pulse power rectifiers, Static Frequency Converter (SFC),
Thyristor Controlled Reactors (TCR), and DC motor are simulated. These harmonic

sources are modelled by harmonic current sources following the field
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measurements provided in [183]. The phase angle of the current components of the
harmonic sources is assumed to be aligned with the fundamental current
components. Table 5-4 presents the characteristics of each harmonic source adopted

in this work.

Table 5-4 Harmonic sources characteristics [183]

Harmonic Current Magnitude (p.u.)
6-pulse 12-pulse SFC DC motor TCR
3rd 0.015 0.002 - 0.138 0.012
5th 0.220 0.006 0.170 0.051 0.336
7th 0.150 0.003 0.101 0.026 0.016
9th - - - 0.016 -
11th 0.102 0.062 0.061 0011 0.087
13th 0.084 0.045 0.044 0.008 0.012
15th - - - 0.006 -
17th 0.043 0.001 0.038 0.004 0.045
19th 0.034 0.002 0.032 0.004 0.013
21st - - - 0.003 -
23rd 0.006 0.005 0.026 0.003 0.028
25th - - 0.023 0.002 -

5.6.3. Proposed Estimator Performance Analysis

The results were yielded by systematically allocating the different harmonic sources
in the 18 feasible three-phase nodes within the green highlighted buses. Based on
the two solar irradiance points (800 and 1000 W /m?) and the five harmonic sources
given in Table 5-4, a total of 180 tests were conducted. The simulated voltage and
current signals of each run were stored and processed by the proposed ANN-based
harmonic distortions estimator to predict the harmonic distortions of the solar PV-
2 system. The predicted signals obtained from the proposed ANN-based estimator
are compared to the harmonic current components shown in Table 5-5, and the error
of each corresponding component for each test conducted is calculated as per
Equation (5.4). For computational effort reduction, voltage and current signals of
phase A were processed to the proposed estimator. The variations at the network
level were neglected due to the absence of PFC capacitors and the loading
conditions that were maintained unchanged over the simulation time. The harmonic
current components of the established harmonic sources were simulated with the

base values shown in Appendix 2. In addition, the sampling setting for the simulated
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signals was set as discussed in Subsection 5.5.1 and the harmonic distortions were

calculated using the FFT function developed in MATLAB.

Table 5-5 Solar PV-2 actual harmonic current components used as a reference for the
validation.

. Magnitude (p.u.)

Harmonic Order 800 W /m? 1000 W /2
5th 0.0077 0.0011
7th 0.0049 0.0044
11th 0.0014 0.0019
13th 0.0004 0.0013
17th 0.0031 0.0024
19th 0.0012 0.0014

23rd 0.0038 0.0039
25th 0.0059 0.0059
29th 0.0228 0.0204
31st 0.0033 0.0033
35th 0.0029 0.0024
37th 0.0180 0.0162
41st 0.0035 0.0033
43rd 0.0021 0.0013
47th 0.0009 0.0010
49th 0.0006 0.0008

The error plots of each current harmonic component of the solar PV-2 system,
obtained from the tests conducted are shown in Figure 5-16. The harmonic
components within the range up to 50th were considered since they are significant
in the solar PV-2 current spectra. The errors were computed considering the
harmonic currents presented in Table 5-5 as a reference. The use of the Box plots
can help visualise differences among different samples and provide more statistical
information about the performance of such an estimator. These error results would
also help demonstrate whether the proposed estimator can be applied for a quite
larger power network including a variety of power harmonic sources. Figure 5-
16(a) and Figure 5-16(b) are for the two solar irradiance points, 800 and 1000

W /m?, respectively.
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Figure 5-16 Errors obtained to estimate the harmonic distortion of the solar PV-2
system using the proposed ANN-based estimator in the IEEE 34-bus test feeder, (a) for
800 W /m?2and (b) for 1000 W /m?.

When analysing the error plots, it is observed that the greatest errors occur for the
harmonic components from 5th to 25th. This is mainly because of the harmonic
sources that have relatively higher harmonic currents within this range of
frequencies. When an in-depth analysis is carried out, it is noticed that the greatest
errors occur when the harmonic sources are placed electrically close to the bus to
which the solar PV-2 system is connected, bus-860. However, for high order
harmonics (i.e., higher than 25th), where the effects of the harmonic sources are

absent, relatively smaller errors can be observed.
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From Figure 5-16(a), the maximum error of the estimation of the low-order
harmonic distortions is less than 10% with the highest median of a 5.36% for the
lower solar irradiance, while the greatest error for the case of the higher solar
irradiance is about 8.2% with a median of 5.4% as shown in Figure 5-16(b). For the
high-order harmonic components, the proposed ANN-based estimator can perform
with relatively higher accuracy. The maximum error in the two plots of 2.22%
occurs at the 37th with a median of 1.2%. These resultant errors demonstrate the
feasibility and accuracy of the proposed harmonic distortion estimator for a quite
large power system with multiple harmonic sources and different operating

conditions.

5.7. Summary

In this chapter, a review of the previous work and an overview of the ANN-based
system were presented. A method based on an ANN system utilising location-
specific data was developed to capture the actual harmonic distortions of a harmonic
source. The proposed method helps model the admittance of the harmonic source
under the estimation, captures its harmonic performance over different operating
conditions, and provides accurate harmonic distortions estimations. A simple power
system was modelled and simulated, and the harmonic performance of a solar PV
system for different cases was used to train the ANN system and improve its
prediction with a relatively small performance error. The expert ANN-based
harmonic distortion estimator was validated in the IEEE 34-bus test feeder with
different established harmonic sources, and the results obtained from the proposed
estimator were discussed. The proposed method has estimated the individual

harmonic components with a maximum error of less than 10% and a maximum

median of 5.4%.

161



Chapter 6: Conclusion and Future Recommendations

Chapter 6. Conclusion and Future Work
Recommendations

In this chapter, conclusions drawn from this research work and potential directions

for future work are provided as follows:

6.1. MVDC Converter Modelling for Harmonic Analysis Studies
Conclusion:

The introduction of the MVDC converters to the power distribution networks will
help increase the networks’ hosting capacity for more DER-based power sources
and meet future growing energy consumption without triggering stability and
thermal issues. An overview of the different configurations of the MVDC systems
and a comparative analysis of the multilevel power converter topologies for such
applications were presented. Furthermore, the detailed model of an MVDC
converter with a suitable control system was developed to accurately capture the
harmonic performance of such an application, which will further enable harmonic
propagations analysis studies in the distribution network. An interleaved SPWM
scheme was proposed to improve the MVDC converter harmonic performance,
mitigate a wide range of the harmonic components, and validated using the
Simulink/MATLAB simulation environment. The tuning of the PI controller’s
parameters was addressed using the Loop-shaping technique. The MVDC system
performance at the fundamental and harmonic frequencies for different operating
conditions was analysed, and the effectiveness of the control system and the
harmonic reduction method were discussed. The key finding is that the interleaved
SPWM technique has a significantly reduced THD of 2% at the rated system

capacity with no significant even-order harmonic components.

Future Directions:

Apart from this work, an extensive analysis study is required for addressing the
limitations associated with the MVDC converter topology in terms of circulating
currents, DC voltage balancing, and fault isolation. Stability and sensitivity analysis
of the proposed control system of MVDC converter with respect to the inevitable

delay due to the digital control implementation and signal processing should also
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be investigated with consideration of abnormalities at the power network level.
Besides, harmonic instability studies have recently received considerable attention
and, thus, the development of the harmonic state-space model of the MVDC
converter is required. Comprehensive investigations of the impact of advanced
control systems such as adaptive and model predictive control systems on the
harmonic performance of such new MVDC technologies are required. The use of
advanced controllers such as Proportional-Resonance for the low-order harmonic
compensations should also be investigated for such an application. Additionally,
since power distribution networks are subject to operation abnormalities like
voltage unbalance and fault events, further investigations of the control
performance for power harmonics improvements during these conditions are
essential. Also, the effects of active control systems compensating the variations in
the power loads and other power sources on harmonic performance should be

addressed.

6.2. MVDC Converter Harmonic Analysis in Distribution
Networks

Conclusion:

The proposed MVDC system for the Albaha power network has shown its
capability to improve the system’s voltage profile and power losses. It would also
improve the power network’s hosting capacity for more renewable systems being
under planning. However, the concern related to the MVDC harmonic performance
in power systems was addressed. The Albaha power network was modelled for
power harmonics analysis study. Different harmonic modelling techniques reported
in the literature were compared. The frequency domain method was performed on
the Albaha power network modelled based on real data and considering the MVDC
converter as a harmonic source using the power system simulation package, IPSA.
The MVDC harmonic propagations were analysed and evaluated against local
harmonic standard limits. The results implied that the voltage THDs at different
voltage levels comply with the locally defined standard limits. This work helps
identify potential risky resonant points and the headroom of the THD limits for

future installations with the presence of the MVDC system.

163



Chapter 6: Conclusion and Future Recommendations

Future Directions:

Apart from this work, a probabilistic framework investigating the impact of the
different harmonic modelling techniques proposed in the literature for the power
system components with variations in power systems loading conditions and
including switched PF correction capacitors in distribution networks is required.
The use of probabilistic analysis methods can be considered to help investigate the
impact of the power harmonics on power system components’ loading capacity with
different power harmonics profiles of multiple harmonic sources in the power
system. Furthermore, comprehensive investigations of the EMC and interferences
of the individual harmonic components should be considered to ensure the safe

operation of the nearby sensitive electronic loads.

6. 3. Passive Power Filter Design and Harmonic Performance
Analysis

Conclusion:

Power harmonics would unfavourably affect the operation of distribution network
components and constrain the future connection of renewable systems. PPFs are
anticipated to be widely used to reduce harmonic distortions, comply with the
standard limits, improve system components’ performance, and maximise the
network’s capacity. However, the design of such a PPF must meet the given power
system requirements. Therefore, parameters of a 2nd-order, high-pass PPF were
designed using the recently developed MRFO algorithm, and an analytical method
based on the MCS was proposed to evaluate the harmonic performance of an
optimally designed PPF, with variations in the power network.

For the superiority verification, the MRFO algorithm was compared with the most
recently proposed optimization algorithms, namely GEO, RFO, and CSA, which
have similar inspirations and behaviours. The optimization problem was formulated
using the DHPF approach, and the newly developed MRFO algorithm was shown
to result in the lowest network power losses, voltage distortions, and cost, with the
best PoC voltage profile and PF correction. However, the MRFO has a better

solution but requires relatively higher computational effort. It can be emphasised
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that the main advantage of the MRFO algorithm is the variety of searching
strategies that were incorporated to investigate more potential solutions within the
search space. The computational complexity of the MRFO algorithm depends only
on the number of iterations and variables, and the randomization-based and auto-
tuned coefficients of the MRFO could offer a significant advantage over other
algorithms that may rely on user-defined control parameters, affecting their overall
performance. This work helped provide insight into the performance of the recently
developed algorithms and investigate their performance for the PPF applications.

A thorough harmonic performance analysis study of the designed PPF was
conducted using the developed MCS-based approach to include the variations in
the linear loads, changes in background harmonics, and different harmonic source
emissions. The stochastic method-based results of the harmonic performance
analysis were discussed and the designed PPF showed superior performance in
attenuating the high-order harmonics to alleviate the potential risk to the sensitive
nearby loads and increase the system’s hosting capacity for more renewable
systems. The results imply that the optimally designed PPF can effectively attenuate
the high-order harmonics for different operating conditions to reduce their impacts
on power system components and increase the hosting capacity for more
renewables. The proposed MCS method showed that the optimally designed PPF
reduced the voltage THD and current TDD by roughly 54% and 30%, respectively,
for the worst-case scenario, and improved the system performance parameters over
different operating conditions to continually comply with the standard limits. An

improvement in the network’s hosting capacity of about 10% was also noticed.

Future Directions:

Apart from this work, insights into the performance of the new physics-based and
human-based optimization algorithms for different PPF configurations, as a multi-
objective optimization problem including the proposed MSC-based method, are
being considered for future work. Modifications and improvements in the recently
developed algorithm modelling, such as adaptive and optimised coefficients, are
required to improve the performance of such new optimization methods. The

impact of the switched PF correction capacitor banks on the harmonic performance
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of different PPF topologies must also be addressed using the proposed MCS-based
approach. Moreover, an appropriate investigating framework to accurately evaluate
the improvements in the power network’s hosting capacity for more renewable

systems is required for today’s power distribution systems.

6. 4. Harmonic Distortions Estimation using Artificial Neural
Networks

Conclusion:

Renewable resources-based power sources are predicted to cause significant
harmonic distortions in today’s power networks due to the utilisation of power
conversion systems, which are widely recognized as harmonic sources. When
harmonic standard limits are violated, effective measures must be taken by the
system operator and users to reduce their technical and financial effects. However,
identifying the actual contribution of the offending harmonic source can be a
challenging task with multiple harmonic sources connected, changes in the system’s
characteristic impedance, and the intermittent nature of renewable resources.

A method based on an ANN system utilising location-specific data was developed
to capture the actual harmonic distortions of a harmonic source. The proposed
method helped model the admittance of the harmonic source under the estimation,
captured its harmonic performance over different operating conditions, and
provided accurate harmonic distortions estimations. A simple power system was
modelled and simulated, and the harmonic performance of a solar PV system for
different cases was used to train the ANN system and improve its prediction with a
relatively small performance error. The simple implementation and accurate
prediction of the proposed system for the given size of data can compromise its
relatively high computational burden. Additionally, the expert ANN-based
harmonic distortion estimator was validated in the IEEE 34-bus test feeder with
different harmonic sources’ current components from a test field. The proposed
system estimated the individual harmonic components with a maximum error of

less than 10% and a maximum median of 5.4%.
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Future Directions:

Apart from this work, insights into data synchronization complexity and
implementation challenges for experimental validation with real data using a digital
data acquisition system are under the consideration for future work. Renewable
resources-based power sources such as solar PV systems are associated with
inevitable uncertainties originating from partial/full shading and faulty cells/panels
that must be addressed for reliable estimation. Besides, the fault tolerance of such
an ANN-based estimator should be investigated to ensure reliable and robust
estimating performance. It is also worth mentioning that advances in neural
networks such as deep neural networks could also be a potential for such an

application with large sizes of data to process.
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Appendices

Appendix 1
Collected Data of the Albaha Power System
Overhead Lines Data
Voltage Line Parameters
Level From To Resistance Reactance Susceptance
(p.u.) (p-u.) (p.u.)
BN132 BE132 0.013 0.040 0.009
BN132 BEI132 0.013 0.040 0.009
132KV gNT32 BTI32 0.017 0.070 0.014
BNI32 BTI32 0.017 0.070 0.014
ATWLA BN33 0.200 0.408 -
ATWLA BN33 0.200 0.408 -
SAQRA BN33 0.204 0.438 -
SAQRA BN33 0.204 0.244 -
SAQRA MNDQ 0.230 0.236 -
JDLAN ATWLA 0.100 0.020 -
ATWLA NEMA 0.100 0.200 -
NEMA MNDQ 0.300 0.640 -
3KV R AH.UNT BE33 0.247 0.457 -
BE33 BAH-UNI 0.247 0.457 -
BE33 AIR-PRT 0.310 0.430 -
BAH-UNI AIR-PRT 0.120 0.235 -
TEQ-CLG BE33 0.056 0.120 -
SPRT-CTY BE33 0.037 0.080 -
BT33 ZFIR 0.230 0.500 -
BT33 ZFIR 0.230 0.500 -
BNI3.8 KF.HOS 0.200 0.410 -
BNI3.8 KF.HOS 0.200 0.410 -
38KV mparar BNI3.S 0.240 0.360 -
SHBRQ BNI3.8 0.300 0.500 -




Loads Data

V[‘,)Zfleé;e Name Real Power (MW) Reactive Power (MVAr)
SAQORA 13.53 8.380
ATWLA 12.51 7.760
JDLAN 6.400 3.970
NEMA 5.930 3.680
MNDQ 13.79 8.550
33kV
SPRT-CTY 18.00 14.00
TEQ-CLG 3.000 3.000
BAH-UNI Look at Table 6 Look at Table 6
AIR-PRT Look at Table 6 Look at Table 6
ZFIR 11.52 7.340
W3-13 1.000 0.500
MOSA 9.300 2.700
RAHWA 2.390 2.190
BANSR 4.700 0.025
MSRK 3.100 0.020
MSOR 2.700 0.050
13.8kV ATHM 1.900 0.080
KF.HOS 3.000 1.200
BALAL 5.200 2.100
SHBRQ 3.400 3.500
F3-F4 3.630 4.660
F6-F7 5.660 3.270
FI-FI3 46.81 27.79
Power Transformers Data
From To Quantity Voltage Rating Impedance X/R ratio
(kV) (MvVA4) (%)
BTI132 BT33 2 132/33 50 16 30
BTI132 BTI13.8 2 132/13.8 100 12 55
BT33 BTI3.8 2 33/13.8 15 10 13
BNI32 BN33 2 132/33 50 16 30
BNI32 BNI3.8 3 132/13.8 30 17 25
BE132 BE33 2 132/33 50 16 30
BE132 BE13.8 2 132/13.8 30 17 45




Appendix 2

Simulated System Specifications for the ANN-based Harmonic Distortions

Estimator.
Power Grid Specifications
Parameter Value
Voltage (Vg) 13.8kV
. Configuration Three-phase
Power Grid
Fundamental Frequency 60 Hz
Impedance (Zg) 5+ 712 mQ
. 5™ harmonic voltage 0.01 p.u.
Background Harmonics -
7" harmonic voltage 0.005p.u.
PFC Capacitor Size 4 MVAr
Per Unit Bases Base MV A 100 MVA
Base Voltage 13.8kV
Solar PV-1 Specifications
Rated Power 0.25 MW
Three-phase Topology Two-level VSC
Power Inverter with an Filter Configuration L-type filter
MPPT Algorithm Switching Frequency 1.26 kHz
DC Voltage 650V
Voltage 0.4/13.8 kV
Transformer Connection NY
Leakage Reactance 0.06 p.u.
Solar PV-2 Specifications
Rated Power 0.5 MW
Three-phase Topology Three-level NPC
Power Inverter with an Filter Configuration L-type filter
MPPT Algorithm Switching Frequency 1.62 kHz
DC Voltage 650V
Voltage 0.4/13.8 kV
Transformer Connection Yg/'Y
Leakage Reactance 0.03 p.u.




Wind Turbine Specifications

. . Structure DFIG
Wind Turbine Rated Wind Speed 14 m/s
Rated Power 0.5 MW
Three-phase Topology Three-level NPC
Power Inverter with an Filter Configuration L-type filter
MPPT Algorithm Switching Frequency 1.26 kHz
DC Link Voltage 1200V
Voltage 0.69/13.8 kV
Transformer Connection Yg/'Y
Leakage Reactance 0.08 p.u.
Nonlinear Load Specifications
DC Load Max. Power 1MW
Three-phase

Power Converter Topology Two-level VSC

Linear Load Specifications

Load Type Industrial
Operating Voltage 13.8kV
AC Load Active Power 3IMw
Reactive Power 2 MVAr
Power Factor 0.83 lagging

IEEFE 34 with Solar PV-2 Specifications

Per Unit B Base MVA 100 MVA
oo Base Voltage 249KV
i Voltage 0.4/24.9 kV
Interfacing .
Transformer Connection Ye/Vg
Leakage Reactance 0.04 p.u.




Appendix 3

Scripts used in this work.

Simple Harmonic Analysis Example
% Simple Harmonic Analysis Example (Analytical)

clear all
clc
format long

% Define system components
ZTrh="'0.2i*h";
ZLh='0.1i*h"';
BL1h='0.01i*h';
BL2h='0.01i*h';
¢ Define the current harmonic current source
H=[5;7;11;13;17;19;...
23;25;29;31;35;...
37;41;43;47;49];
Ic=[1/5;1/7;1/11;1/13;1/17;1/19;...
1/23;1/25;1/29;1/31;1/35; ...
1/37;1/41;1/43;1/47;1/49];

for n=1:16,1;
h= H(n);
Yh=[0,0;0,0];

% Form system admittance
Yh(1l,1)=-(1/eval(zZTrh)+1/eval(zZLh)+eval(BL1lh));
Yh(1l,2)=1/eval(zLh);

Yh(2,1)=Yh(1,2);
Yh(2,2)=-(1/eval(zZLh)+eval (BL2h));

% Calculate harmonic impedance matrix
zh= Yh"(-1);

% Calculate harmonic voltage distortions
Vlih(n)= abs(Zh(2,1)*Ic(n));
V2h(n)= abs(Zh(2,2)*Ic(n));

end;

Dh=0.5;

for n=1:100,1;
Z1ll(n)=abs(Zh(2,1))
Z12(n)=abs(Zh(2,2))

.
14
.
14

end;




Harmonic Models Analysis
clear all
clc
format long
% Overhead lines models (Analytical)
z h = (sqrt(h)*R 1) + (h*X 1*1i);
% Transformers models (Analytical)
switch model
case 1
tan phi = exp(0.69+(0.79*1log(Sr))-
(0.04*(log(Sr))"2));
Rs = X t/tan_phi;
Rp = 10*X t*tan phi;
z t = (Rs + ((h"2)*(X _t"2)*Rp)/((Rp"2) +
(h"2)*(X_ t"2))) + ...
(+1i)*((h*X_t*(Rp"2))/((Rp"2)+((h"2)*(X_t)"2)));
case 2
A= 0.1;
B =1.5;
Rs = R_t*(1+(A*(h"B)));
zZ t = Rs + (1li)*h*X t;

~

case 3

if Sr < 100
a0 = 0.875;
al = 0.065;
a2 = 1-al-a0;

else
a0 = 0.775;
al = 0.115;
a2 = 1-al-a0;

end

b =1.15;

Rs = R t*(a0 + al*(h"b) + a2*(h"2));
zZ t = Rs + (li)*(h*X t);

Rs = R _t*(1+(A*(h"B)));
z t = sqgrt(h)*Rs + (li)*(h*X t);
case 5

I
otherwise

z t =R t + (li)*h*X t;
end

% Linear Loads models (Analytical)
S _base =100;
Zb = V"2/S_base;

R_load = V"2/P;

X load = V"2/0;

z load = R*(1i)*h*X load/(R+(1i)*h*X load);



MRFO Algorithm for PPF

% Manta Ray Foraging Optimization Algorithm for PPF

clc;

clear;

MaxIteration=1000;

PopSize=1000;

[BestX,BestF,HisBestF ]=MRFO(FunIndex,MaxIteration,PopSize);

% Boundary limits
function X=SpaceBound(X,Up,Low)
Dim=length(X);
S=(X>Up)+(X<Low) ;
X=(rand(1l,Dim).* (Up-Low)+Low) . *S+X.* (~S);
end

% MRFO modelling
function [BestX,BestF,HisBestFit]=MRFO(F_index,MaxIt,nPop)
[Low,Up,Dim]=FunRange(F_index);

for i=1:nPop
PopPos (i, :)=rand(l,Dim).* (Up-Low)+Low;
PopFit (i)=BenFunctions(PopPos(i,:),F_index,Dim);
end
BestF=inf;
BestX=[];

for i=1:nPop
if PopFit(i)<=BestF
BestF=PopFit(1i);
BestX=PopPos(i,:);
end
end

HisBestFit=zeros(MaxIt,1);

for It=1:MaxIt
Coef=It/MaxIt;

if rand<0.5
rl=rand;
Beta=2*exp(rl*((MaxIt-
It+1)/MaxIt))*(sin(2*pi*rl));
if Coef>rand
newPopPos (1, :)=BestX+rand(1l,Dim).* (BestX-
PopPos(1l,:))+Beta* (BestX-PopPos(1l,:));
else
IndivRand=rand(1l,Dim) .* (Up-Low)+Low;

newPopPos (1, :)=IndivRand+rand(1l,Dim).*(IndivRand-
PopPos (1, :))+Beta* (IndivRand-PopPos(1l,:));
end



else
Alpha=2*rand(1l,Dim).*(-log(rand(1l,Dim)))."0.5;
newPopPos (1, : )=PopPos(1l,:)+rand(1l,Dim).* (BestX-
PopPos(1l,:))+Alpha.* (BestX-PopPos(1l,:));
end

for i=2:nPop
if rand<0.5
rl=rand;
Beta=2*exp(rl*((MaxIt-
It+1)/MaxIt))*(sin(2*pi*rl));
if Coef>rand

newPopPos (i, :)=BestX+rand(1l,Dim).*(PopPos(i-1,:)-
PopPos (i, :))+Beta* (BestX-PopPos(i,:));
else

IndivRand=rand(1l,Dim).* (Up-Low)+Low;

newPopPos (i, :)=IndivRand+rand(1l,Dim).* (PopPos(i-1,:)-
PopPos (i, :))+Beta* (IndivRand-PopPos(i,:));
end
else

Alpha=2*rand(1l,Dim).*(-log(rand(1l,Dim)))."0.5;

newPopPos (i, :)=PopPos(i,:)+rand(1l,Dim).* (PopPos(i-1,:)-
PopPos (i, :))+Alpha.* (BestX-PopPos(i,:));
end
end

for i=1:nPop
newPopPos (i, : )=SpaceBound (newPopPos (i, :),Up,Low);
newPopFit (i)=BenFunctions(newPopPos(i,:),F index,Dim);

if newPopFit(i)<PopFit(i)
PopFit(i)=newPopFit(i);

PopPos (i, :)=newPopPos(i,:);
end
end
S=2;
for i=1:nPop
newPopPos (i, :)=PopPos(i,:)+S*(rand*BestX-
rand*PopPos(i,:));
end

for i=1:nPop
newPopPos (i, :)=SpaceBound(newPopPos(i,:),Up,Low);

newPopFit (i)=BenFunctions(newPopPos(i,:),F index,Dim);
if newPopFit (i)<PopFit(i)
PopFit(i)=newPopFit(i);
PopPos (i, :)=newPopPos(i,:);
end



end

for i=1:nPop
if PopFit(i)<BestF
BestF=PopFit(1i);
BestX=PopPos(i,:);
end
end

HisBestFit(It)=BestF;
end

% PPF problem modelling
format long
load(Harmonics DATA.mat')

for h=1:100,1;
ZLoad(h)=R Load+(h*X Load);
Zf(h)=(((REf)"-1+((h*X_Lf)"-1))"-1)+(X_Cf/h);
ZL(h)=R_L+(h*(X_L));
Zp(h)=(((1/ZLoad(h))+(1/Zf(h)))"-1);
Ztot(h)=((1/%ZLoad(h))+(1/Z£f(h)))"-1;

if h==1;
I_L=(Vg)/(2L(h)+2Zp(h));
Vrl=vg-(I_L*(2L(h)));
Vr2=2p(h)*Ih(h)*((ZL(h))/(Zp(h)+2L(h)));
Vr (h)=abs(Vrl+Vr2);
else
Vr(h)=abs(2Zp(h)*Ih(h)*((2L(h))/(Zp(h)+2L(h))));
end
end
$0bjective functions
V_THD=100*(sqgrt(sum(Vr(l,2:end)."2)))/(Vr(1l))

$Penalties for unpractical solutions

if (Vr(l)>((1.05+X)*Vg) || Vr(1l)<((0.95+X)*Vg))
P1=5000;
else
P1=0;
end
if (cos(angle(Zp(l)))>(1+Y) || cos(angle(Zp(l)))<(0.9+Y))
P2=5000;

else



P2

I
o
~e

end
y= V_THD+P1+P2;

end

Monte Carlo Simulation (MCS) method

% Monte Carlo Simulation (MCS) method

sizeOfTheNormVec = input( 'What is the number of samples in
the normal distribution: ');

R mean = input('Please provide the mean of the resistance in
Ohm: ');

R std = input('Please provide the standard deviation of the
resistance in Ohm: ');

L mean = input('Please provide the mean of the inductance in
H: ');

L std = input('Please provide the standard deviation of the
inductance in H: ');

%% DEFINITION OF THE NORMAL DISTRIBUTION OF R AND L

Defining the column vector of 50 steps

= linspace(l, 50, 50)';

= R_std.*randn(sizeOfTheNormVec,1l) + R mean;
L std.*randn(sizeOfTheNormVec,l) + L mean;

EH 25 oo
|

%% CALCULATING AND PLOTTING THE MAGNITUDE OF THE IMPEDANCE,
Z

for a = 1l:length(R) $Iterating over the length
of the R vector
for b = 1l:1length(L) $Iterating over the length

of the L vector
z = (R(a)*sqrt(h)) + (j*(2*pi*60)*h*L(b));
plot(h, abs(z))
hold on

end

end

hold off

grid on

xlabel('h")

ylabel('|z|, Ohm")

title('Plot of the magnitude of Z against h for different

values of R and L")




The end.



