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Preface

This book aims to understand power quality and harmonics management compre-
hensively. It covers various topics, from the challenges of maintaining power quality 
in the presence of distributed generation and power electronic-based technologies to 
the impact of harmonics on electrical networks. The book explores frequency domain 
models of nonlinear loads, discusses the mitigation of power system harmonics through 
active filters, investigates the performance efficiency of shunt hybrid systems, exam-
ines the generation of higher harmonics in hoisting machinery in underground mines, 
and offers a multidisciplinary perspective on energy security in the face of climate 
change and uncertainty. Each chapter outlines the problem’s fundamental structure 
to provide a basic understanding of the approaches discussed. It is structured and 
arranged into seven chapters.

Chapter 1, “Perspective Chapter: Power Quality and Hosting Capacity”, discusses the 
challenges and importance of maintaining acceptable power quality (PQ ) levels in 
the context of increasing distributed generation (DG) and power electronic-based 
technologies. The chapter overviews PQ definitions, disturbances, causes, and 
standards, focusing on harmonic issues. It explores the impact of nonlinear loads and 
novel load equipment on PQ and emphasizes the significance of PQ in a competitive 
energy environment. The chapter also discusses renewable-based DG and hosting 
capacity studies, including types, challenges, and solutions. Additionally, it presents 
a literature overview of existing solutions for harmonic management. The chapter 
highlights the need for a comprehensive approach to PQ that considers current and 
voltage quality and emphasizes the development of standards to address PQ issues 
stemming from nonlinear loads and renewable energy sources.

Chapter 2, “Impact of Harmonics on the Electrical Network Distribution”, focuses on 
the impact of harmonics on electrical networks and discusses the consequences of har-
monics generated by electronic devices on the electrical grid. It emphasizes the need to 
control and mitigate harmonics as they can cause premature deterioration of electrical 
loads and power supply devices. The chapter explores the distinction between linear 
and nonlinear loads, with linear loads drawing quasi-sinusoidal currents and nonlin-
ear loads distorting the voltage waveforms. It also delves into fundamental indicators 
of electrical harmonics, including power factor, order of harmonics, effective value of 
harmonic quantities, and total harmonic distortion (THD). The importance of mea-
suring and analyzing harmonics using electrical analyzers is highlighted.

Chapter 3, “Perspective Chapter: Frequency Domain Models of Nonlinear Loads in 
Power Systems”, focuses on frequency domain models of nonlinear loads in power sys-
tems. It begins by discussing harmonic current source models for one- and two-diode 
rectifiers, with their parameters determined through simulations. The next section 
presents frequency domain models for nonlinear home appliances, with parameters 
determined through measurement. It also introduces frequency domain models for 
loads using firing angle control devices. The chapter then explores simulations of a 
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large circuit in both the time domain and frequency domain using CADENCE and 
ADS algorithms. The harmonic balance analysis of ADS using the proposed frequency 
domain models is the most efficient. Finally, the chapter emphasizes the importance 
of understanding and modeling harmonics in power systems and the use of frequency 
domain analysis for studying nonlinear circuits.

Chapter 4, “Perspective Chapter: Mitigation of Power System Harmonics with the 
Incorporation of Active Filter for a Radial Distribution System”, discusses the prob-
lem of harmonics in power systems and explores the effectiveness of active filters in 
mitigating harmonics. The research work evaluates the performance of active filters 
using the sparrow search optimization technique in a MATLAB environment. The 
simulation results, obtained using a standard IEEE 13 bus test system and an unbal-
anced power system, demonstrate a significant reduction in harmonics by incorporat-
ing active filters. The chapter highlights that hybrid active filters provide the best 
harmonic mitigation performance and emphasizes the economic feasibility of using 
active filters for reducing harmonics. It also emphasizes the importance of power 
quality in distributed power systems and the role of shunt active filters in mitigat-
ing harmonic distortion. The chapter further discusses PQ indices for assessing the 
impact of harmonics and the integration of active filters in distribution systems. 
Finally, the chapter provides valuable insights into applying active filters for power 
system harmonics mitigation and their potential to improve the quality and reliability 
of power systems.

Chapter 5, “Investigation on the Performance Efficiency of the Shunt Hybrid Active 
Power Filter”, focuses on investigating the performance efficiency of the shunt hybrid 
system. The specific details and findings of the investigation are not provided in 
the truncated content. The chapter explores the operation and characteristics of the 
shunt hybrid system in power systems. It discusses this type of system’s advantages, 
challenges, and performance factors. The investigation may include experimental 
data, simulations, or analytical models to evaluate the efficiency and effectiveness 
of the shunt hybrid system. The chapter aims to contribute to the understanding and 
optimization of shunt hybrid systems in power system applications.

Chapter 6, “The Hoisting Machines as Source of Higher Harmonics in Underground 
Mines”, focuses on the structure and characteristics of drive systems used in hoisting 
machinery in underground mines. The chapter highlights the use of DC reciprocating 
motors and complex (multipulse) converters in these systems. Special attention is 
given to the impact of these systems on the power supply network, particularly the 
generation of higher harmonics. The chapter presents measurement results conducted 
under real conditions, both before and after installing new solutions to improve 
machine efficiency. The keywords associated with this chapter include power con-
verters, hoisting machines, multipulse systems, power quality, DC drive systems,  
and power grids in underground mines.

Chapter 7, “Perspective Chapter: The Regime Matters – A Multidisciplinary Perspective 
on Energy Security in the Era of Climate Change and Growing Uncertainties for 
Resilience in Sustainable Energy Development”, explores the concept of energy security 
in the context of climate change and increasing uncertainties. The chapter discusses 
various definitions of energy security and its positioning within the international 

V

political economy of energy. It examines energy security from multiple perspectives, 
including those of energy importing and exporting nations, transit regions, militariza-
tion, energy shocks, demographic shifts, and corruption. The chapter emphasizes 
energy security’s challenges, risks, and vulnerabilities and highlights its intricate 
interconnections. It concludes by advocating for integrating resilience thinking into 
energy security policies due to the growing uncertainties in social, economic, and 
ecological systems compounded by climate change. The chapter also discusses energy 
security, climate change, uncertainty regimes, supply–demand security, resilience, 
and sustainable energy development.

The editors hope readers find this book valuable in gaining insights into the various 
aspects of power quality and harmonics management and the practical approaches and 
solutions employed in the field. Whether for researchers, engineers, or professionals 
working in the energy sector, this book provides a solid foundation for understanding 
and addressing the challenges and complexities associated with power quality and 
harmonics in modern power systems.

Muhyaddin Rawa
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Chapter 1

Perspective Chapter: Power Quality 
and Hosting Capacity
Muhyaddin Rawa, Ziad M. Ali and Shady H.E. Abdel Aleem

Abstract

With the increasing prevalence of distributed generation (DG) and power 
 electronic-based technologies, consumers will have more alternatives for obtain-
ing energy from different public or private sources. The issues will be with power 
quality (PQ ), pricing, and reliability. Shortly, maintaining acceptable power quality 
levels above certain acceptable thresholds will be challenging because of the special 
difficulties brought on by nonlinear loads and novel types of load equipment. The 
significance of current and voltage quality issues increases even further in such an 
environment of competition. The chapter is dedicated to presenting an overview of 
PQ definitions, disturbances, causes, and standards. Harmonic description, sources, 
effects, and harmonic filtering techniques are also presented. Then, renewable-based 
DGs and HC studies—types, challenges, and solutions, are demonstrated. Further, a 
literature overview of the existing solutions under consideration (harmonic manage-
ment) is presented and discussed.

Keywords: distributed generation, filters, harmonics, harmonics distortion, hosting 
capacity, optimization, power quality

1. Introduction

Improving electrical power quality is an intention agreed on by consumers and 
electrical utilities. The primary goals in terms of power quality (PQ ) are generating 
clean power—that is, power that is not distorted—and cost-effectively delivering it 
to customers with adequate technical performance. Advancements in semiconduc-
tor technology have brought about harmonic pollution and other PQ concerns, a 
range of nonlinear load types, and the installation of renewable energy resources 
that rely on power electronic-based equipment (rectifiers and inverters) for their 
operations. It became clear that harmonics management is now an essential issue 
in power systems rather than a secondary concern [1, 2]. Power grid performance 
can be adversely affected by several factors, including overloading and increased 
heating of lines and cables, frequency-dependent equipment, diminished voltage 
quality, decreased transmission efficiency, an increase in energy losses during 
transmission and distribution, and deterioration of true and displacement power 
factors of loads [3].

Modern sophisticated converters with frequency-coupling dynamics also intro-
duce harmonic instability (e.g., resonance, amplification of voltage or current, 
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or unusual harmonics in the high-frequency spectrum) [4]. This means that PQ is so 
essential to contemporary energy systems.

As distributed generation (DGs) become more prevalent and utilize power 
electronic-based technologies, consumers will have more options when it comes to 
purchasing energy from various public or private sources. The cost, reliability, and 
quality of electricity will be the problems. Maintaining acceptable PQ levels above 
specific acceptable limits will be a major challenge in the upcoming decades due to 
the unique challenges presented by new types of load equipment and nonlinear loads. 
In such a competitive scenario, the importance of PQ issues becomes even more 
significant than before [5]. Furthermore, since they can now create and sell electric-
ity through their DGs (prosumers), consumers connected to an electrical grid are 
no longer considered consumers in the context of the deregulated power market and 
many energy providers. Enhancing the PQ performance of the systems thus gets more 
difficult due to new and developing complications.

PQ provides several justifications to the various electric entities’ stakeholders. 
Some perceive PQ as the voltage quality, others as the current quality (based on 
amperage), and others as the system’s dependability. PQ , for example, is defined as 
“the powering and grounding concept of sensitive electronic equipment in a manner 
appropriate for the equipment” in IEEE Standard 1100 [6].

Put simply, each entity defines it according to its own perspective. It is possible to 
determine the cause and responsibility of a disturbance wrongly when a general term 
like PQ has an ambiguous definition. This was obvious in the surveys carried out by 
the Georgian Power Company [7, 8] for the causes of PQ disturbances. These surveys 
clearly showed how divergent the utility and customer perspectives are from one 
another. But both attribute two-thirds of the problems to lightning and other natural 
occurrences [9, 10]. This indicates that, under typical circumstances, PQ maintains 
a nearly pure sinusoidal waveform of voltages and currents. Generally speaking, 
deviations of the voltage from the conventional waveform—which is typically defined 
as a sinusoidal waveform with constant frequency and magnitude—are the main 
focus of the quality of voltage (QoV). The electric current’s deviations from the usual 
waveform are the main focus of quality of current (QoC) [9]. However, relying solely 
on voltage or current to define PQ is imprecise because any divergence in voltage will 
result in a variation in current from its nominal value and vice versa [11]. Accordingly, 
PQ should combine both current and voltage qualities and is better described as 
technical limits that enable equipment to function in its prearranged way without 
significant operational losses to maintain its lifetime [9–12].

2. Power quality disturbances

PQ disturbances address various power system issues, including notching, voltage 
fluctuations, voltage flickers, harmonics, sub-harmonics, inter-harmonics, supra-
harmonics, transients (oscillatory and impulsive), voltage sags, interruptions, voltage 
swells, imbalance, undervoltages, overvoltages, noise, and harmonics [9]. Even 
though each of them is a crucial topic in and of itself, the power system harmonics 
problem is regarded as the most significant and well-known PQ issue. This is because 
numerous studies have identified harmonics as the most serious cause of frequent PQ 
disturbances, impacting both consumers and utilities. Distribution system operators 
typically presume that harmonics and imbalances are the cause of PQ issues when 
they occur. Figure 1 illustrates the various PQ issues [8–10]. Any PQ evaluation 
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procedure can be implemented with general steps, such as identifying the sources of 
the disturbances and considering potential harmonic management solutions up to the 
point of solution optimization. Figure 2 examines a generic PQ diagnostic, assess-
ment, and mitigation process [9, 13].

Depending on the region of the utility, standards and guidelines are typically used 
to categorize and identify problems. By enumerating the relevant characteristics, such 
as amplitude, frequency, spectrum, modulation, source impedance, notch depth, 
notch area, duration, rate of occurrence, and others, IEEE Std. 1159-2019 (as an 
example) classifies PQ or electromagnetic phenomenon.

The PQ indices were developed to provide a quantitative measure of the disrup-
tiveness of disturbances; however, with the advancement of technology and changes 
in some systems’ susceptibility to disturbances, the appropriateness of some PQ 
indices needs to be reevaluated. In addition, while some PQ indices have already been 

Figure 1. 
Illustration of the common PQ issues.

Figure 2. 
PQ appraisal procedure.
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defined or redefined in standards and their updates, others remain missing, especially 
for high and extra-high voltage or high-frequency systems [14, 15].

It is now crucial to develop criteria for limiting issues from PQ degradation due to 
the growing usage of nonlinear loads and renewable energy-based equipment with 
power electronic converters. The following are the primary PQ problems associated 
with DGs being connected to the power grid: DC injection, harmonics, voltage swells 
and sags, poor voltage regulation, power factor, flickering and fluctuating voltage, 
voltage imbalance, and prolonged interruptions. Further details regarding these prob-
lems, as well as technology and strategies for lessening the effects of DGs on PQ , are 
available in [16–18]. Egyptian Transmission/Distribution Codes, the Grid Connection 
Code for Solar Energy Plants, the International Electrotechnical Commission 
(IEC), the Institute of Electrical and Electronics Engineers (IEEE), the American 
National Standards Institute (ANSI), the National Institute of Standards and 
Technology (NIST), the National Fire Protection Association (NFPA), the European 
Committee for Electrotechnical Standardization (CENELEC), the National Electrical 
Manufacturers Association (NEMA), the Electric Power Research Institute (EPRI), 
Underwriters Laboratories (UL), and ESKOM for South African standards are just 
a few of the national and international organizations that have developed PQ stan-
dards. IEC and IEEE are the two prominent organizations that define PQ standards. 
PQ standards are referred to as electromagnetic-compatibility (EMC) standards by 
some. A number of EMC standards (series) and technical reports have been released 
by the IEC; the majority are included in the IEC 61000 series [19–24]. Numerous EMC 
standards that provide a thorough summary of IEEE PQ standards have been accepted 
by the IEC. The IEEE 519 recommendations are the most well-known substitute for 
the IEC standards in many countries [25, 26].

The goal of these standards is to restrict customers’ access to harmonic distortion 
and the associated issues it causes, as well as the utility’s voltage harmonic distortion 
boundaries. These guidelines divide the obligation of limiting harmonic propagation 
between utilities and end users. Customers and end users are typically in control of 
controlling the injection of harmonic currents, and utilities, regulators, and operators 
are in charge of figuring out the voltage distortion in the supply system at the point of 
common coupling (PCC).

3. Power system harmonics: definition

Typically, “any periodically distorted waveform can be represented as a sum of pure 
sine waves in which the frequency of each sinusoid is an integer multiple of the fun-
damental frequency of the distorted wave.” The multiple-frequency has been named 
the fundamental’s harmonic component, in which the so-called Fourier series refers 
to the summation of these sinusoids [27, 28]. If the fundamental frequency (f1) is 50 
Hertz, the 5th harmonic is 5*50 Hz or 250 Hz. Classically, amplitudes of the harmonic 
currents are expressed as a percentage of the fundamental current amplitude (If), so 
that I3 = If /3, I5 = If /5, I7 = If /7, and so on. In line with the literature, in electric power 
system analysis, high-order harmonics above 25, i.e., the range from 25 to 50, are 
insignificant. It should be mentioned that harmonics above the 25th order are preva-
lent in telecommunication system studies. High-order harmonics might cause interfer-
ence with power-electronic equipment; however, these harmonics are not critical to 
power system equipment [29]. It should be mentioned that recently supra-harmonics 
(distortion in the frequency range between 2 kHz and 150 kHz) [30] initiated to be 
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considered in a few studies; however, they are not achievable in harmonic analysis in 
power systems due to the absence of legal restrictions for electric harmonic distortions 
in the very high-frequency range [31].

4. Harmonics sources and effects

One might refer to a load as nonlinear or non-ohm’s law compliant when the 
current carried by the load is not proportionate to the applied voltage. This kind 
of load’s current has a non-sinusoidal waveform or distorted current. This current 
distortion will generate a voltage distortion when there is a high impedance in the 
path between the source and the nonlinear load. On the contrary, one can say that 
loads with the current linearly proportional to the applied voltage are linear loads 
(linear relationship) [9, 10]. These days, the majority of loads are nonlinear in nature 
due to the widespread use of power-electronic-based components in power systems, 
even in our homes with our laptops, small appliances, fluorescent and light-emitting 
diode (LED) lamps, and printers. The load itself (design or component) and the 
nonlinear load’s interaction with the distribution system determine how severe the 
harmonics produced by these loads are [25, 32]. As the primary sources of harmonic 
voltages and currents in power systems, several groups of power components can 
be grouped and organized as follows [9, 10]: transformers, electric motors, and 
generators (magnetic core-based equipment); induction furnaces, arc furnaces, and 
arc welders (equipment provides heating); and power-electronic-based devices. 
The way the power system is connected or composed is another classification. 
Furthermore, rather than the series-connected parts (linear series elements), the 
shunt-connected elements (loads, for example) are where the nonlinearities in the 
system arise. The magnetizing impedance (shunt-connected branch) of the well-
known T model serves as the harmonic source inside a transformer, while the leakage 
impedance stands in for linear components. The most usual harmonic sources 
are—converters (inverters and rectifiers) within drives or renewables-based devices, 
slots and teeth field distribution in synchronous generator, power and distribution 
transformers’ magnetizing circuits, rotating machines’ excitation currents, printing 
machines, lamps (fluorescent, compact fluorescent, gas discharging lighting-low 
pressure/high pressure Sodium vapor, high-pressure mercury vapor and LED), 
flexible alternating current (AC) transmission systems, FACTS, and distributed 
FACTS (D-FACTS), uninterruptible power supplies, switch-mode power supplies, 
pulse modulation (or other forms) has been proposed for active power and voltage 
control in transmission circuits, electrolysis-based loads, converters usually used in 
variable speed drives (VSDs), converters used in grid-connected or islanded solar 
photovoltaic (PV) and wind systems, arc and induction welders, arc and conduc-
tion furnaces, and ovens used in electric heating, energy conservation device (soft 
starters, electronics ballast, and fan regulators), ballasts of the fluorescent discharge 
lamps, thyristor-controlled reactors, induction motors operating in or near to their 
saturation regions, converters in high-voltage direct current (HVDC) systems, 
UPSs, static VAR compensator and devices, and components in charging stations 
of electric vehicles (EVs). To sum up, most of these harmonic sources are power 
electronic-based devices.

The expected range of harmonics’ impact is degradation in power system equip-
ment’s performance to their severe failure. The most common consequences of power 
system harmonics on the different electrical system sectors are explored in Figure 3.
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The most common harmonic problems in plants are summarized below [33, 34].

• Current flowing in neutral wires with an overheating problem

• High distorted currents will lead to excessive energy losses (thus high electricity 
consumption and costs)

• Unreasonable failure of equipment

• Motors’ disturbance

• Overloading of frequency-dependent conductors

• Blow of fuses and mal-operation in the performance of protection devices

• Watt-hour metering’s errors

• Interference with telecommunication systems (above the 25th order)

• Data loss in data-transmission networks

• Mal-operation in the performance of the control devices

• A voltage or current amplification (by series and parallel harmonic resonance)

Figure 3. 
Consequences of harmonics on components of the power system.
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• Harmonic instability (malfunctioning of voltage and malfunctioning of genera-
tor regulators)

• Noise in transformers

• Noise and vibrations in rotating machines

• Lockups of the programmable controllers

Usually, problems appear when a system’s capacitance results in resonance with 
inductance at characteristic harmonic orders that intensely increases the distortion 
beyond the standard, acceptable values, as originate in industrial power systems 
because of the power factor correction capacitors that are frequently used and can 
cause a high degree of resonance severity or harmonic amplification. Such a privilege 
necessitates special considerations concerning harmonics filtering to avoid failures 
and nuisance tripping of fuses or breakers associated with capacitors [33, 34]. Adding 
filters that start with the lowest significant harmonic order (usually the third- or the 
fifth-order) is necessary to avoid harmonic resonance problems. If one wants to use a 
seventh harmonic order filter, one should introduce a fifth harmonic filter.

Further, analysis of the impedance-frequency dependencies for all reasonable 
operating contingencies should be done (in which a frequency scan should be con-
ducted at each node if any harmonic source exists).

5. Harmonics mitigation

Since most electrical loads in use today are nonlinear, it is usually helpful to study 
reasonable harmonic solutions by systematically addressing electrical system-related 
concerns. When an issue arises, the fundamental solutions for harmonic control are 
to either add filters to sink the system’s harmonic currents or stop them from entering 
the system, or reduce the harmonic currents generated by the load [9, 35].

Different attempts have been used to solve harmonics issues either to lessen their 
impacts on the power system or to reduce the harmonic distortion itself in the power 
grids, such as [36]:

• Derating transformers, motors, cables, and generators to be able to withstand the 
distorted over currents caused by harmonics

• The grounding of electrical equipment to cancel the severe 3rd harmonic and 
strengthen the neutral wire size

• Applying harmonic mitigation schemes such as active, passive, and hybrid filters

• Using multi-pulse converters

The harmonic filters can be classified as shunt filters or series filters based on the 
harmonic filter connected to the system. The shunt filters work by short-circuiting 
harmonic currents, which diverts the electric currents out of the arrangement. They 
must be placed as close as possible to the source of distortion. Shunt filtering is the 
most common way of filtering because of its economic aspects. Also, a shunt filter 
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inclines to correct the load actual and displacement power factors and mitigate har-
monic currents [29]. The other way is to put on a series-connected filter that helps in 
blocking harmonic currents. Nevertheless, series-connected filters must be planned to 
withstand the rated line current as they are connected in series with the system. Also, 
series-connected filters may produce substantial power losses because of the high cur-
rents. Given the high cost of the series-connected filters, the most real-world applied 
method is shunt-connected filters. Several contributions are dedicated to determining 
the most suitable location of the filters in electrical power networks. Filters at appro-
priate places (close to the source of harmonic generation) can be applied to mitigate 
considerable harmonic currents at the start, and the harmonics propagation to the 
common coupling point (PCC) is considerably reduced.

On the contrary, the harmonic flow occurs when the filters are far from the 
harmonic-producing loads. Harmonic filters are also categorized into three broad 
categories: passive, active, and hybrid active/passive filters. Figure 4 presents the 
primary ways of connecting harmonic filters at the PCC.

Passive filters comprise inductive (L), capacitive (C), and resistive (R) compo-
nents arranged and lumped together in precise configurations to regulate harmonics. 
They are commonly used in practice because they are considerably inexpensive com-
pared with other active/hybrid filters. Nonetheless, they have the disadvantages of 
negatively interrelating with power systems and threatening the utility (source) and 
the loads (within the plant or neighbors) by harmonic resonance hazards [29]. Also, 
their filtering performance is sensitive to the variation of the source impedance [37].

The active harmonic filtering method was a reasonably innovative methodology 
for eliminating harmonics compared to the passive filtering techniques. Compact 
constructed active filters provide reliable system performance with good harmonic 
lessening. However, they are based on power electronic components; thus, they are 
more costly than passive filters. The basic concept of active filters introduces equal 
magnitudes of the current/voltage harmonics generated by nonlinear loads with 
180° phase angle difference; consequently, they cancel each other when their phasor 
is summed. In addition, they do not resonate with the system [9, 34, 35, 38, 39]. By 
definition, active filters are designed based on converter type, topology, and the num-
ber of phases. The converter type can be either a current source-based inverter that 
employs an inductor to store energy or a voltage source-based inverter that employs a 
capacitor to store energy [9, 34, 35, 38, 39]. The arrangement can be shunt-connected 
types, series-connected types, or a combination of both connections. Active filters 
have frequency limitations, cannot withstand large currents and are sensitive to noise. 
Also, they have problems with high-power ratings (>0.5 MVA).

Figure 4. 
Basic connections of harmonic filters.



11

Perspective Chapter: Power Quality and Hosting Capacity
DOI: http://dx.doi.org/10.5772/intechopen.1004572

Nowadays, both active and passive filters can be used in the presence of multiple 
pulse converters governed by harmonics = Integer * pulse ± 1, where pulse is the pulse 
number and Integer = 1, 2, 3, etc. Harmonic current distortions of 6, 12, and 18 pulse 
converters are higher (in THD percentage) than 80%, 15%, and 12%, respectively. 
Multiple pulse converters of THD less than 5% are expensive to the manufacturers.

A straightforward technique to decrease harmonics is to increase the pulse num-
bers of converters. The lessening of harmonics with the increase of pulse number is 
guaranteed. Disadvantages of multiple pulse converters include sensitivity to voltage 
imbalance, optimal cancelation only with symmetric drive loading (they do not oper-
ate well with even harmonics), and not being easy to retrofit [23, 40].

Hybrid filters benefit from passive and active filters through series or parallel 
combinations. A passive filter helps to reduce the rating of the used active filter 
and its function in harmonic mitigation and improvement of power factors. The 
role of the active filter is to isolate the generated harmonics of both load and utility. 
Other harmonic management solutions concerning harmonic correction equipment 
types, such as the neutral blocking filters or the zigzag transformers, are solutions 
to eliminate the 3rd harmonic current from the load. Typically, they are suitable for 
computer/switch-mode power supplies. Other solutions have a kind of immunity to 
harmonic distortion, such as the oversized neutral/derated transformers, K–rated 
transformers, and phase shifting. They are more suitable for fresh/new designs in the 
planning stage; they do not have power factor correction benefits [41, 42]. They are 
much more superlative for commercial applications than industrial applications [42].

6. Renewable energy resources and their PQ issues

Within the framework of sustainable development, adding renewable energy 
sources to distribution or transmission systems has several advantages. These include 
promoting the use of green energy, diversifying energy sources, reducing green-
house gas emissions, gaining political advantages, fostering social development, and 
providing economic support. There are also numerous technical advantages, such as 
improved power quality, reduced power loss, improved voltage, and increased load 
stability.

Distributed generators can be a renewable or non-renewable source of generation 
and can be networked (grid-connected) or act as a stand-alone system. Due to their 
low investment costs and small sizes, DGs show an imperative role in modern energy 
system planning [43]. DGs can be classified based on several issues such as [44, 45]—
generated power (AC or DC); technology (Renewable (non-fossil fuel-based and 
non-renewable (fossil fuel-based)); supply duration (long duration, short duration, 
moderate but unsteady duration); capacity (micro decentralized DGs (1 W–5 kW), 
small decentralized or centralized DGs (5 kW–5 MW), medium centralized DGs 
(5 MW–50 MW), and large centralized DGs (50 MW–300 MW); grid interface 
(Inverter-based and non-inverter-based DGs)); power flow control (set to constant 
power factor for small DGs, and the bus at which the DG is connected is treated as 
a PQ bus, or set to constant voltage for large DGs and the bus at which the DG is 
connected is treated as a PV bus); and power delivering capability (deliver only active 
power at unity PF, deliver only reactive power at zero PF, DGs deliver active power 
but consumes reactive power, or deliver both active and reactive powers).

The energy flow and voltage conditions at customers and utility equipment are 
greatly impacted by the addition of DGs to distribution networks. Depending on the 
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distribution networks, DG characteristics, and operating parameters, these effects 
could be either beneficial or detrimental [46, 47]. However, if renewable energy 
sources are not allocated properly, their unchecked growth could cause issues for power 
systems. Some common issues include overloading transformers, increasing power 
loss, malfunctioning or failing protection schemes, excessive harmonic distortion 
levels brought on by the combination of nonlinear loads and inverter-based renewable 
energy sources, as well as over- and under-voltages. When the rating of DGs surpasses 
the maximum permitted degree of penetration of renewables, these challenges arise.

7. Hosting capacity (HC): problems and solutions

When the system surpasses the maximum allowable hosting (HC) capacity 
criteria, DGs integration issues arise [47]. To decide on the addition of renewables, 
various customary rules of thumb were employed in the past. Instantaneous penetra-
tion (IP) was the term used to describe a definition that was previously introduced 
and was similar to the HC. IP has been described as the ratio of the output of renew-
able energy to the power of the system load within a given time or brief interval. It 
was not, however, frequently applied as the HC definition. These days, the inclusion 
of renewables can be determined by HC. Because of its significance, HC has been 
integrated into popular simulation programs as Siemens, CYME, ETAP, DIGSilent, 
and EPRI (DRIVE). Figure 5 examines a case study of determining HC in relation 
to penetration level using a generic performance metric, along with related issues 
and solutions. The type of problem that has emerged determines these performance 
measures. As can be seen from the figure, overvoltage, overloading and subsequent 
power loss complexities, PQ concerns, and protection issues are the four primary 
problematic issues [48, 49].

To guarantee that the power system functions satisfactorily, the HC approach 
compiles the technical limitations implemented by operators and customers. 

Figure 5. 
HC determination by utilizing common solutions, troublesome problems, and a general performance metric.
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This indicates more to the HC calculation than a single, static calculation based on 
a single performance parameter. On the other hand, HC would be determined for a 
number of performance indicators, including PQ , thermal overload capacity, voltage 
variations and frequency fluctuations, system stability, and others.

Ismael et al. provide a thorough overview of HC’s advancements, assessment 
procedures, and improved technology in [47]. Decisions from real case studies, power 
quality markets, and the practical experience (rule-of-thumb) of distribution system 
operators are given and discussed [47]. The authors in [50] also presented a detailed 
analysis of HC—theory and its influences on power networks, challenges, and 
solutions.

In the literature, numerous strategies have been put into practice to raise the HC of 
distribution systems. The most popular methods are:

• Renewables curtailment (when investors and operators are asked to reduce the 
amount of renewable energy they produce in order to maintain system  working 
limits) [51]. To achieve the best possible power curtailment, system and 
renewable plant operators must have creative communication techniques and 
facilities.

• Use of energy storage devices to boost the system performance and permit its 
consistent act without renewables ceiling [52, 53]. Comparable benefits are pro-
vided by energy storage, which are challenging to provide with other approaches. 
But the primary drawback is the high cost of energy storage.

• Reconfiguring of nodes of RDS changes the status of the operating switches by 
controlling tie-lines, sectionalizes, and soft open points can reduce power losses, 
transfer loads between feeders, improve the nodes’ voltage profile, and improve 
HC, PQ , and reliability [54] of the system. Reconfiguration can be employed 
in the planning stage of power systems (called static reconfiguration) or in the 
operation phase of power systems (called dynamic reconfiguration). The static 
reconfiguration can considerably enhance HC, but the dynamic reconfiguration 
can only improve HC in case of the availability of an adequate number of con-
trolled switches.

• Use of harmonic mitigation techniques, as proposed in this thesis, such as shunt 
capacitor banks [55], static VAR compensators [56], D-FACTs, and harmonic fil-
ters (dominantly passive or hybrid filters) to lessen harmonic distortion, support 
reactive power, correct the power factor and improve PQ performance of power 
systems operating under non-sinusoidal conditions [48, 57].

• Use of voltage regulators/conditioners, reactive power compensators, and OLTCs 
(on-load tap changers) to improve voltage profiles and, sequentially, support 
reactive power and enhance the HC of the system [58].

• Reinforcement of weakened or congested systems [59] can also be made to 
increase HC. In this regard, reinforcement means using machines with a higher 
rating, larger conductor sizes that have lower electrical resistance) or using 
efficient equipment. This is considered one of the practical techniques used in 
congested systems: support the voltage profile, achieve better hosting capacity, 
relieve the electrical system congestions, and reduce network losses.
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• Interbreeding of diverse solutions to attain the best possible HC values in intel-
ligent power grids [60], especially in severely deteriorated systems or in projects 
with high budgets.

To summarize, the following steps have to be performed to enhance the HC of a 
power system:

• Evaluate the initial HC within the network.

• Check the operational limits according to the international standards or national 
practice codes.

• Employ a proper HC enhancement technique.

• Re-evaluate the new HC value.

The complete HC procedure—evaluation and improvement—is summarized in 
Figure 6.

Analytic HC calculation procedure means a precise process is done by iteratively 
increasing the penetration of renewables in a well-defined step at a carefully chosen 
bus, carrying out load flow calculations, and inspecting the operating limits at each 
iteration until they exceed the acceptable values; henceforth, finding the HC of that 
bus. Then, another bus is selected in sequence, and the same process is repeated till all 
the system busses are examined. This may suffer from the computational burden.

The stochastic HC calculation procedure means developing multiple scenarios in a 
probabilistic manner to overcome the uncertainties of the problem. It should be men-
tioned that this method is time-dependent based on the accuracy levels considered. 
Finally, a streamlined HC calculation procedure provides easy, quick screens that 
assist the operator in deciding whether it is required to make further detailed studies 
or not. However, this method suffers from accuracy issues, particularly in complex 
systems.

Figure 6. 
HC calculation procedure.
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In the past, harmonic distortion was not one of the main interests of operators 
because of the assumption, at that time, that distributed generation units are har-
monic-free. Later, it was realized that this assumption is not true as the combination 
of harmonics between distributed generation units and non-linear loads could create 
severe problems.

The authors in [61] used a passive harmonic filter, a C-type passive filter, to 
maximize the HC of a network that utilizes dispersed generators (PV units) in a 
harmonically distorted distribution system using the genetic algorithm. From the 
analysis presented, it was apparent that the system’s HC goes down with the rise in the 
grid-side voltage-distortion and the nonlinear load level. The HC level was affected 
more by the non-linear load level than grid-side voltage distortion. Also, the same 
authors used a single-tuned filter in [49] to do the same, and similar conclusions were 
figured out in [49] to validate that harmonic filters can solve the problems arising 
from harmonic distortion and enhance HC at the same time. Ghaffarzadeh and 
Sadeghi in [62] presented an effective method for the simultaneous settlement of 
inverter-based DG systems and capacitors because of harmonic distortion. However, 
HC was not discussed in detail in that work. Further, the authors in [63] investigated 
the use of passive filters in different single-objective optimization problems in the 
context of HC improvement along with THD lessening. The analysis revealed that 
HC improvement and voltage THD lessening were conflicting in optimization and 
that a multi-objective optimization may be needed to solve the problem. Similarly, 
a few other works are also reported, making an effort to improve HC using pas-
sive harmonic filtering techniques [48, 64], but in a single-objective optimization 
framework. Further, hybrid harmonic distortion mitigation is presented in [65] to 
improve distributed generation-based systems’ HC in harmonic-polluted conditions, 
in which the hybrid filter was a better substitute to realize a higher penetration level 
of renewables than purely passive filters, regardless of the cost of filtering and the 
limited rating of the active filters used. To summarize, the main focus of researchers 
is clearly moving to empower distribution systems with highly penetrated renewables 
while offering multi-functionality facilities (a trade-off between different goals). 
Accordingly, multi-objective optimization should be used to improve the HC while 
limiting harmonics and improving the PQ performance of such distorted systems.

8. Summary

• The integration of distributed generation and renewable energy sources into 
distribution systems has sparked a growing interest in understanding the HC of 
these systems while ensuring reliability, PQ , and sustainability.

• Traditional assumptions that distributed generation units are harmonic-free 
have been challenged as it became evident that the combination of harmonics 
between these units and nonlinear loads can lead to severe PQ problems. To 
overcome the uncertainties associated with HC calculations, researchers have 
developed stochastic procedures that consider multiple probabilistic scenarios. 
These approaches provide a more comprehensive understanding of system 
performance and aid in decision-making processes.

• Harmonic distortion, once not a primary concern for operators, has now 
emerged as a critical issue. Passive harmonic filters have been employed to 
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maximize HC and mitigate harmonic distortion. The analysis presented in 
various studies has demonstrated that the HC of a distribution system decreases 
with increasing grid-side voltage distortion and nonlinear load levels. Moreover, 
it has been observed that nonlinear load levels have a more significant impact 
on HC than grid-side voltage distortion. These findings highlight the effective-
ness of harmonic filters in addressing the problems arising from harmonic 
distortion and enhancing HC simultaneously. However, optimizing HC and 
improving power quality pose complex challenges. Single-objective optimization 
approaches may not suffice, as there can be conflicting objectives. Researchers 
have found that HC improvement and voltage total harmonic distortion 
(THD) reduction tend to be conflicting goals in optimization. Consequently, 
multi-objective optimization techniques have been proposed to strike a balance 
between HC improvement, harmonic reduction, and voltage THD lessening.

• The drive toward sustainability has urged researchers to seek solutions that 
enable distribution systems to accommodate highly penetrated renewables while 
offering multi-functionality. Hybrid harmonic distortion mitigation techniques 
have emerged as a promising approach. By combining passive and active filters, 
these techniques can achieve higher levels of renewable energy penetration, 
regardless of the cost of filtering and limitations of the active filters used. This 
integration of renewables and hybrid filtering not only enhances HC but also 
contributes to the long-term sustainability goals of the system.

In summary, the convergence of HC, reliability, PQ , and sustainability requires 
the adoption of advanced techniques, including stochastic HC calculation, passive 
and hybrid harmonic filtering, and multi-objective optimization. By considering 
these factors together, distribution systems can effectively accommodate higher levels 
of renewable generation, ensure high-quality power supply, improve system reliabil-
ity, and contribute to long-term sustainability objectives. These research efforts pave 
the way for the empowerment of distribution systems with renewable energy while 
maintaining the necessary functionality and performance standards.
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Chapter 2

Impact of Harmonics on the 
Electrical Network Distribution
Abdourahimoun Daouda

Abstract

Today, electronic devices are used in all areas of human activities. However, these 
equipments generate a signal distortion of the electrical parameters of the voltage 
source that supplies these non-linear loads. When the level of distortion reaches a 
certain threshold value, it causes a premature deterioration of the electrical loads 
and even of the power supply devices (transformers, circuit breakers, etc.). So, it is 
important to control this variation. This chapter develops techniques or scenarios to 
understand the source of harmonics following several scenarios by combining linear 
and non-linear loads. In addition, this chapter will discuss methods of measuring 
harmonics using electrical analyzers.

Keywords: power quality, nonlinear loads, electrical analyzer, total harmonic 
distortion, impact of harmonics

1. Introduction

Today, electrical energy has become the pedestal of socio-economic development 
in every country. However, the rate of electricity access in sub-Saharan Africa is low, 
at 50.6% in 2021 [1]. In the context of technological expansion, the impact of climate 
change and the energy transition, it is necessary to increase the coverage rate in the 
electricity field. This has allowed to technological evolution in the power system 
chain. In other words, the conventional power system, which consists of generating, 
transmitting and distributing has modernized (smart grid) [2]. The smart grid is a 
dynamic, stable, flexible, resilient and controllable system.

Mainly with the management function via programmable controllers, the hybrid 
systems have become the optimal solutions for meeting electrical energy demand 
efficiently [3]. So, the redeployment of renewable energies in electricity production 
ensures a smooth energy transition and reduces the rate of CO2 emissions [4].

In addition, the electronics integration into electrical systems and the develop-
ments of electrical technology and/or electronic devices have allowed the prolifera-
tion of non-linear loads consuming little electrical energy from the users of electrical 
energy. Electronic converters and non-linear loads generate disturbances in the net-
work such as an increase in the rate of harmonics, current unbalance and consump-
tion of reactive energy, etc. The use of electronic devices in an electrical installation 
impacts the quality of the electrical energy of the grid and the proper functioning 
of the devices [5]. The permanent presence of harmonics has harmful technical and 
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economic consequences. It distorts the quality of the energy distributed and reduces 
the lifespan of the loads and the elements of the distribution grid, which allow the 
transmission of energy to the customers [6].

However, to ensure the quality of electrical energy in accordance with EN 50160 
and IEEE 1159–2009 standards, passive and active techniques must be developed [7].

The first technique (passive) is detailed in this document. It consists of having 
historical electrical data from the electrical grid. This involves taking measurements 
with accurate electrical devices. Electrical analyzers are the most suitable for studying 
the quality of electrical energy. Indeed, they make it possible to record in real-time 
all the electrical quantities and the electrical disturbances of the electrical systems. In 
this chapter, it is also a question of approaching the analysis of the mitigation and the 
sources of electrical disturbances and their mode of propagation.

2. Definition of linear and non-linear loads

According to EN 50160, an electrical harmonic is a component of sinusoidal signal 
voltage or current and frequency multiple of the fundamental frequency (50 Hz).

2.1 Linear load

A linear load in electricity is any load that draws a current of the same shape as the 
voltage, in other words quasi-sinusoidal. For example, for a resistive load, we find the 
representation of the current and the tension which are all of identical form in Figure 1.

Figure 2. 
Example of the waveform of the electrical signal of a nonlinear load [8].

Figure 1. 
Example of a waveform of the electrical signal of a linear load [8].
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2.2 Nonlinear load

A nonlinear load is a load that draws a current that distorts the shape of the 
voltage. With a variable speed drive (as a load), we find the behavior or forms of the 
electrical magnitude as shown in Figure 2.

3. Fundamental indicators of electrical harmonics

The study of harmonics is based on signal theory. However, mathematical tools are 
essential in signal processing. Harmonics are defined as sinusoidal signals of multiple 
frequencies at the considered fundamental frequency. Thus, Fourier’s theorem is one 
of the methods that allows development of any periodic signal of distorted waveform 
into sums of sinusoidal signals of different amplitudes.

In the field of physics, more particularly in industrial applications such as the 
distribution of electrical energy, measurement instruments have been designed to 
measure and analyze the level of harmonic disturbance [7, 9, 10].

In fact, several approaches have been developed that take into account the 
harmonic part. Among these, that of Baudeau takes into account the presence of 
harmonics [11].

The active and reactive powers are expressed respectively by the Eqs. (1) 
and (2):

 φ= Σ ∗ ∗cosn n n nP V I   (1)

 φ= Σ ∗ ∗sinn n n nQ V I   (2)

With n: whole number defining the harmonic order.
Thus, the design power or apparent power is expressed by the following formula:

 = + +2 2 2 2S P Q D   (3)

With, D: distorting power (VAD), P: active power and Q: reactive power.

3.1 Power factor

An electrical parameter defining the level of quality of the power consumed is the 
power factor. It is used by the equation:

 =
S
PFP   (4)

With, P: active power, S: total apparent power (fundamental + harmonic 
components).

3.2 Order of harmonics

The order of the harmonics is the ratio of the frequency of the harmonic (fn) to 
the frequency of the referential or fundamental sinusoidal function (f1). It is written 
as follows [7]:
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 =
1

nfN
f

  (5)

3.3 Effective value of the harmonic quantity

For a deformed magnitude and, in a steady state, the energy dissipated by the 
Joule effect is the sum of the energies dissipated by each of the harmonic compo-
nents [7], i.e.:

The effective value of the harmonic magnitude.

 ( )
=∞

=

= ∑ 2

1
Y

n

n
n

Y   (6)

3.4 Total harmonic distortion (THD)

This quantity allows us to detect grids polluted with harmonics, it can be evalu-
ated with the harmonic distortion rate, according to the definition given by the IEC 
dictionary: this parameter, is also called harmonic distortion or distortion factor. The 
harmonic content can be calculated either with [9, 10]:

The global harmonic rate of distortion. It represents the ratio of the effective value 
of the harmonics Yn to the effective value of the fundamental Y1 [12, 13].

 ( )
=∞
=∑

=
2

2

1

% 100
n
n nYTHD
Y

  (7)

Where, Yn: effective value of (n-1) harmonics and Y1: effective value of the 
fundamental.

It is possible to calculate the individual distortion rate by using the Eq. (8) [7]:

 ( ) =
1

% 100 nYTHI
Y

  (8)

The Eq. (9) is used to evaluate the THD in electrical network distribution fixed by 
the IEEE 519 standard provides guidelines for harmonic current limits at the point of 
common coupling (PCC) [14, 15].

 ( )
=∞
=∑

=
2

2% 100
n
n n

L

I
THD

I
  (9)

In: the maximum rms value delivered in the fundamental state.
IL: Current loads connected to the PCC.
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4. Behavior of harmonics

Several indicators define the presence of harmonics, they make it possible to 
evaluate the quality of the electrical energy and also specify the types of distortions 
present. The C.A 8220 measuring device is the power analyzer used to measure the 
harmonic disturbances likely to be injected into the electrical distribution networks 
via electrical loads.

To study the behavior of the harmonic rate in the presence of electrical charges, 
several scenarios have been developed (Table 1).

The principle consists of connecting the analyzer to the load terminals (see 
Figure 3) to record the harmonic rate of the loads summarized in Table 2.

In single-phase mode, the analyzer is connected in this experiment as follows 
(Figure 4).

The results presented in this part, are to evaluate the harmonic rate of some 
devices and then to observe the behavior of the content of the harmonics according to 
the scenarios:

• The combination of moderately polluting loads (a compressor and an air 
conditioner);

• The combination of highly polluting loads (computers and ultrasound machines) 
and a pure load (water heater).

The figure below gives some illustrations of the measurement devices and the 
principle of data collection (Figure 5).

Name of Loads Power of Loads

Laptop 65 W

Ultrasound-machine 400 W

Air Compressor 750 W

Air Conditioner 1980 W

Water-heater 2200 W

Printer 365 W

Photocopier 1850 W

Fridge 75 W

TV 55 W

Energy-saving light bulb 9 W

Fluorescent Bulb 85 W

Incandescent Bulb 60 W

Cellphone charger 10 W

Table 1. 
Power of loads used.
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5. Results obtained

Based on the measurement principle explained above, it appears that the level of 
distortion varies according to the technology of the electrical charges. The table below 
summarizes the level of harmonic distortion recorded at the terminals of the targeted 
electrical devices.

5.1  Combination: water heater, air conditioner, compressor, ultrasound machine 
and computer

However, by connecting the combination of these devices to a low-voltage 
power supply (220 V, 50 Hz). As shown in Figure 6 we observe a variation of the 
harmonic rate.

5.2 Summary of results

Tables 2 and 3 below summarize respectively the global harmonic rate of each 
device and the variation of the harmonic rate according to the combinations of these 
devices.

5.3 Analysis and interpretation of results

The first scenario begins with the powering up of a computer, we obviously see that 
the harmonic rate is high, estimated at 194.5%. This type of load can then be classified 
as a very polluting load. Once this computer and an ultrasound scanner are supplied 
at the same time, this combination leads to a drop in the Total Harmonic Distortion 
(THD) to 64.9%, thus the combination of two polluting loads of different contents 
leads to a significant drop in the THD. This time, in scenario 3, it is a case of supplying 
the devices of scenario 2 and a resistive load (the water heater) at the same time, the 
result obtained is very interesting because the harmonic rate is low with a THD of 4.9%. 

Figure 3. 
CA8220 analyzer overview [16].
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     Electrical loads Harmonic ranks THD (%)  

  Fluorescent lamp 125.1 

 Ballast lamp 10 

 Incandescent lamp 2.5 

 Fan 4.1 

 Flat screen TV 179.8 

 Phone charger 241.9 

 Printer 21 

 Air conditioner 21.1 
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This explains the impact of resistive loads in the attenuation of harmonic pollution. 
As demonstrated in scenario 3, scenario 6 describes a consequent attenuation of the 
harmonic rate also due to the water heater in the presence of non-linear loads (the air 
conditioner and the compressor), both of which consume energy. However, when the 
water heater is removed from the system, a rise in the THD is observed.   

  Figure 4.
  Single-phase connection [ 16 ].          

  Figure 5.
  Mesure des harmoniques électriques générés par les appareils monophasés.          

     Electrical loads Harmonic ranks THD (%)  

 Computer 197.9  

  Table 2.
  Some results obtained at the terminals of the targeted loads.  



33

Impact of Harmonics on the Electrical Network Distribution
DOI: http://dx.doi.org/10.5772/intechopen.1003772

6. Conclusion

The experimentation carried out in this chapter has made it possible to observe the 
variation in the harmonic rate resulting from the use of nonlinear and linear loads. 
Eight (8) combinations of loads called “Scenario” have been developed in order to 

(a)

(b)

Figure 6. 
Variation of the harmonic rate produced by the combination of linear and non-linear loads.

CODE Loads THDA

1 Computer 194.5

2 Computer + Ultrasound 64.9

3 Computer + Ultrasound + Heater 4.9

4 Computer + Ultrasound + Heater + Compressor 5.2

5 Computer + Ultrasound + Heater + Compressor + Air-conditioner 8.4

6 Heater + Compressor + Air condition 7.9

7 Compressor + Air condition 13.44

8 Computer + Heater 2.82

Table 3. 
Variation of harmonic rate.
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clearly identify the propagation of electrical harmonics in an electrical network. The 
results obtained have shown that the presence of linear loads significantly attenuates 
harmonic disturbances although they are energy-intensive. For example, turning on a 
computer (nonlinear load) and a water heater (linear load) drew a very low harmonic 
current (2.8%) compared to the THD of the computer (197.9%). Thus, linear loads 
contribute to maintaining the quality of electrical energy, particularly the waveform 
of the electrical signal that must exist in the equipment of subscribers even if the new 
WAEMU(UEMOA) energy efficiency policy tends to be replaced.

In perspective, in order to improve the energy efficiency policy, would it be neces-
sary to deepen this experimentation in a grid made up only of electronic devices with 
low electrical consumption?

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Perspective Chapter: Frequency
Domain Models of Nonlinear Loads
in Power Systems
Florin Constantinescu, Alexandru Gabriel Gheorghe,
Mihai Eugen Marin and Florin Roman Enache

Abstract

Section 1 deals with harmonic current sources models for one diode and two diodes
rectifiers, the model parameters being determined by simulations. Section 2 describes
frequency domain (FD) models of nonlinear home appliances whose parameters are
determined by measurements. Some FD models for the loads using firing angle con-
trol devices are presented in Section 3. The fourth section presents the simulations of a
relatively large circuit in the time domain (TD) and in the FD using the algorithms of
CADENCE and ADS. The HB analysis of ADS using the proposed FD models proves to
be the most efficient for this example.

Keywords: nonlinear devices, home appliances, frequency domain models, harmonic
balance, frequency domain analysis, current source models

1. Introduction

Although AC networks contain only undistorted sinusoidal sources of the same
frequency f, their actual voltages and currents often have other spectral components
including several odd and sometimes even multiples of f. The presence of these
spectral components (called harmonics) is due to nonlinear loads such as arcing
devices, saturated transformers, and various types of rectifiers that power electric
transport vehicles or electronic equipment.

The additional losses caused by current harmonics can be reduced by complemen-
tary power compensation. In order to bring the harmonic pollution in the power grid
to an acceptable level [1], some iterative algorithms are used to design the compensa-
tion circuit or to determine its optimal size and location to minimize the effects of
harmonics [2]. This type of calculation sometimes uses evolutionary algorithms, the
efficiency of which depends on the effectiveness of the variant analysis of nonlinear
energy systems.

Usually, periodic steady-state computation of nonlinear power systems is
performed by the time domain analysis. Some transient analysis programs such as
EMTP (Electromagnetic Transient Program) or EMTDC (Electromagnetic Transient
Design and Control) use the “brute force” approach (integrating circuit equations
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until all transients decay) to achieve this [3, 4]. This method is not efficient for
circuits with time constants much larger than the signal period. In this case, is pre-
ferred the shooting method using the Newton-Raphson algorithm [4].

Another method for calculating the periodic steady state of nonlinear circuits is the
frequency domain analysis. The best method of this kind is the harmonic balance
(HB) algorithm, which works on both frequency domain and time domain represen-
tations of the same signal [4, 5]. A signal is represented in the time domain by a set of
evenly spaced samples, while in the frequency domain by a set of spectral compo-
nents. These two sets are related by the direct discrete Fourier transform and inverse
discrete Fourier transform, so the results of time domain analysis can be easily
transformed to the frequency domain, and the results of frequency domain analysis
can also be transformed to the time domain [5].

2. Current sources models with parameters determined by simulations

2.1 One diode rectifier

The circuit in Figure 1 is driven by a sinusoidal voltage source with amplitude
V = 220 V and f = 50 Hz, having C1 = 2 mF and R1 = 37Ω. The rectifier is connected to the
AC source by a cable of 10mm2, with a length of 30 m (Rline = 0.1104 Ω, Lline = 72 μH).

Starting from the linear dependence of the current harmonics amplitudes and
phases on the amplitude and phase on the input voltage fundamental component
suggested in Ref. [3] and using the simplified rectifier schematic described in Refs.
[6, 7], the model of the frequency-defined device (FDD) in Figure 2 has been built.
This model is described by a linear-controlled current source for each harmonic
component, the control parameters being the amplitude and the phase of the voltage
fundamental component V1.

This model is given in Figure 2, followed by its ADS description [8].
V1 = V(out1)

Figure 1.
One diode rectifier with a C filter.

Figure 2.
Linear-controlled source model for the circuit in Figure 1.
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I0 = polar(1.7e-2*mag(V1), 0)
I1 = polar(3.14e-2*mag(V1), 5 + 1*phase(V1))
I2 = polar(2.45e-2*mag(V1), 11 + 2*phase(V1))
I3 = polar(1.54e-2*mag(V1), 17 + 3*phase(V1))
I4 = polar(6.72e-3*mag(V1), 25 + 4*phase(V1))
I5 = polar(6.83e-4*mag(V1), 73 + 5*phase(V1))
I6 = polar(2.48e-3*mag(V1), �158 + 6*phase(V1))
I7 = polar(2.53e-3*mag(V1), �147 + 7*phase(V1))
I8 = polar(1.07e-3*mag(V1), �134 + 8*phase(V1))
I9 = polar(5.059e-4*mag(V1), 21 + 9*phase(V1))
I10 = polar(1.145e-3*mag(V1), 41 + 9*phase(V1))
The coefficients in the amplitude and phase description of the current harmonics

are identified by simulations of the circuit in Figure 1.
A test circuit consisting of 10 identical one-diode rectifiers, connected to a

sinusoidal source with f = 50 Hz and amplitude V = 220 V through a 50 mm2 cable of
30 m (Figure 3) has been used for the harmonic balance analysis, where Rline1 = 34.8
mΩ and Lline1 = 57.6 μH.

2.2 Two diode rectifier

A similar model can be made for a two diode rectifier (Figure 4). This circuit
represents a reduced model of a compact fluorescent lamp [6, 7]. The parameter
values are C1 = C2 = 15 μF, R1 = 5 kΩ.

In this case, the line is a 1 mm2 cable with a length of 30 m, Rline = 1.08 Ω, and
Lline = 72 μH. This model is described as follows [8]:

Figure 3.
One-phase test circuit.

Figure 4.
Two diode rectifier.
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V1 = V(out2)
I1 = polar(1.276e-3*mag(V1), 31 + 1*phase(V1))
I3 = polar(1.024e-3*mag(V1), 94 + 3*phase(V1))
I5 = polar(6.453e-4*mag(V1), 164 + 5*phase(V1))
I7 = polar(3.394e-4*mag(V1), �105 + 7*phase(V1))
I9 = polar(2.643e-4*mag(V1), 9 + 9*phase(V1))
I11 = polar(2.501e-4*mag(V1), 101 + 11*phase(V1))
I13 = polar(1.924e-4*mag(V1), �165 + 13*phase(V1))
I15 = polar(1.5961e-4*mag(V1), �60 + 15*phase(V1))
I17 = polar(1.532e-4*mag(V1), 38 + 17*phase(V1))
I19 = polar(1.3174e-4*mag(V1), 133 + 19*phase(V1))
I21 = polar(1.161e-4*mag(V1), �124 + 21*phase(V1))
The test circuit similar to the one in Figure 3, where 10 identical two diode

rectifiers are connected to a sinusoidal source with f = 50 Hz and amplitude V = 220 V
through a 10 mm2 cable of 30 m has been used for the harmonic balance analysis,
where Rline1 = 110.4 mΩ, Lline1 = 72 μH.

2.3 Analysis

The test circuit of 10 identical one-diode rectifiers, connected to a sinusoidal source of
f = 50 Hz and amplitude V = 220 V through a 50 mm2 cable of 30 m with
Rline1 = 0.0348 Ω, Lline1 = 57.6 μH, (Figure 5) has been used for the harmonic balance
analysis [6].

This section presents the results of a harmonic balance analysis performed using
ADS. Two circuits with the structure shown in Figure 5 are analyzed. The current

Figure 5.
One-phase test circuit.

Figure 6.
Source current for the circuit in Figure 5 with one diode rectifier: (a) waveform and (b) spectrum.
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through the sinusoidal voltage source can be considered as a global variable
representing the behavior of the test circuit. Results shown as red waveforms or
spectral lines are obtained using a classical nonlinear model defined by time domain
eqs. (TD model). Results shown as blue waveforms or spectral lines were determined
using the models described in Sections 1.1 and 1.2.

The current through the sinusoidal voltage source can be viewed as a global
variable representing the behavior of the test circuit (Figure 6) [8].

The results obtained using the classical time-domain model are similar to those
obtained using the proposed model, in the both time and frequency domains. The
analysis using the classical time-domain model takes 0.96 seconds, while the analysis
using the proposed model takes only 0.17 seconds. In both cases, 20 significant har-
monic components are considered.

The harmonic balance analysis of a test circuit of 10 two-diode rectifiers produced
similar results (Figure 7). In this case, the simulation time is 4.12 seconds using the
classical nonlinear model described in the time domain, but only 0.19 seconds using
the proposed model.

These simulations have been performed with 35 harmonic components. It is obvi-
ous that as the harmonics number increases, a greater simulation time is obtained
using FD models.

Some other properties of these FD models are described in Ref. [8]: It can repro-
duce the third current harmonic reduction as the length of a line supplying fluorescent
lamps increases [6]. The accuracy of this simple model is not preserved for long lines
of about several Km.

The proposed FD model reduces the simulation time by about an order of magni-
tude compared to the classical TD model using nonlinear loads described in the time
domain. This result can be explained as follows:

• using the proposed model, the harmonic balance works only in the frequency
domain, whereas using the classical model with nonlinear components, the
algorithm works in both the frequency and time domains,

• no source stepping is required when using the proposed model, unlike when
using the TD model in the same circuit.

The content of the paragraph “1. Current sources models with parameters determined by
simulations” reproduces the research reported for the first time in Ref. [8].

Figure 7.
Source current waveform for the circuit in Figure 5 with two diode rectifiers: (a) waveform and (b) spectrum.
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3. Current source models with parameters determined by measurements

Numerous home appliances have complex electronic circuits, and in some cases,
circuit diagrams and/or unknown parameters are not available and the methods in
Section 1 cannot be used. A new approach to computing the parameters of their FD
models, based on measurements, is described in this section [9, 10].

An analyzer is a relatively simple apparatus able to compute the modules and
phases of the harmonic components of a non-sinusoidal waveform; the results are
given with two significant digits. For example, an air conditioning system whose
voltage and current waveforms are given in Figure 8 has its measured current har-
monic components given in Table 1. Considering these harmonic components, the
waveform in Figure 9 is rebuilt. This waveform is, at first glance, very close to that in
Figure 8. Similar FD models have been built for a vacuum cleaner, a microwave oven,

Figure 8.
Air conditioning system voltage and current waveforms—Measurements.

H order 1 3 5 7 9 11 13 15 17 19

I [A] 2.8 1.9 0.75 0.3 0.3 0.1 0.1 0.1 0.1 0.1

Phase [°] 0 147 �70 2 126 �120 �80 55 110 �140

Table 1.
Air conditioning system measured current harmonic components.

Figure 9.
Air conditioning system voltage and current waveforms—Simulation.
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and a compact fluorescent lamp [8]. A three-phase network containing the FD
models mentioned before has been simulated with the usual TD models and with
proposed FDmodels. Because of the low precision of the measurements made with the
analyzer (1–3 digits), the results obtained with these FD models are not accurate.

A network analyzer is a more sophisticated device which measures a set of several
hundred time—samples to characterize a current waveform. A program for the com-
putation of the modules and phases of the harmonic components delivers accurate
values of these magnitudes. The results of this kind of measurement and computations
are described in Ref. [10]. The FD models are given as results of linear interpolations
of the measured data in the format proposed in Ref. [3]. Some results are given below
for several devices (Figures 10 and 11, Tables 2–8).

Figure 10.
RMS values of the current harmonics for a CFL 10 W.

Figure 11.
Phases of the current harmonics for a CFL 10 W.
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The FD models of other nonlinear loads containing diode rectifiers are given
below [10].

RMS [A] PHASE [°]

rms(I1) = �5E-18 V1 + 6E-2 ph(I1) = 0

rms(I3) = 3E-5 V1 + 4E-2 ph(I3) = �2.8E-2 Φ1 + 184

rms(I5) = 4E-5 V1 + 2.2E-2 ph(I5) = �0.11 Φ1 + 35

rms(I7) = 1E-6 V1 + 2.4E-2 ph(I7) = �0.17 Φ1-102

rms(I9) = 7E-6 V1 + 2.1E-2 ph(I9) = �0.14 Φ1 + 90

rms(I11) = 3E-5 V1 + 1E-2 ph(I11) = �0.21 Φ1-55

rms(I13) = 2E-7 V1 + 1.3E-2 ph(I13) = �0.38 Φ1 + 193

rms(I15) = �2E-5 V1 + 1.6E-2 ph(I15) = �0.27 Φ1 + 20

rms(I17) = 6E-6 V1 + 9.3E-3 ph(I17) = �0.3 Φ1 + 228

Table 2.
TFD model for a CFL 10 W.

RMS [A] for LED 5 W PHASE [°] for LED 5 W

rms(I1) = 0.2 ph(I1) = 0

rms(I3) = 2E-5 V1 + 1.3E-2 ph(I3) = �0.06 Φ1 + 186

rms(I5) = 4E-5 V1 + 4.6E-3 ph(I5) = �0.17 Φ1 + 33

rms(I7) = 3E-5 V1 + 2.7 E-3 ph(I7) = �0.39 Φ1-83

rms(I9) = 1E-5 V1 + 5.3E-3 ph(I9) = �0.49 Φ1 + 136

rms(I11) = 2E-5 V1 + 3.2E-3 ph(I11) = �0.48 Φ1-33

rms(I13) = 3E-5 V1-8.2E-4 ph(I13) = �0.64 Φ1 + 197

rms(I15) = 2E-5 V1-2.8E-4 ph(I15) = �0.95 Φ1 + 106

rms(I17) = 2E-5 V1-1.1E-3 ph(I17) = �0.98 Φ1 + 315

Table 3.
FD model for LED 5 W.

RMS [A] for LED 17 W PHASE [°] for LED 17 W

rms(I1) = �3.9E-4 V1 + 1.6E-1 ph(I1) = 0

rms(I3) = �2.3E-4 V1 + 1.2E-1 ph(I3) = �3.9E-2 Φ1 + 185

rms(I5) = �5E-5 V1 + 6 E-2 ph(I5) = �0.17 Φ1 + 38

rms(I7) = �2E-5 V1 + 4E-2 ph(I7) = �0.44 Φ1-67

rms(I9) = �8E-5 V1 + 4.6E-2 ph(I9) = �0.54 Φ1 + 157

rms(I11) = �3E-5 V1 + 3.2E-2 ph(I11) = �0.55 Φ1-5

rms(I13) = 4E-5 V1 + 1.1E-2 ph(I13) = �0.77 Φ1 + 241

rms(I15) = 7E-6 V1 + 1.4E-2 ph(I15) = �1.11 Φ1 + 157

rms(I17) = 2E-5 V1 + 6.5E-3 ph(I17) = �1.12 Φ1+ 362

Table 4.
FD model for LED 17 W.
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The appliance has an automatic power management system that tries to keep the
cooling capacity constant. This effect becomes evident when considering the decreas-
ing dependence of I1 on V1. A similar effect can also be observed with a 17 W LED.

RMS [A] for air conditioner (cooling) PHASE [°] for air conditioner (cooling)

rms(I1) = �5E-3 V1 + 3.38 ph(I1) = 0

rms(I3) = �1.5E-3 V1 + 1.94 ph(I3) = �0.24 Φ1 + 192

rms(I5) = 1.8E-3 V1 + 0.32 ph(I5) = �0.29 Φ1-19

rms(I7) = �1.2E-3 V1 + 0.49 ph(I7) = 0.01 Φ1-15

rms(I9) = �5E-05 V1 + 0.31 ph(I9) = �0.66 Φ1 + 246

rms(I11) = 1.9E-3 V1-0.29 ph(I11) = �0.65 Φ1 + 17

rms(I13) = �1.4E-3 V1 + 0.39 ph(I13) = �0.86 Φ1 + 63

rms(I15) = 4E-4 V1-2E-4 ph(I15) = �1.02 Φ1 + 248

rms(I17) = �3E-4 V1 + 8.7E-2 ph(I17) = 0.88 Φ1-113

Table 6.
FD model for air conditioner (cooling).

RMS [A] for vacuum cleaner (maximum power) Phase [°] for vacuum cleaner (maximum power)

rms(I1) = 3E-3 V1 + 3.8 ph(I1) = 0

rms(I3) = 1.6 E-2 V1-2.83 ph(I3) = 0.45 Φ1 + 83

rms(I5) = 7.8E-3 V1-1.55 ph(I5) = �0.79 Φ1 + 342

rms(I7) = 5.5E-3 V1-1.12 ph(I7) = 1.38 Φ1-243

rms(I9) = 7E-4 V1-0.11 ph(I9) = 3.62 Φ1-894

rms(I11) = 8E-4 V1-0.15 ph(I11) = �3.17 Φ1 + 783

rms(I13) = 7E-05 V1 + 4.2E-2 ph(I13) = 1.32 Φ1-103

rms(I15) = 3E-4 V1-2.3E-2 ph(I15) = �0.14 Φ1-155

rms(I17) = 1E-3 V1-0.19 ph(I17) = �1.15 Φ1 + 395

Table 7.
FD model for a VACUUM CLEANER (maximum power).

RMS [A] for air conditioner (heating) Phase [°] for air conditioner (heating)

rms(I1) = �7E-3 V1 + 6.14 ph(I1) = 0

rms(I3) = �1.6E-3 V1 + 1.21 ph(I3) = �0.1 Φ1 + 142

rms(I5) = 7E-4 V1 + 0.47 ph(I5) = �0.02 Φ1-92

rms(I7) = 4E-4 V1 + 0.16 ph(I7) = 0.14 Φ1-34

rms(I9) = �8E-4 V1 + 0.32 ph(I9) = �0.21 Φ1 + 118

rms(I11) = 8E-4 V1 + 1.6E-2 ph(I11) = �0.18 Φ1-122

rms(I13) = 5E-4 V1 - 5E-2 ph(I13) = 0.88 Φ1-245

rms(I15) = �7E-4 V1 + 0.21 ph(I15) = �0.28 Φ1 + 52

rms(I17) = 5E-4 V1-4.5E-2 ph(I17) = �0.02 Φ1 + 108

Table 5.
FD model for air conditioner (heating).
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The FD models for other devices or other operating conditions are described in
Ref. [10], also.

The content of the paragraph “2. Current sources models with parameters determined by
measurements” reproduces the research reported for the first time in Ref. [10].

4. Frequency domain models for nonlinear devices with firing angle
control devices

This section discusses the frequency domain models of a nonlinear load with a
firing angle controller. The conduction state of devices such as thyristors, IGBTs
(insulated gate bipolar transistors), TRIACs (triodes for alternating current), and
DIACs (diodes for alternating current) is controlled by command signals [11].

4.1 Input-output models depending on firing angle and input voltage: Simulations

The models developed in the above sections characterize only the input behavior of
a circuit block, which is a load in a power system. Sometimes, a load in the power
system is a two-port: one port being its connection with the power system and the
second port being associated with output quantities of interest. The models presented
in this section can be developed on the basis of datasets obtained from network
analyzer measurements or simulations with dedicated software.

In this section, we simulate a single-phase, fully controlled four-transistor
bridge rectifier driven by a sinusoidal voltage source with amplitude V = 30 V and
frequency f = 50 Hz (Figure 12). The load is a 10 ohms resistive load [12]. The
following procedure can also be used for any type of nonlinear firing angle control
device.

In this example, the firing angle is swept from 10 to 90 degrees with a
10-degree increment. The output port current (the load current) and input port
current (the voltage source current) for all firing angles are shown in Figures 13
and 14.

The RMS value of the first five odd harmonic components of the input current
varies with the firing angle α, as shown in Figure 15, and the RMS value of the next

RMS [A] for refrigerator (closed door) Phase [°] for refrigerator (closed door)

rms(I1) = 2E-3 V1 + 0.48 ph(I1) = 0

rms(I3) = �5E-5 V1 + 1.2E-1 ph(I3) = 0.32 Φ1-196

rms(I5) = �4E-4 V1 + 1.3E-1 ph(I5) = 1.41 Φ1-388

rms(I7) = �4E-5 V1 + 1.9E-2 ph(I7) = 0.85 Φ1-274

rms(I9) = 5E-5 V1-6.1E-3 ph(I9) = �4.17 Φ1+ 840

rms(I11) = �3E-6 V1 + 2.7E-3 ph(I11) = 1.27 Φ1-229

rms(I13) = 1E-5 V1-8E-4 ph(I13) = �7.32 Φ1 + 1615

rms(I15) = 1E-5 V1-1.9E-3 ph(I15) = �3.95 Φ1 + 845

rms(I17) = �2E-5 V1 + 4.7E-3 ph(I17) = 2.95 Φ1-716

Table 8.
FD model for a refrigerator.
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Figure 12.
Single-phase fully controlled bridge rectifier.

Figure 13.
The output port current.

Figure 14.
The input port current.
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five odd harmonic components of the input current varies with the firing angle α, as
shown in Figure 16.

Starting from these samples, the α dependence for the most important odd input
current harmonic RMS values has been computed by quadratic interpolation:

mag(I1) = �1.63E-4�α2-2.25E-3�α + 2.78E+0.
mag(I3) = �1.46E-4�α2 + 2.39E-2�α - 8.59E-2.
mag(I5) = �1.62E-5�α2 + 3.38E-3�α + 9.87E-2.
mag(I7) = �6.75E-5�α2 + 8.22E-3�α + 1.09E-1.
mag(I9) = �1.50E-5�α2 + 2.91E-3�α + 6.37E-2.
mag(I11) = �2.29E-5�α2 + 3.43E-3�α + 2.95E-2.
mag(I13) = �1.62E-5�α2 + 2.70E-3�α + 2.50E-2.
mag(I15) = �1.81E-5�α2 + 2.68E-3�α + 1.54E-2.
mag(I17) = �1.47E-5�α2 + 2.26E-3�α + 1.47E-2.
mag(I19) = �1.18E-5�α2 + 1.86E-3�α + 1.64E-2.
After a similar technique, the variation of the first five odd harmonic

components of the phase input current with α is shown in Figure 17, and the variation
of the next five odd harmonic components of the phase input current with α is shown
in Figure 18.

From these samples, the phase dependence of the most important odd harmonics
of the input current on α is calculated by quadratic interpolation:

phase(I1) = �2.35E-3�α2-2.27E-1�α - 8.96E+1.
phase(I3) = �5.88E-3�α2-1.17E+0�α + 1.28E+2.

Figure 15.
RMS of odd current harmonics (1st-9th) vs. firing angle—Input port current.

Figure 16.
RMS of odd current harmonics (11th–19th) vs. firing angle—Input port current.
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phase(I5) = �2.52E-2�α2-1.86E+0�α + 1.14E+2.
phase(I7) = �6.10E-3�α2-5.93E+0�α + 1.38E+2.
phase(I9) = �5.44E-3�α2-8.21E+0�α + 1.25E+2.
phase(I11) = �6.83E-4�α2-1.07E+1�α + 1.09E+2.
phase(I13) = �1.36E-3�α2-1.26E+1�α + 8.18E+1.
phase(I15) = 3.35E-2�α2-1.40E+1�α - 5.20E+1.
phase(I17) = �7.93E-3�α2-1.78E+1�α + 3.45E+2.
phase(I19) = �4.11E-3�α2-1.43E+1�α + 4.93E+1.

Figure 17.
Phase of odd current harmonics (1st-9th) vs. firing angle—Input port current.

Figure 18.
Phase odd current harmonics (11th–19th) vs. firing angle—Input port current.

Figure 19.
RMS of even current harmonics (DC-8th) vs. firing angle—Output port current.
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Similarly, the variation of the amplitude of the first five even harmonic compo-
nents of the output current with the firing angle is shown in Figure 19, and the
variation of the amplitude of the next five even harmonic components of the output
current with the firing angle is shown in Figure 20.

The dependence of the most significant even output current harmonics amplitudes
on the firing angle is calculated by quadratic interpolation based on the following
samples:

mag(I0) = �6.39E-5�α2-6.40E-3�α + 1.75E+0.
mag(I2) = �2.03E-4�α2 + 1.73E-2�α + 1.19E+0.
mag(I4) = 8.11E-5�α2-4.54E-3�α + 3.55E-1.
mag(I6) = �7.29E-5�α2 + 9.56E-3�α - 8.38E-3.
mag(I8) = �2.96E-5�α2 + 5.01E-3�α + 2.43E-2.
mag(I10) = �3.13E-5�α2 + 4.46E-3�α + 1.69E-2.
mag(I12) = �1.87E-5�α2 + 2.98E-3�α + 2.88E-2.
mag(I14) = �1.40E-5�α2 + 2.32E-3�α + 2.93E-2.
mag(I16) = �1.46E-5�α2 + 2.21E-3�α + 2.22E-2.
mag(I18) = �1.06E-5�α2 + 1.78E-3�α + 2.16E-2.
The variation of the phase of the first five even harmonic components of the input

current with the firing angle is shown in Figure 21, and the variation of the phase of
the next five even harmonic components of the input current with the firing angle is
shown in Figure 22.

Figure 20.
RMS of even current harmonics (10th–18th) vs. firing angle—Output port current.

Figure 21.
Phase of even current harmonics (2nd-8th) vs. firing angle—Output port current.
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The phase dependence of the most important even harmonic output current com-
ponents on α is calculated by quadratic interpolation starting from these data:

phase(I2) = �5.42E-3�α2-4.03E-1�α + 2.64E+0.
phase(I4) = �1.42E-3�α2-3.89E+0�α + 2.99E+1.
phase(I6) = 7.53E-3�α2-6.49E+0�α + 8.47E+0.
phase(I8) = �9.28E-4�α2-7.60E+0�α - 3.69E+1.
phase(I10) = �8.80E-3�α2-8.75E+0�α - 8.11E+1.
phase(I12) = �7.12E-3�α2-1.09E+1�α - 1.05E+2.
phase(I14) = �7.50E-3�α2-1.29E+1�α - 1.27E+2.
phase(I16) = �4.53E-3�α2-1.52E+1�α - 1.46E+2.
phase(I18) = �3.57E-3�α2-1.73E+1�α - 1.70E+2.

4.2 New input-output FD model implementation

Ideally, the grid provides a constant RMS voltage, such as 230 V. The voltage is
considered a constant RMS value, even if it fluctuates within a small range. Therefore,
we can say that, under normal conditions, circuits operate at constant magnitude
values at and around the supply voltage, and the next model of the current source type
is proposed. This model uses a current source controlled by the input voltage. Each
current harmonic is described by its magnitude and phase. The control parameters are
the amplitude and phase of the fundamental component of the input voltage and the
firing angle. This is the first improvement of the model presented in this section. The
second improvement of the same model is its implementation in ADS using a
Frequency Domain Defined 2-Port component (FDD2P), and its validation by simu-
lations leading to the same results as those obtained by the simulation of the circuit in
Figure 23.

Figure 22.
Phase of even current harmonics (10th–18th) vs. firing angle—Output port current.

Figure 23.
Nonlinear controlled source model of circuit in Figure 12.
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The equations obtained in the previous section and the magnitude and phase
dependencies are implemented in the ADS software, as shown in Figures 24–26.

One major advantage of this type of FD model is the reduction of the simulation
time. In Table 9, the CPU times for the simulations of the circuit in Figure 12 using
the TD model and using the FD model for the HB analysis are given.

An input-output FD model for a full-controlled bridge rectifier with four transis-
tors has been presented in this section. The model consists of two sets of equations and
can be extended to circuits with multiple ports. The models presented in this section
can be obtained by using a network analyzer to make magnitude and phase measure-
ments of all harmonic components of interest, or from datasets obtained using circuit
simulation software that provides odd and even current harmonics. This model is
characterized by a quadratic dependence of the amplitudes and phases of the current
harmonics on the firing angle at the same input voltage. FD models reduce simulation
time compared to classic HB analysis using TD models. To further improve the
accuracy of the model, the number of considered harmonics can be increased, and the
interpolation approximation function can be improved. However, the number of

Figure 24.
Model implementation in ADS.

Figure 25.
The output port current—Simulated.
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harmonics considered must be chosen carefully, as it increases simulation time with-
out appreciably improving results. This type of FD model can also be used for larger
circuits and networks. In this case, it is foreseeable that the simulation time will be
significantly reduced compared to the classical model. Another important advantage is
after the computation of the model parameters, a lot of new simulations can be
performed in a considerably shorter time than a customary analysis.

4.3 Models depending on firing angle and input voltage: Measurements

Some measurements on one-phase and three-phase thyristor rectifiers (Figures 27
and 28), which may lead to their frequency domain models, are reported in this
section together with an FD model of a one-phase rectifier with two thyristors.

Model CPU time [s]

TD 8.80

FD 2.37

Table 9.
Simulation results.

Figure 26.
The input port current—Simulated.

Figure 27.
One-phase rectifier.
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The current harmonics amplitudes and phases, depending on the fundamental
component of the voltage, are measured for various values of the firing angle
(Figures 29–38) in the case of the one-phase rectifier.

The following measurement results are obtained for one phase of the three-phase
rectifier in Figures 28, 39–48.

Similar results have been obtained for the other two phases of the rectifier.

Figure 28.
Three-phase rectifier.

Figure 29.
RMS values for I1—I19 for α = 21°.
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Figure 30.
PHASE values for I1—I19 α = 21°.

Figure 31.
RMS values for I1—I19 for α = 50°.

Figure 32.
PHASE values for I1—I19 for α = 50°.
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Figure 33.
RMS values for I1—I19 for α = 70°.

Figure 34.
PHASE values for I1—I19 for α = 70°.

Figure 35.
RMS values for I1—I19 for α = 90°.
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Figure 36.
PHASE values for I1—I19 for α = 90°.

Figure 37.
RMS values for I1—I19 for α = 150°.

Figure 38.
PHASE values for I1—I19 for α = 150°.
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Figure 39.
RMS values for α = 21°.

Figure 40.
PHASE values for α = 21°.

Figure 41.
RMS values for α = 50°.
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Figure 42.
PHASE values for α = 50°.

Figure 43.
RMS values for α = 70°.

Figure 44.
PHASE values for α = 70°.
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Figure 46.
PHASE values for α = 90°.

Figure 47.
RMS values for α = 121°.

Figure 45.
RMS values for α = 90°.
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4.4 Frequency domain model of a one-phase two thyristors rectifier

From the measurement results, it follows that a useful model of a one-phase
thyristor rectifier must compute the dependencies of the RMS and phase values of
each current harmonic component on V1 and phase(V1), starting from the measured
dependencies on V1 for a set of firing angles. The simplest dependence on V1 and phase
(V1) is a polynomial of two variables, which can be easily implemented in ADS
software.

In order to verify the validity of our approach, we ignore the measured values for
α3 = 700 and try to compute them using two interpolation polynomials. The current
amplitudes and phases of the current harmonics have been measured for the following
values of V1 and α (Tables 10 and 11).

To verify the validity of our approach, we ignore the measured values for α3 = 700

and compute them using several interpolation methods:

• the poly45 function, which is a polynomial implemented in MATLAB and is
based on the measured results for four values of α and five values of V1,

• other interpolation polynomials, based on five values for α and six values of V1.

U1 [V] U2 [V] U3 [V] U4 [V] U5 [V] U6 [V]

207 215 222 230 240 253

Table 10.
V1 values.

α1 [°] α2 [°] α3 [°] α4 [°] α5 [°] α6 [°]

21 50 70 90 126 150

Table 11.
Firing angles values.

Figure 48.
PHASE values for α = 121°.
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Finally, these results are compared with those given by a genetic algorithm based
on the current samples measured by the network analyzer [13].

Interpolation algorithm: Giving the measured current samples ij ¼ i tj
� �

, j ¼ 1, S, the
RMS values I2k�1 and initial phases φ2k�1 for the fundamental component and the odd
harmonics up to the 11th order k ¼ 1, 6

� �
are calculated so that the sum of the above

components represents the best approximation of the measured current waveform:

i tð Þ ¼
X6

k¼1

ffiffiffi
2

p
I2k�1 sin 2k� 1ð Þωtþ φ2k�1ð Þ (1)

To this end, the following error function is defined:

ERR I1,φ1, I3,φ3, … , I11,φ11ð Þ ¼
XS
i¼1

ij � i tj
� �� �2 (2)

Introducing (1) in (2) it follows:

ERR I1,φ1, I3,φ3, … , I11,φ11ð Þ ¼
XS
j¼1

ij �
X6

k¼1

ffiffiffi
2

p
I2k�1 sin 2k� 1ð Þωtj þ φ2k�1

� �" #2

(3)

This error function has 12 variables, so a solution vector x with 12 components is
defined to minimize the value of the above function using MATLAB. The
corresponding relationship between the solution vector and each component of x is:

A2k�1 ! x2k�1,φ2k�1 ! x2k, k ¼ 1, 6 (4)

Employing (4) in (3), we obtain:

ERR x1, x2, … , x11, x12ð Þ ¼
XS
j¼1

ij �
X6

k¼1

ffiffiffi
2

p
x2k�1 sin 2k� 1ð Þωtj þ x2k

� �" #2
(5)

The error function in (5) was generated with MAPLE and converted into the
MATLAB code. This error function value can be minimized using the MATLAB
function ga from the Global Optimization Toolbox. This minimization method uses a
genetic algorithm to find the RMS value and phase of the odd harmonic components
of order 1–11. To do this, the ga function uses the following options: “HybridFcn”,
@fminunc, “Generations”, 1200, “TolFun”, 1e-15.

In this way, the algorithm calculates the RMS and initial phase values of the six odd
harmonic current components for a set of M�N points defined by the values of the
fundamental voltage components Um,m ¼ 1,M and the values of firing angle
αn, n ¼ 1,N.

To calculate the same RMS and initial phase values of the six odd harmonic
components at the new point, the polynomial interpolation described below is used.
That is, in order to calculate the RMS value Ik and the initial phase φk of the k

th current
harmonic, two M� 1ð Þ � N � 1ð Þ-order interpolation polynomials are built. Here are
the two variable polynomials in U and α:
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PIk U, αð Þ ¼
XM
i¼1

Ui�1
XN
j¼1

Ajþ i�1ð Þ�Nαj�1

 !

¼ A1 þ A2αþ …ANα
N�1 þ ANþ1U þ … þ A2NUαN�1 þ …

þA1þ M�1ð Þ�NUM�1 þ … þ AM�NUM�1αN�1

(6)

Pφk
U, αð Þ ¼

XM
i¼1

Ui�1
XN
j¼1

Bjþ i�1ð Þ�Nαj�1

 !

¼ B1 þ B2αþ …BNα
N�1 þ BNþ1U þ … þ B2NUαN�1 þ …

þ B1þ M�1ð Þ�NUM�1 þ … þ BM�NUM�1αN�1

(7)

These polynomials are constructed in such a way that their computation yields the
RMS value of Ik and the initial phase of Ik, which correspond to the fundamental
voltage component Um and firing angle αn:

PIk Um, αnð Þ ¼
XM
i¼1

Ui�1
m

XN
j¼1

Ajþ i�1ð Þ�Nαj�1
n

 !
¼ Ik Um, αnð Þ (8)

Pφk
Um, αnð Þ ¼

XM
i¼1

Ui�1
m

XN
j¼1

Bjþ i�1ð Þ�Nαj�1
n

 !
¼ φk Um, αnð Þ (9)

The computation of the coefficients Ajþ i�1ð Þ�N, respectively Bjþ i�1ð Þ�N, i ¼ 1,M,
j ¼ 1,N is done by solving the following equation systems:

A1 þ A2αn þ … þ Ajþ i�1ð Þ�NUi�1
m αj�1

n þ … þ AM�NUM�1
m αN�1

n ¼ Ik Um, αnð Þ,
m ¼ 1,M, n ¼ 1,N,

i ¼ 1,M, j ¼ 1,N
� � (10)

B1 þ B2αn þ … þ Bjþ i�1ð Þ�NUi�1
m αj�1

n þ … þ BM�NUM�1
m αN�1

n ¼ φk Um, αnð Þ,
m ¼ 1,M, n ¼ 1,N,

i ¼ 1,M, j ¼ 1,N
� � (11)

Knowing the values of the coefficients Ajþ i�1ð Þ�N, and Bjþ i�1ð Þ�N, for i ¼ 1,M, and
j ¼ 1,N, the algorithm computes the RMS value and the initial phase of the kth current
harmonic in a point corresponding to the fundamental voltage RMS value U0,
U1 ≤U0 ≤UM, and to the firing angle α’, α1 ≤ α0 ≤ αN, as:

Ik U0, α0ð Þ ¼ PIk U0, α0ð Þ ¼
XM
i¼1

XN
j¼1

Ajþ i�1ð Þ�Nα0j�1U0i�1 (12)

φk U0, α0ð Þ ¼ Pφk
U0, α0ð Þ ¼

XM
i¼1

XN
j¼1

Bjþ i�1ð Þ�Nα0j�1U0i�1 (13)

In order to compare the results, the magnitudes in (12) and (13) are computed
with the function fit from the Curve Fitting Toolbox of MATLAB. The parameter
fitType is “poly45”, and in this case, the polynomial has the order 4�5, its variables
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being αn Um. Obviously, the FD models are the curves Ik(Um, αn) αn = ct and φk(Um,
αn) αn = ct obtained from (8) and (9) or from (12) and (13). These are polynomials in
Um and may be considered as a generalization of the linear models in (1). This kind of
model can be easily implemented in ADS.

Results: The performance of the model obtained using the Poly45 function
(MATLAB) and the polynomial interpolation described in the previous section is
shown below. The RMS values of the dependence of the fundamental current compo-
nents on U and α are represented by the red dots in Figure 49.

This dependence is compared to that of the genetic algorithm in Ref. [14], based on
the measured time samples (green dots). If there is no measurement data for α = 700,
the measurement points correspond to 6 values of U and 5 values of α, so the poly45
function chooses the best 20 points to create the interpolating polynomial (blue
points).

The error measure for this interpolation method is the distance between each pair
of green and red points in Figure 49.

Figure 50 shows a similar interpolation error measurement for the initial phase of
the fundamental component of the current computed using poly45 (MATLAB).

Figure 49.
First harmonic RMS value vs. U and α (poly45).

Figure 50.
First harmonic initial phase value vs. U and α (poly45).
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The error of the proposed interpolation method can be estimated by analyzing
Figures 51 and 52. A simple inspection of the distance between each pair of green and
red points shows that the proposed interpolation method gives better results than the
poly45 function (MATLAB).

Below, the RMS values and the initial phase values dependences on U of all odd
current harmonics obtained by the two interpolation algorithms with α = 700 are
compared with the same dependences given by the genetic algorithm in Ref. [14],
which are based on the measured time samples and is regarded as the minimum error
data (Figures 53–58).

A simple inspection of Figures 49–52 shows that the results obtained using the
poly45 function (MATLAB) and the proposed interpolation algorithm are very close to
those of the genetic algorithm based on measurement time samples in Ref. [14]. From
Figures 56–58, it can be seen that the initial phase obtained using the poly45 function
(MATLAB) and the proposed interpolation has a significant error compared to the
initial phase obtained by the genetic algorithm in Ref. [14], unlike the RMS values.

Another possibility for different methods of error estimation is waveform recon-
struction. Figure 59 shows the following current waveforms: measured (red line),
reconstructed using the algorithm in Ref. [14] (blue line), reconstructed using Poly45

Figure 51.
First harmonic RMS value vs. U and α (proposed interpolation).

Figure 52.
First harmonic initial phase value vs. U and α (proposed interpolation).
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interpolation (pink line), and reconstructed using the proposed polynomial interpola-
tion (green line).

It is obvious that the waveform obtained using the genetic algorithm in Ref. [14] is
closest to the measured waveform.

To measure such errors, Figure 60 shows the spectrum of RMS values at α = 700

and U = 230 V obtained using the poly45 interpolation algorithm (red line) and the

Figure 53.
RMS values vs. U for α = 700 obtained with the genetic algorithm [14].

Figure 54.
RMS values vs. U for α = 700 obtained with poly45 (MATLAB).

Figure 55.
RMS values vs. U for α = 700 obtained with the proposed interpolation.
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proposed interpolation algorithm (green line) in comparison with the spectrum (blue
line) corresponding to the RMS value calculated by the algorithm in Ref. [14]. At first
glance, all results are very close.

The phase spectrum at α = 700 and U = 230 V calculated using the same algorithm
is shown in Figure 61. In this case, some important errors can be noted.

Figure 56.
Phases vs. U for α = 700 obtained with the genetic algoritm [13].

Figure 57.
Phases vs. U for α = 700 obtained with poly45 (MATLAB).

Figure 58.
Phases vs. U for α = 700 obtained with the proposed interpolation.
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4.5 Comparison between interpolation algorithms

Since the losses in the transmission line are proportional to I2 (I – RMS value of the
current), this value can be used as a failure criterion for the algorithm to calculate the
current harmonics. The RMS current value can be calculated using the well-known
formula:

Figure 59.
Measured and reconstructed current waveforms for α = 700 and U = 230 V.

Figure 60.
RMS current harmonics spectrum.

Figure 61.
Initial phase current harmonics spectrum.
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I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX6

k¼1
I22k�1

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I21 þ I23 þ I25 þ I27 þ I29 þ I211

q
(14)

The values of I1 and I obtained using various algorithms using (14) are given in
Table 12.

The RMS value of I can be calculated using time samples of the current waveform
(Table 13).

ij ¼ i tj
� �

, j ¼ 1, S (15)

as : I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
S

XS

j¼1
i2j

r
(16)

Themaximum relative error between the RMS values of I calculated with different
algorithms is 1.5%, so these results canbe considered similar fromapractical point of view.

Unlike diode rectifiers, whose behavior is determined only by the parameters V1

and phase(V1), the behavior of a rectifier with two thyristors is determined by an
additional parameter: the firing angle α. For certain values of α (in the case of the two
thyristors rectifier for α = 210), the dependence of I1 on U is nonlinear, so the linear
small-signal model used in Refs. [8–10] is not valid. This is because the building of the
FD model requires a relatively complex interpolation algorithm, as described in this
section. The model consists of higher-order polynomials representing the surface, as
shown in Figures 49–52, cross sections α = ct. Further research will be devoted to the
FD models of the IGBT circuits.

Since the FD model of the diode rectifier achieves an order of magnitude reduction
in CPU time compared to the HB analysis using the TD diode model [8], it is expected
that the FD model of the firing angle control devices will lead to a similar reduction in
simulation time.

The content of paragraph “3. Frequency domain models for nonlinear devices with firing
angle control devices” reproduces the research reported for the first time in Refs. [12, 15].

5. FD and TD models efficiency

A three-phase test circuit with 10 identical loads (Figure 62), each consisting in 10
rectifiers, connected to a three-phase sinusoidal source with f = 50 Hz and amplitude

Genetic algorithm [8] Proposed interpolation algorithm “poly45” (MATLAB)

I1 [mA] 390.471 389.063 394.656

I [mA] 396.683 394.537 400.050

Table 12.
RMS values computed from Ik.

Measured Genetic algorithm
[8]

Proposed interpolation
algorithm

Interpolation using
“poly45”

I[mA] 396.925 396.395 394.676 400.285

Table 13.
RMS values computed from time samples.
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V = 230 V has been used for a comparison of the simulation times obtained with HB
method of ADS using the FD models proposed in Ref. [8], HB method of ADS using
the usual TD models, and the following analyses implemented in CADENCE using TD
models: TRAN, PSS TRAN, and PSS-HB [16].

Each rectifier is connected to the 400 m line by a 6mm2 cable of 30 m with
Rphase = 4.767 Ω/Km and Xphase = 0.101 Ω/Km. Each sinusoidal source is connected to
the load by a line of 400 m with Rline = 0.045 Ω/Km and Xline = 0.074 Ω/Km. Each
group of loads contains five one-diode rectifiers and five two-diode rectifiers, as those
in Figures 1 and 4. This home appliance is a non-equilibrated circuit containing 150
capacitors, 150 diodes, 100 inductors, and 200 resistors (Figure 62).

The phase currents i1(t), i2(t), i3(t) are pointed out in Figures 63 and 64, and iN(t)
is considered through Vn.

The models used to obtain the results in Figures 63–65 are based on linear depen-
dence outlined in Section 1. To ensure the convergence of all analyses, we added the
conductance Gmin = 1e-6 Ω�1 in parallel with all P-N junctions. The CPU times for all
analyses are given in Table 14 [16].

From Table 14 it is obvious that the HB ADS analysis using the proposed models is
the most efficient. Using FD models, the results corresponding to the original circuit
(Gmin = 0) can be obtained in the same CPU time as those in Table 14. To obtain the
same results, a certain number of iterations using decreasing values for Gmin must be
performed employing Cadence analyses [17]. This certifies that, at least for this

Figure 62.
Three-phase test circuit.

Figure 63.
Currents with HB (ADS) FD models [16].
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example, the HB analysis with ADS using our proposed models is the most efficient.
Other examples must be analyzed to prove if this statement is generally valid.

The content of paragraph “4. FD and TD models efficiency” reproduces the research
reported for the first time in Ref. [16].

Figure 64.
Currents with HB (ADS) FD models [16].

Figure 65.
Currents with PSS-HB (Cadence) TD models [16].

Analysis CPU time [s] Peak memory used [Mbytes]

HB ADS – FD MODELS 1.36 not available

HB ADS – TD MODELS 550.34 not available

Tran ADS – TD MODELS 10.76 not available

PSS-HB Cadence – TD MODELS 215 505

PSS tran Cadence – TD MODELS 5.39 241

Tran Cadence – TD MODELS 6.88 59.6

Table 14.
Simulation results.
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Abstract

Harmonics in power systems can cause various problems, including equipment
damage, power quality degradation, and increased losses. Active filters have been
proven to be an effective solution for mitigating harmonics in power systems. In this
research work, the effectiveness of active filters in reducing harmonics is evaluated in
MATLAB environment by implementing sparrow search optimization technique. To
carry out the simulation results a standard IEEE 13 bus test system and unbalanced
power system is considered to meet the IEEE 519 standards. The obtained simulation
results demonstrate the significant reduction of harmonics with incorporation of
active filters. The obtained simulation results show that hybrid active filter provides
the best harmonic mitigation performance. The analysis shows that the use of active
filters is economically feasible for reducing harmonics in power systems. Finally, this
book chapter provides valuable insights into the application of active filters for power
system harmonics mitigation and can help power system engineers and operators to
improve the quality and reliability of their systems by implementing Sparrow search
optimization technique.

Keywords: harmonics, sparrow search algorithm, active filter, IEEE 13 bus, power
quality, distributed generation

1. Introduction

Electricity is provided via power systems, which are important infrastructures for
a variety of industrial, commercial, and residential purposes. Power system har-
monics, a major problem brought on by the growing usage of non-linear loads
and power electronic devices, poses a serious obstacle. Harmonics are unwanted
distortions in the voltage and current waveforms that can cause several problems,
including higher losses, poorer power quality, and malfunctions in delicate
equipment. As a result, power system engineers and researchers are now extremely
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concerned with the reduction of power system harmonics [1]. Newfound options for
addressing harmonics-related issues have emerged with the emergence of sophisti-
cated power electronic devices and control techniques. To reduce harmonics and
boost the performance of the entire power system, researchers have been concentrat-
ing on creating creative solutions that integrate hardware and software techniques. In
terms of harmonics mitigation, the addition of renewable energy sources like solar and
wind to the power grid has created new difficulties. Therefore, there is an urgent need
for current research and useful techniques to handle these harmonics-related prob-
lems and guarantee the dependable and effective operation of power systems. The
power grid is subject to various disturbances, including power system harmonics.
Harmonics are voltage or current waveforms with frequencies that are integer multi-
ples of the fundamental frequency, typically 50 Hz or 60 Hz. The general schematic
view of harmonics waveform with respect to reference waveform is shown in Figure 1
respectively.

These harmonics arise from non-linear loads, such as power electronic
devices, and can cause a range of problems, including increased losses, reduced
power factor, equipment overheating, and interference with communication
systems [2]. In this book chapter the mitigation of power system harmonics for the
IEEE 13 bus radial distributed test system with the incorporation of shunt active
filter. The shunt active filters play a vital role in mitigating harmonic distortion,
improving power quality, ensuring compliance with standards, compensating
reactive power, and enhancing the performance and reliability of power systems.
They are an essential tool in modern electrical networks where non-linear loads are
prevalent.

2. Significance of power quality in distributed power system

Poor power quality can lead to a range of issues, particularly in microelectronics
environments. In the past, electrical problems on mechanical equipment may have
gone unnoticed, but they can significantly impact the operations of high-tech equip-
ment. Understanding and preventing power-related issues is crucial for equipment

Figure 1.
Harmonic distortion waveforms of power system.
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owners, managers, designers, and other meter users, as a substantial portion of power
quality problems arise from the consumer’s end. Power quality pertains to the physical
properties of the supplied power during regular conditions, ensuring that it does not
cause any disruptions or problems in the customer’s processes [3]. Voltage, current, or
frequency deviations resulting from power quality problems can cause equipment
failures or malfunctions for customers [4]. The quality of power supply focuses
primarily on voltage profile improvement and the reliability of electrical supply.
Voltage disturbances occur when the phase voltage deviates from its normal charac-
teristics, potentially leading to meter malfunctions. A reliable electrical supply, on the
other hand, is adequate (in that it can meet the demand), secure (in that it can survive
unexpected problems like system malfunctions), and available (in that it can prevent
long-term outages) [5, 6]. Disruptions in power quality are widespread in commercial,
industrial, and utility networks. Lightning events often bring on these disruptions.
Disruptions in the electrical grid can also be caused by switching events and oscilla-
tory transients. Current and voltage harmonic components are generated when non-
linear loads are applied. Harmonics are voltage and current sinusoidal waves whose
frequency is an integer multiple of the fundamental frequency. These periodic volt-
ages are added on top of the system’s sinusoidal voltage. As a result, other devices
plugged into the electrical system are subjected to increased strain due to these
currents and voltages [7]. To overcome those concerns optimal placement of shunt
active filters integrated with the radial distribution system is one of the key solutions.
Shunt active filters play a significant role in reducing the total harmonic distortion
(THD) in power systems. Shunt active filters are purpose-built to minimize the
presence of harmonics within the power system. They achieve this by actively
injecting harmonic currents that possess equal magnitudes but opposite phases to the
existing harmonics. As a result, shunt active filters effectively cancel out these har-
monics, leading to a reduction in total harmonic distortion (THD). This reduction in
THD facilitates the generation of cleaner and more sinusoidal voltage and current
waveforms. To maintain adherence to power quality standards and regulations like
IEEE 519 and IEC 61000-3-4, power systems can employ shunt active filters to
mitigate THD effectively.

3. Assessment of power quality indices under the harmonics

Power quality indices offer a quantitative assessment of the electrical power qual-
ity within a system. Harmonics, which refer to undesirable voltage or current distor-
tions occurring at frequencies that are integer multiples of the fundamental
frequency, can have a notable impact on power quality. The following are several
commonly employed power quality indices utilized to evaluate the influence of
harmonics [8].

Total Harmonic Distortion: The fundamental metric for measuring the degree to
which distorted waveforms deviate from a pure sine wave is total harmonic distortion
(THD). It provides a numerical representation of the power grid’s current and voltage
waveform distortion. The total harmonic distortion (THD) is calculated by dividing
the sum of all harmonic components by the power of the fundamental frequency.
Eq. (1) gives a the generic mathematical formulation of the THD.

THD ¼
ffiffiffiffiffiffiffiffi
ID2

1

q
þ ID2

2 þ ID2
3 … … … … … ID2

n (1)
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Eq. (2) illustrates the mathematical representation of Total Harmonic Current
(THC), which is caused by the summation of current orders from 2 to 40. The value of
THC serves as the foundation for the installation of active filters. Mathematical rep-
resentation of THC can be expressed as follows:

THC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn¼40

n¼2
Ih2

r
(2)

Eq. (3) represents the mathematical expression of Total Harmonic Distortion Cur-
rent (THDi), which quantifies the level of distortion in a waveform. THDi is derived
by dividing the THC by the fundamental current. This equation illustrates the rela-
tionship between THDi, THC, and the fundamental current.

THDi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn¼40

n¼2

Ih2

I1

s
¼ THC

I1
(3)

I1 represents fundamental current component and Ih represents harmonic current
of the nth order. Eq. (4) represents the mathematical expression of Total Harmonic
Distortion voltage (THDv) respectively, which quantifies the level of distortion in a
waveform. THDV is derived by dividing the THC by the fundamental voltage.
This equation illustrates the relationship between THDv, THC, and the fundamental
voltage.

THDv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn¼40

n¼2

Vn
2

V1

s
¼ THC

V1
(4)

Shunt active filters serve as electronic devices employed in power systems to
mitigate harmonic distortion and enhance power quality. Their specific purpose is to
compensate for reactive power and harmonic currents within the system, resulting in
the reduction of voltage distortion and improvement of the overall power factor. V1
indicates fundamental voltage component and Vn represents voltage of nth
harmonic order.

3.1 Integration of active filters in distribution systems

The integration of hybrid active filters into distributed systems involves incorpo-
rating these filters into power distribution networks. The primary objective is to
address power quality concerns arising from harmonics, voltage fluctuations, and
other disturbances. Hybrid active filters leverage the benefits of both active and
passive filters to deliver efficient and reliable compensation for power quality issues..
The primary aim of active filtering is to address these issues dynamically, instead of
relying on predetermined components with high ratings, which are typically bulky
passive components [9]. This approach allows for a significant reduction in rating
requirements. Based on the specific nature of the problem, active filters can be
implemented in three primary topologies: shunt type, series type, or a combination of
both known as shunt-series type active filters [10]. The schematic representation of
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active filter is integrated with distributed system is shown in Figure 2 respectively. By
integrating hybrid active filters into distributed systems, several benefits can be
achieved. Hybrid active filters exhibit effective harmonic suppression, reducing dis-
tortion levels and ensuring power supply quality remains within acceptable limits.
They provide voltage regulation capabilities to compensate for sags, swells, and fluc-
tuations, thereby ensuring a stable and reliable power supply. With fast response
times and adaptability to changing system conditions, hybrid active filters are well-
suited for distributed systems that experience diverse loads and disturbances. More-
over, the active filters integrated into the hybrid configuration enhance power factor,
compensating for reactive power, minimizing energy losses, and improving overall
system efficiency.

3.2 Active filter design

The Active Harmonic Filter, utilizing IGBT semiconductors and multiple control
loops, injects a dynamic cancelation signal into the power line, effectively reducing
harmonics and improving Power Factor. This advanced technology from Power Cor-
rection Systems enhances AC Motor Systems and AC Variable Frequency Drive
(VFD) Systems’ performance and functionality, while seamlessly integrating with a
wide range of electrical and electronic devices in their ability. Active filters provide
harmonic compensation without concerns about reactive power at fundamental fre-
quencies. Consequently, the rated power of an active filter can be lower compared to
an equivalent passive filter serving the same non-linear load. Moreover, active filters
avoid causing system resonances that might otherwise shift a harmonic problem from

Figure 2.
Integration of active filter with distributed test system.
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one frequency to another. Power electronics play a crucial role in the active filter
concept by generating harmonic current components that counteract those from non-
linear loads. The active filter achieves this by utilizing power electronic switching to
nullify the harmonic currents produced by the non-linear load. The foundation of the
active filter architecture under study in this lecture is a pulse-width modulated
(PWM) voltage source inverter, which connects to the system through a system
interface filter, as depicted in Figure 3 respectively. In this setup, the filter and the
load being corrected are connected in parallel, commonly referred to as an active
parallel or shunt filter.

The SAPF structure comprises two main components: power circuits, consisting of
power semiconductor switches, capacitors, inductors, and possibly power diodes in
certain SAPF topologies, and the control system, designed to regulate the switching
function of the switches. Using Figure 3 and the PCC, one can apply Kirchhoff’s
current law (KCL) to calculate the current flow in a harmonic-polluted power system
before integrating a Active Power Filter (APF). This makes understanding the funda-
mental concept of APF relatively straightforward through observation of current flow
in the power system.

is ¼ iL ¼ i1L þ iH (5)

In the context of iS representing the source current and iL representing the load
current, the latter may consist of i1L (fundamental current) and iH (harmonic current
caused by the presence of harmonic-producing loads). It is crucial to recognize that iS
is currently distorted and not in phase with the source voltage Vs, primarily due to the
influence of iH. Therefore, the main objective of implementing a shunt active power
filter is to eliminate iH.

Figure 3 illustrates the addition of two more current flows to the power system
following the installation of SAPF at PCC. Firstly, the SAPF injects a mitigation
current into the power system through PCC to cancel out iH (referred to as the

Figure 3.
Active filter design and methodology.
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injection current in this study). The injected mitigation current matches the size and
phase of the iH current. Secondly, the SAPF utilizes a small amount of current (known
as the dc-link charging current idc) to maintain a constant voltage Vdc across its dc-
link capacitor Cdc. This ensures effective control of switching losses and ensures the
SAPF operates consistently and reliably. Eq. (5) can be expressed mathematically
using KCL as follows;

is ¼ iL þ iH½ � � iinj þ idc (6)

The voltage level across the dc-link capacitor has a direct impact on the size of the
produced iinj. The produced iinj will perfectly match theiH current, causing their total
cancelation, after the voltage across the dc-link capacitor has reached the correct level
and is constantly maintained. As a result, Eq. (6) can be further simplified and
represented in Eq. (7) respectively.

is ¼ i1L þ idc (7)

With this regard the harmonic distortion of the implemented test system has
mitigated effectively by incorporating shunt active power filters and improves the
system stability.

4. Optimization techniques taxonomy in reduction of THD

Optimization is a fundamental mathematical discipline extensively utilized across
various engineering fields. It provides essential tools in the pursuit of increasingly
optimal solutions. Typically, an optimization problem encompasses a defined objec-
tive function and constraints. In many scenarios, multiple objectives exist simulta-
neously, necessitating the use of several goal functions. To attain the best possible
outcome, a multicriteria analysis becomes imperative. Multi-objective optimization is
notably complex since objectives often conflict with each other, requiring a trade-off
to be established. As a result, solutions obtained through multi-objective optimization
represent Evolution-based algorithms, inspired by natural evolution, and are utilized
to generate populations for algorithmic solutions [11, 12]. These algorithms involve
creating individuals through processes such as mutation, crossover, or selection of the
best solutions from a mathematical model [13]. The Genetic Algorithm (GA) is a well-
known example of this type of algorithm because it is inspired by Darwin’s theories of
evolution. Differential Evolution (DE), Backtracking Search Algorithm (BSA), and
the Evolution Strategy are only some of the numerous methods that have been
created.

Algorithms based on Swarm Intelligence mimic the cooperative efforts of insects,
fish, and birds as they forage for food or pursue prey. These collective actions serve as
the basis for mathematical models [14, 15]. Particle swarm optimization (PSO), cre-
ated by Kennedy and Eberhart, is a well-known example of such an algorithm. Cat
swarm optimization (CSO) is another computational paradigm like those used by ants
and honeybees. Algorithmic techniques like Simulated Annealing (SA) and the Grav-
itational Search Algorithm (GSA) are based on the principles of physics that govern
the cosmos [16]. Modeling human behavior mathematically allows for the develop-
ment of relational algorithms. The success of these models has a one-to-one correla-
tion with how people act [17, 18]. These trade-off solutions, which enhance one
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criterion while sacrificing another, constitute a Pareto set. The selection of a solution
from the Pareto set ultimately depends on individual preferences. So far many of the
research problems have been solved by implementing PSO, GA, and other mathemat-
ical algorithms. The possibility of implementing Sparrow search algorithm in har-
monic mitigation of IEEE- 13 bus test system is identified in this book chapter. One of
the applications of sparrow search algorithm is implemented to solve optimal energy
management of grid-connected microgrid problem in [19]. The optimization taxon-
omy which includes heuristic, meta-heuristic and other mathematical optimization
approaches is represented in Figure 4 respectively.

4.1 Methodology for minimizing THD of IEEE: 13 bus test system

The use of optimization algorithms influenced by nature has been increasingly
common in recent decades [20] due to the tendency of deterministic algorithms to get
stuck in local optima. Swarm intelligence-based optimization algorithms are at the
forefront of the field because of their ability to efficiently solve global optimization
problems. The Sparrow Search Algorithm, developed by Jiankai Xue and Bo Shen [21]
is a notable addition to this class. The biological traits of sparrows inspired this pro-
gram’s robustness and stability. The system took cues from the birds’ foraging behav-
ior, collective knowledge, and anti-predator strategies. Sparrows, intelligent
omnivores that primarily feed on grains and weeds, are used as a basis for the math-
ematical modeling of SSA. Both producers and scavengers, these sparrows use a wide
variety of foraging strategies to ensure the survival of their flocks. Scroungers rely on
producers to get their food, while producers actively search for it. Seventy-five

Figure 4.
Optimization taxonomy.
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percent of the sparrow hosts act as producers, while the other 25% act as scavengers.
Foraging refers to the practice of gathering food in a social group. When one or a few
sparrows sneak away with food while evading predators, they sound an alarm chirp to
warn their fellow birds. Figure 5 depicts how sparrows forage for food. The mathe-
matical formulation of the sparrow optimization approach and its applications in
solving complex engineering problems is briefly discussed in [22] respectively. In [23]
optimal placement of DG unit problem is solved by implementing intelligent optimi-
zation approach. The harmonic mitigation problem is tackled in [24] by implementing
ETAP software. So far discussed in the existing literature review the optimization
approaches are implemented for different research problems like energy manage-
ment, optimal scheduling, overall reduction of operating costs respectively. But in
case of mitigation of harmonic distortion of the IEEE-13 bus test system by using
sparrow search algorithm is not implemented. The application of sparrow search
optimization approaches has been discussed in [25] with real time engineering prob-
lems. The proposed algorithm is to evaluate the performance of IEEE-13 bus radial
distributed test system followed by minimizing harmonic distortion content. The
decision variables are voltage and current harmonics followed by Eq. [3] and Eq. [4]
respectively. The proposed problem is deal with the harmonic mitigation of the IEEE-
13 bus standard test system. The proposed SSA algorithm is implemented to find the
distribution network load flow parameters such as voltage profile at each node and
other network parameters subjected to load flow analysis with and without incorpo-
ration of active filters. Further the incorporation of shunt active filter in the test

Figure 5.
Conceptual illustration of foraging behavior of sparrows [22].
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system is evaluated all the network flow parameters by using SSA algorithm. The
obtained simulation results are represented by using FFT window in MATLAB to
analyze the harmonic distortion for the IEEE 13 bus test system respectively.

5. Numerical evaluation and discussion

In this book chapter mitigation of power system harmonics with the integration of
active filters by implementing sparrow search optimization technique is evaluated.
The considered standard radial distributed test system IEEE 13 bus with the integra-
tion of active filter is optimally placed to enhance the voltage profile indexes and
mitigate the harmonic distortion content in the considered test system. The single line
diagram of IEEE 13 bus radial distributed test system is shown in Figure 6 respec-
tively. The proposed optimizer sparrow search effectively mitigates the harmonic
content distortion of voltage and current of the considered test system. The incorpo-
ration of active filters with the unbalanced test system mitigates the harmonic content
distortion and enhances the voltage profile indices effectively are represented in
Figures 7 and 8 respectively.

The primary objective of this book chapter is implementing sparrow search algo-
rithm on IEEE 13-bus radial distributed unbalanced test system equipped with active
filters is evaluated within the MATLAB computing environment. The implementation
was conducted on an HP Laptop equipped with an Intel Core i7 processor running at
2.4 GHz and with a RAM capacity of 12 GB. The effectiveness of the developed
algorithm was evaluated using an unbalanced-13-bus radial distribution system
(unbalanced-13-bus-RDS).A harmonics analysis is performed on an IEEE 13-bus dis-
tribution system that supplies various types of industrial and commercial loads, as
shown in Figure 5. The system comprises a main supply at 69 kV connected to bus 4
and a local generator operating at bus 1 with a voltage of 13.8 kV. A 6000 kVAr

Figure 6.
Single line diagram of IEEE-13bus radial distributed test system [23].
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capacitor, rated for improving power factor, is connected at bus 3. The customers on
bus 7 and bus 10 are served by non-linear loads, which are known to produce har-
monics. The integration of active filters to the IEEE-13bus distributed test system with
and without presence the voltage profiles and total harmonic distortion is shown in
Figures 7 and 8 respectively.

To conduct further testing on the proposed sparrow search algorithm, the active
filter incorporation in the power system for reducing total harmonic distortion con-
tent which includes voltage and current harmonics. Instead of placement of DG units
or harmonic filters the shunt active hybrid filters play a significant role for reducing
power system harmonics. To determine the optimal settings of the proposed algorithm
parameters, 20 independent runs were performed, with a maximum of 100 iterations
allocated for adjusting each parameter. A swarm population size of 50 particles, which
includes number of Producers are 0.8, and number of Scroungers are 0.2 respectively.
By utilizing the developed sparrow search algorithm, the optimal location of active
filters in the considered test system were successfully identified, resulting in mini-
mized overall total harmonic distortion of the IEEE-13 bus radial distributed unbal-
anced test system. In addition to the evaluation of total harmonic distortion of IEEE-
13 bus distributed test system with the proposed algorithm the voltage profiles of the
corresponding busses are evaluated and represented in Figure 9 respectively. The
voltage profile at bus 10 has been enhanced by 7% after the incorporation of active

Figure 8.
Total harmonic distortion (%) of the corresponding bus number (a) with active filter (b) without filter.

Figure 7.
Voltage THD of bus number 10 (a) with active filter (b) without filter.
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power filter. The incorporation of active power filters in the considered test system
enhances the voltage profiles of the corresponding busses and improves the system
stability. Figures 7 and 8 illustrate that the incorporation of active filters in the
13-Bus-RDS results in an improvement in the voltage profile. The current harmonics
of the considered unbalanced test system with and without incorporation of active
filter is shown in Figure 10 respectively. Conversely, by considering harmonics, the
harmonic distortion levels at load busses are kept within permissible limits according
to the IEEE 519 standards respectively.

6. Conclusion

In this book chapter mitigation of total harmonic distortion of IEEE- 13 bus radial
distributed standard test system with the incorporation of active filters by
implementing sparrow search optimization technique respectively. The main

Figure 9.
Voltage profile with and without incorporation of active filters.

Figure 10.
Current harmonics with and without incorporation of filter.
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objective of this book chapter is to mitigate the harmonic distortion content of the
considered test system associated with non-linear loads. The voltage profiles have
been enhanced by incorporating active filters that brings the system into a stabilizer
manner. The voltage profiles at the corresponding busses are enhanced effectively by
incorporating active filters. The findings of the study show that ignoring the existence
of harmonics and incorporating hybrid active filters in the system can result in
unwanted levels of harmonic distortion, resulting in greater damage to electrical
equipment for both the electric utility and consumers.
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Chapter 5

Investigation on the Performance
Efficiency of the Shunt Hybrid
Active Power Filter
Chamberlin Stéphane Azebaze Mboving and Zbigniew Hanzelka

Abstract

The disturbances observed in the electrical system such as harmonics, asymmetry,
flickers, voltage dips and swells, transients, are due to the type of connected devices.
The nonlinear devices are the most common ones. Their connection to the electrical
system without solution of mitigating their negative influence on supply network can
be the cause of poor power quality. There are different types of solutions such as the
passive harmonic filters (PHF), the active power filters (APF), the hybrid active
power filters (HAPF). Each of those solutions presents some advantages and disad-
vantages. The chapter is focused on the HAPF, which is the combination of the PHF
and shunt active power filter (SAPF) connected in series. Such topology is known in
the literature, but still, there are certain problems that need more clarification through
detailed studies. For instance, there are not enough recommendations on how to
choose the PHF tuning frequency, when it is connected in series with SAPF. The
investigations presented in this chapter are very detailed and based on a case study.
The proposed control system algorithms of filters (SAPF and HAPF) are presented as
well as formulated recommendations.

Keywords: passive, active and hybrid harmonic filter, harmonics, current unbalance,
rate of current change, reactive power, switching ripples, control system

1. Introduction

In today societies, the production of nonlinear loads such as household appliances
and industries electrical devices is in full grow. Their mass connection to the supply
network (despite their compliance with standards) may cause a deterioration of the
power quality.

The power quality refers mostly to the supply voltage quality (frequency, ampli-
tude, waveform, unbalance, etc.) which should be in accordance with the recommen-
dations set by the national or international standards (e.g., EN 50160 [1]).

If the supply voltage at the point of common coupling (PCC) presents poor quality
(not complying standards), its improvement is therefore necessary. The poor power
quality does not come from the energy producer (because the voltage at the terminal
of power plants is almost without disturbances), but mainly from connected
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disturbing devices such as power electronic devices (e.g., diode and thyristor bridges),
arc devices (e.g., arc furnaces, welding devices, discharge lamps), saturated magnetic
cores devices (e.g., transformers, motors).

The electrical power is as a commodity and taking care of its quality is necessary.
The power quality disturbances are numerous and varied (e.g., voltage drops and
swells, flickers, harmonics, asymmetry) and their presence in the electrical system has
consequences on the connected devices. For instance, the harmonics, if not mitigated
can cause the increase of current RMS value; the overloading, overheating, and even
damage of power system elements (e.g., transformers, generators, cables, electric
motors, capacitors) and other connected devices (e.g., household appliances); the
reduction of devices life span; the perturbation of the devices normal operation and
power system operating costs increase; the inaccurate measurements of energy and
power; decrease of power factor (PF), etc. [2–4].

To maintain the grid power quality in compliance with the standards, many solu-
tions are proposed, including passive harmonic filters (PHF), active power filter
(APF), hybrid power harmonic filter (HPHF), etc. [5]. Each of the solution presents
advantages and disadvantages. The PHFs are applied in most cases for harmonics
filtration and fundamental reactive power mitigation [6]. They present disadvantages
such as: fixed reactive power and fixed tuning frequencies (e.g., designed for a
defined load parameters), grid parameter dependency (e.g., grid impedance of the
harmonic to be eliminated), resonance (series and parallel) problem, sensitive to the
tolerance of its elements (e.g., reactor inductance), detuning phenomenon because of
the aging, power losses in the case of filters with damping resistance (e.g., broad-band
PHFs). Despite their drawbacks, the PHFs are still applied in practice and from the
economical point of view, they are more preferred than the shunt active power filters
(SAPFs) [7–10].

In comparison with the PHFs, the SAPFs are more efficient and their application is
growing in low and medium voltage systems, particularly in the industries [11, 12].
The goal of their application can be the mitigation of disturbances such as current/
voltage harmonics, asymmetry, and reactive power compensation (fundamental
component). Their disadvantages are high cost [13], complex control system, diffi-
culty for large-scale implementation [14, 15].

The hybrid filter topologies are diversified in the literature [16]. They result from
the combination of the shunt or series APF with the parallel PHF or the shunt APF
with the series APF. The main advantages of combining the active and passive filters
together are as follows: (a) The power demand and performance cost of the active part
are less than when it is operating alone and (b) the overcoming of the passive part
disadvantages (e.g., resonance phenomena, grid impedance dependency) [17, 18].

The shunt hybrid active power filter (SHAPF) under study in the chapter is a
structure known in the literature. It is composed of PHF connected in series with the
SAPF (Figure 1) [19, 20]. The SAPF when operating alone is always connected to the
full-supply phase-to-phase PCC voltage and need for its proper operation, a high rate
of inverter DC voltage (e.g., 710 V and more [21, 22]). But connected in series with
the PHF, the passive part allows the active part to work under a small rate of inverter
voltage, therefore reducing its initial and operating cost [23–26]. The investigated
SHAPF is for the grid current harmonics and fundamental harmonic reactive power
compensation and its DC voltage is fixed at 150 V and can be less (e.g., 70 V
(see [27])).

In the literature, there are not many clarifications on how to choose the tuning
frequency of the PHF when it is connected in series with the inverter (SAPF). In Refs.
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[28–30] for instance, it is recommended to tune it to the 7th harmonic frequency
because it is then less bulk, low cost and presents lower impedance for the 11th and
13th harmonic frequencies than in the case when it is tuned to the 5th harmonic
frequency. It is difficult to find papers presenting the investigations in which the
SHAPF work efficiency is compared after tuning the passive part to different fre-
quency. In this chapter, such investigations are proposed.

The chapter is organized in five parts: The first one presents the electrical system
(grid and load) in which the analyses are performed; the second part presents the
influence of the grid parameters on the PHF performance efficiency. In the third part,
the SAPF with input reactor is investigated. In fourth one, the SHAPF with proposed
control system is considered. The last part contains the conclusion. All the chapter
investigations are performed in MATLAB/SIMULINK [31].

2. Electrical system description

The electrical system environment in which the filters are investigated is presented
in Figures 1 and 2. The electrical grid equivalent parameters in Figure 2 are taken
from the laboratory setup.

In Figure 3(a) and (b), it can be seen the PCC voltage waveforms together with
the spectrum when the filters and load are not connected. The load is presented in
Figure 1. It constitutes of six-pulse thyristor bridge with resistance (R) at DC side and
input reactor (LT). The phase-to-phase connected resistance Rasym (k5 closed) is used

Figure 1.
Electrical system together with the investigated filters (k1-k5—Switches).
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to create load asymmetry in the electrical system in the investigation frame of the
SAPF and SHAPF.

The additional line reactor LSS (see Figure 1) connected between the grid and the
PCC will be used in the investigations case of the PHF. Other parameters (e.g. LT,
filters) of the electrical system in Figure 1 will be presented later.

3. Investigation on the grid dependency of the PHF work efficiency

This chapter investigates and compares two case studies: In the first one, the PHF
is connected to the electrical system where the grid equivalent impedance for the
harmonic to be eliminated (ZS 5ð Þ) is smaller than the one of the filter (Zf 5ð Þ). In the
second one, the PHF is connected to the electrical system where the grid equivalent
impedance for the harmonic to be eliminated (ZS 5ð Þ) is increased by the additional line
rector (LSS) and is therefore higher than the one of the filter (Zf 5ð Þ).

3.1 Simulation assumptions

The simulations are performed based on the assumptions that: the supply voltage
before the PHF and the load connection does not contain harmonic (see Figure 3),

Figure 3.
(a) PCC voltage waveforms without any load or filter connected with (b) the spectrum (one-phase representation
because of the symmetrical system).

Figure 2.
(a) Parameters of the electrical grid taken from the laboratory set up, (b) electrical grid equivalent circuit.
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the resistance of the additional line reactor (LSS) as well as the one of the thyristor
bridge input reactor (LT) are neglected, the switches k3, k4, and k5 are opened and k2
is close (Figure 1). The switch k1 will be opened and closed depending on the case
study. The electrical grid equivalent impedance for the 5th harmonic (ZS 5ð Þ—Figure 1)
is computed considering the electrical system parameters from the medium
voltage side of the transformer (see Figure 2(a)). The 5th harmonic is the lowest
characteristic harmonic generated by the load (after the fundamental) according to
the formula 6k� 1 wehre k>0. Because of the symmetrical system, the results are
presented only for one-phase.

3.2 Design of the PHF

The formula used to compute the PHF parameters is presented in Figure 4(a) and
its impedance versus frequency characteristic is shown in Figure 4(b). Because of the
aging, the PHF is tuned to the frequency of 243.5 Hz (nre ¼ 4:87) which is a bit lower
than the frequency of harmonic to be eliminated (5th). The computed parameters are
shown in Table 1. Comparing the 5th harmonic equivalent impedance of the PHF
(Zf 5ð Þ ¼ 490 mΩ½ �) to the one of the grid (ZS 5ð Þ ¼ 49:5 mΩ½ �, when LSS is not consid-
ered). It can be notices that (see Table 1) the one of the PHF is almost 10 times
higher than the one of the grid, which allows to conclude that a big part of the
5th harmonic current coming from the load will not be filtered. That situation is
contrary when the addition line reactor LSS is considered (ZS 5ð Þ ¼ 1934 mΩ½ � is almost
4 times higher than Zf 5ð Þ).

Figure 4.
(a) Expressions used to compute PHF parameters (qLf—Reactor quality factor, nre—order of the resonance
frequency), (b) PHF impedance versus frequency characteristic.

nre Q f

[Var]
Uf

[V]
Lf

[mH]
CfY [μF] qLf Zf 1ð Þ [Ω] Zf 5ð Þ [Ω] LSS

[mH]
ZS 5ð Þ[Ω]

(without LSS)
ZS 5ð Þ[Ω]

(with LSS)

4.87 1210 230 6.1 69.73 150 43.71 0.49 1.2 0.0495 1.934

Table 1.
Computed equivalent parameters of the PHF (one-phase).
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3.3 Simulation results

The simulation data before the PHF connection, with and without the grid
side line reactor LSS are compared based on: grid voltage and current
waveforms, characteristic harmonics (Figure 5), THD, grid, and filter active and
reactive powers (fundamental harmonic, Figure 6) as well as the electrical system
impedance versus frequency characteristics seen from the thyristor bridge input
(Figure 7).

Figure 5(a) represents the grid voltage waveforms and Figure 5(b) its spectrum
(for the current—Figure 5(c) and (d), respectively). It can be noticed that when the
additional line reactor LSS is connected (k1 open), all the harmonics amplitudes of the
grid voltage have increased (Figure 5(b)), whereas the ones of the grid current have
decreased (Figure 5(d)). The 5th harmonic current amplitude is therefore better
reduced at the grid side (Figure 5(d)).

In Figure 6(a), the grid active powers (PS 1ð Þ) are almost the same and it can
also be seen that after the PHF connection, in both cases (without and with LSS) the
grid reactive powers are well reduced but the reduction is a bit better in the case
without LSS.

With the additional line reactor, the PHF presents less power losses
(Figure 6(b)); the grid voltage is more distorted (Figure 6(c)) and the grid current is
less distorted (see THD in Figure 6(c)). The increase of the grid current total har-
monic distortion (THDIS—Figure 6(c)) after the PHF connection (case without LSS)
is due to fact that the grid current fundament harmonic amplitude has decreased
because of the reactive power compensation and the harmonics have almost not been
reduced (1).

Figure 5.
(a) Grid voltage/current waveforms and their (b) spectrums (the red and green colors represent the cases when the
filter is connected).
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I1
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Figure 6(d) presents the PHF work efficiency in terms of harmonics reduction. It
represents the percentage of current harmonics flowing from the load to the grid after
the PHF connection (without and with LSS). It can be observed that without LSS in the
electrical system, almost 100% of current harmonics generated by the load flow to the
grid. The connection of LSS has improved the PHF work efficiency especially on the
5th harmonic reduction (Figure 6(d)).

The impedance versus frequency characteristics of the electrical system seen from
the thyristor bridge input are presented in Figure 7. It can be observed in the both
cases (without and with LSS), the parallel and series resonances. The series resonance
comes from the PHF and the parallel resonance comes from the parallel connection
between the grid and the PHF. The resonances are below the 5th harmonic, which
means that the filter was well deigned. Such harmonics (at the resonance) do not exist
in considered system.

The performed studies have clearly showed that the PHF work efficiency in terms
of harmonics mitigation strongly depends on the electrical grid parameters. Because of
that it is necessary to obtain the information about the grid equivalent impedance for
the harmonic to be eliminated (through the electrical system short-circuit power at
the PCC) before the filter installation. In the case where that equivalent impedance is
smaller than the one of the PHF, the solution can be the use of an additional line
reactor between the PCC and the grid to increase the filtration effectiveness as it has
been demonstrated in the chapter.

Figure 6.
(a) Grid active (PS 1ð Þ) and reactive power (QS 1ð Þ), (b) filter active (Pf 1ð Þ) and reactive (Q f 1ð Þ) power, (c) grid
voltage and current THD, and (d) PHF work efficiency on harmonics reduction (the red and green colors represent
the cases when the filter is connected).
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4. Investigation on the influence of the thyristor bridge input reactor size
on the SAPF work efficiency

The work efficiency of the SAPF does not depend only on the designed control
system or inverter parameters, but also on the parameters of the electrical system to
which it is connected. For instance, in the electrical system with a diode or thyristor
bridge as load, the accepted operating efficiency of the SAPF (with input reactor as
switching ripple filter) may not be met due to the high rate of load current change (di/
dt) at the points of commutation notches. Therefore, it is necessary to study and know
the electrical system (grid and load sides) before its installation. That problem is also
mentioned in the literature [21]. In this chapter, it is demonstrated that to obtain a
better SAPF work efficiency, its input reactor parameters (see L_inv in Figure 1)
should be selected based not only on the effective reduction of the inverter switching
ripple or the control system demand, but also on the load parameters, such as the
parameters of the diode or thyristor bridge input line reactor (see LT in Figure 1). For
a good clarification, two case studies are considered in the chapter: In the first one, it is
presented the influence of the SAPF input reactor size (load input reactor constant) on
its work efficiency. In the second one, it is presented the influence of the load input
reactor on the SAPF work efficiency (SAPF input reactor constant).

4.1 Simulation assumptions

The SAPF control system and DC capacitor (C_inv) parameters are constant, the load
input reactor resistance as well as the one at the SAPF input is neglected, the additional
line reactor LSS is not considered (k1 closed), the asymmetry resistance (Rasym ¼ 60 Ω)
is considered (k5 closed), the load DC resistance is constant, the switches k2 and k4 are
opened, and k3 is closed. The SAPF switching frequency is fixed to 20 kHz.

4.2 Description of the SAPF as well as its control system

The SAPF presented in Figure 1 is three legs three wires invert with an reactor
(L_inv) at its input and capacitor (C_inv) at its DC side. Its proposed control system is
presented in Figure 8 and is organized in three control loops: (1)–(3).

Figure 7.
Impedance versus frequency characteristics of the electrical system seen from the thyristor bridge input terminals.
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The role of the control loop (1) is to maintain the SAPF DC voltage (UDC_inv)
constant and at the level as the given reference voltage (UDC_ref ) [32].

The control loop (2) algorithm is based on the time domain instantaneous p-q
theory [33]. Its role is to split the distorted instantaneous load current (iTabc) into four
different components related to (see Figure 8): active (iabc_ pð Þ), reactive (iabc_ qð Þ),
asymmetry (iabc_ asymð Þ), and harmonic (iabc_ harmoð Þ). The output signal of the control

loop (2) is therefore the instantaneous reference current (iabc_ refð Þ) which is consti-
tuted of three components (reactive, asymmetry, and harmonic currents) as shown in
Figure 8 (the active component (iabc_ pð Þ) is not included).

Observing the control loop (2) algorithm, it can be noticed that the splitting of the
instantaneous load current (iTabc) into different components starts from its measure-
ment as well as the measurement of the instantaneous PCC voltage (uSabc). The supply
voltage is filtered (“supply voltage filtration”) to avoid its distortions to be found on
the reference courant. The instantaneous real (p) and imaginary (q) powers are
obtained after transforming the instantaneous PCC voltage and current from the a-b-c
coordinates to the α-β rectangular coordinates. The low-pass filter (LPF) and band-
pass filter (BPF) are used to filter the instantaneous real (p) and imaginary (q) powers
so that their components ((p, q)—constant components related to the fundamental
harmonic (positive sequence), (~ph, ~qh)—component related to the current harmonic
and (~p2n, ~q2n)—component related to the current asymmetry (negative sequence of
the fundamental harmonic)) can be used in the matrix (see Figure 8) to compute the
instantaneous currents (iα, iβ) in α-β axes. After the matrix computation, different
current components are obtained: (iα pð Þ, iβ pð ÞÞ—instantaneous real current (funda-
mental harmonic) in α and β axes respectively, ((iα ~p 2nð Þ, iα ~q 2nð Þ), (iβ ~p 2nð Þ, iβ ~q 2nð Þ))—
instantaneous asymmetry current in α and β axes, respectively, ((iα ~p hð Þ, iα ~q hð Þ),
(iβ ~p hð Þ, iβ ~q hð Þ))—instantaneous harmonic current in α and β axes respectively,

(iα qð Þ, iβ qð ÞÞ—instantaneous imaginary current (fundamental harmonic) in α and β axes
respectively. The components such as iα 2nð Þ and iβ 2nð Þ are the instantaneous asymmetry
current in α and β axis respectively and the components such as iα hð Þ and iβ hð Þ are the
instantaneous harmonics current in α and β axis respectively.

Figure 8.
Block diagram of the SAPF control system: a, b, and c—Phase designations of the supply network; 1, 2, and 3—
represent the inverter inputs.
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In the control loop (3), the instantaneous reference current (iabc_ refð Þ) is compared
to the feedback loop current coming from the inverter input (i_inv123). It can also be
seen the blocks of PI controller, saturation, and pulse-width modulation (PWM)
system.

4.2.1 Computation of the SAPF parameters

The proposed expressions used to compute the SAPF parameters are presented in
(2)-(4) and the computed parameters in Table 2. The PI controller parameters are
presented in Table 3.

UDC_inv_0 >kDC
ffiffiffi
2

p
US_p�p

� �
,kDC > 1 (2)

L_inv ¼ 3ΔUL_inv

ω 1ð Þ Ia_ refð Þ þ Ib_ refð Þ þ Ic_ refð Þ
� � (3)

C_inv ¼ ΔWDC_inv

UDC_inv_0ΔUDC_inv
(4)

Where: US_p�p—phase-to-phase PCC voltage, kDC—coefficient, ΔUL_inv—inverter
input reactor voltage drops, Ia_ refð Þ, Ib_ refð Þ, and Ic_ refð Þ—the reference currents from the
output of the control loop (2), ΔWDC_inv—DC capacitor energy variation between the
max and the min, ΔUDC_inv—DC capacitor voltage variation between the max and
the min.

4.3 Simulation results

The grid voltage and current waveforms with spectrums before the SAPF connec-
tion (LT = 0.025 mH) are constituted in Figures 9 and 10 respectively. The current
waveforms asymmetry can be observed in Figure 10 (Rasym = 60 Ω).

kp ki

Control loop (1) 40,000 43.75

Control loop (3) 250 0.0001

Table 3.
PI controller parameters.

Figure 9.
Waveforms of PCC voltage and spectrum before the SAPF connection.
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4.3.1 Influence of the inverter input reactor size on the SAPF work efficiency

The goal of the investigation is to show how the size of the inverter input reactor
has an influence on the SAPF work efficiency. For this purpose, two values of the
inverter input reactor inductance are considered (Table 2): The first one
(L_inv_min ¼ 1:4 mH) is obtained after assuming a minimum reactor voltage drop
(e.g., ΔUL_inv_min ¼ 3 V) and the second one (L_inv_max ¼ 7:2 mH) after assuming a
maximum reactor voltage drop (e.g., ΔUL_inv_min ¼ 16 V).

The grid voltage and current waveforms as well as the ones of the SAPF are
presented respectively in Figures 11 and 12.

On the one hand, the SAPF with minimum input reactor inductance L_inv_min (see
Figures 11(a) and 12(a)) presents higher switching ripple components than the SAPF
with the maximum input reactor inductance L_inv_max (see Figures 11(b) and 12(b)).
On the other hand, it presents better shape of the grid current waveforms at the
commutation notches (comparing the grid current waveforms in Figure 11(a) to
those in Figure 11(b)).

The grid voltage and current THD, powers, and asymmetry coefficient (kasym)
before the SAPF connection are presented in Table 4. In Table 5, it can be seen that the
SAPF with L_inv_min presents the lowest grid current and voltage THD as well as
asymmetry coefficient. In Table 6, the SAPF with L_inv_max has the lowest grid voltage
true total harmonic distortion (TTHD) and the highest grid current TTHD (see (5)) in
comparison with the SAPF with L_inv_min . The fundamental harmonic active, reactive,
and apparent powers at the PCC, load, and SAPF are compared in Table 7.

TTHDIs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2S_true_RMS � I2S 1ð Þ

q

IS 1ð Þ
(5)

Figure 10.
Waveforms of the grid current with the spectrums before the SAPF connection.
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Figure 11.
Waveforms of the grid voltage and current after the SAPF connection: (a) for L_inv_min and (b) for L_inv_max .

Figure 12.
Waveforms of the SAPF current: (a) for L_inv_min and (b) for L_inv_max .
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THDUS [%] THDIS [%] QS 1ð Þ[Var] PS 1ð Þ[W] SS 1ð Þ [VA] kasym [%]

L1 0.25 28.07 414.08 2838.4 2868.5 33.25

L2 0.25 23.41 1954.5 2833.1 3441.9

L3 0.25 42.07 1181.8 1507.2 1915.2

Table 4.
Grid voltage and current parameters before the SAPF connection.

L_inv_min = 1.4 [mH] L_inv_max = 7.2 [mH]

THDUS [%] THDIS [%] kasym [%] THDUS [%] THDIS [%] kasym [%]

L1 0.18 10.34 0.59 0.25 26.7 0.75

L2 0.19 10.99 0.25 27.92

L3 0.18 10.93 0.25 27.7

Table 5.
Grid voltage and current parameters after the SAPF connection.

After the SAPF connection

L_inv_min = 1.4 [mH] L_inv_max = 7.2 [mH]

TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%]

L1 3.57 16.31 1.70 27.09

L2 2.93 16.19 1.50 27.59

L3 3.60 16.20 2.13 27.89

Table 6.
PCC voltage and grid current TTHD.

L_inv_min = 1.4 [mH] L_inv_max = 7.2 [mH]

PCC Load SAPF PCC Load SAPF

PS 1ð Þ [W] L1 2411.4 2838.8 427.40 2389.3 2838.8 449.82

L2 2535.8 2837.9 438.19 2416.8 2837.9 421.33

L3 2522.3 1505.7 �890.35 2397.5 1505.7 �891.61

QS 1ð Þ [Var] L1 46.30 414.13 370.22 91.78 414.13 323.23

L2 57.54 1950.4 1898 97.07 1950.4 1854.5

L3 39.62 1180.6 1143.7 117.25 1180.6 1062.6

SS 1ð Þ [VA] L1 2411.9 2868.8 565.46 2391.1 2868.8 553.92

L2 2536.5 3443.5 1948 2418.8 3443.5 1.901.8

L3 2522.6 1913.3 1449.4 2400.3 1913.3 1387.1

Table 7.
Active, reactive, and apparent powers at the PCC, load, and SAPF for the minimum and maximum input
inverter reactor inductance.
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An example of comparison waveforms between the reference current (Ia_ refð Þ) and
the compensating current (Iinv1) is presented in Figure 13(a) and (b). In the case of
the SAPF with L_inv_min (Figure 13(a)) as well as in the case of the SAPF with
L_inv_max (Figure 13(b)), the compensating current (Iinv1) has difficulty to track the
reference current (Ia_ refð Þ) at the points of commutation notches, due to the high rate
of the reference current change at those points. That tracking difficulty is more
accentuated in the case of the SAPF with L_inv_max (Figure 13(b)) than in the case of
the SAPF with L_inv_min (Figure 13(a)). The high rate of current change observed on
the reference current waveforms comes from the load current (IT). Because of the
small size of the thyristor bridge input reactor LT, the rate of current change (di/dt)
during commutation is high.

In this case study, it can be noticed that the gap between the reference current and
the compensating current observed in Figure 13(a) and (b) is one of the factors that can
influence the SAPF work efficiency, mostly in terms of current harmonics mitigation
(see grid current THD in Table 5). That gap is responsible for the high amplitude
ripples at the points of commutation notches observed on the grid current waveform in
Figure 11(b).

It has been clearly demonstrated that the size of the SAPF input reactor
affects its work efficiency. The SAPF with big size of input reactor has showed a
better result in terms of inverter switching ripples reduction but worst result in
terms of reducing the ripples caused by the high rate of current change during the
commutation. In contrary to the SAPF with big size reactor, the SAPF with small size
of input reactor has showed a worst result in terms of inverter switching ripples reduction
but a better result in terms of ripple reduction at the high rate of current change during
the commutation. At the grid side, the SAPF with small inductance (L_inv_min ) has
showed better results in terms of THD (TTHD current), asymmetry coefficient, and
reactive power compensation (Table 7) at the grid side. The SAPF with big reactor
inductance (L_inv_max ) has showed better results in terms of TTHD of the PCC voltage.

Figure 13.
Example of waveforms comparison between the reference and compensating currents (see control loop (3) in
Figure 8): (a) for L_inv_min and (b) for L_inv_max .
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4.3.2 Influence of the thyristor bridge input reactor size on the SAPF work efficiency

This investigation is performed because of the problem of ripples reduction due to
the high rate of load current change observed in the previous investigations. The goal is
to demonstrate that the SAPF input reactor size should be chosen by considering also
the thyristor bridge input reactor size in order to improve the SAPF work efficiency.

The SAPF parameters are constant during the investigation. The value of the SAPF
input reactor inductance (L_inv_min ¼ 1:4 mH) is chosen based on the previous inves-
tigation. The only load parameter changing is the input reactor LT (0.25, 1.4, or
3 mH). Three case studies are compared: (a) The SAPF input reactor inductance is
higher than the thyristor-bridge input reactor inductance (L_inv_min >LT), (b) the
SAPF input reactor inductance is equal to the thyristor-bridge input reactor induc-
tance (L_inv_min ¼ LT), and (c) the SAPF input reactor inductance is smaller than the
thyristor-bridge input reactor inductance (L_inv_min <LT).

The grid voltage and current waveforms in Figure 14 show that in the cases of SAPF
with the input reactor inductance equal or smaller than thyristor bridge input reactor,
the ripples caused by the high rate of current change at the points of commutation
notches are better reduced (see current waveform in Figure 14(b) and (c)). The case in
which L_inv_min <LT presents the best shape of grid current waveforms (Figure 14(c)).

In Table 8, it can be observed that the best results in terms of grid voltage and
current THD as well as asymmetry mitigation are when L_inv_min ≤LT. Observing the
grid powers in Table 9, it can be seen that the case with L_inv_min <LT has the best
reactive power compensation.

The TTHD of the grid voltage and current are presented in Table 10. The case with
L_inv_min <LT presents the best result in terms of current TTHDIS and the worst
results in terms of voltage TTHDUS.

The waveforms of the reference current compared to the ones of the compensating
current are presented in Figure 15. It can be seen that in the case of L_inv_min <LT, the
reference current and the compensating current match each other (Figure 15(c)). The
increase of the thyristor-bridge input reactor inductance LT to a value equal or higher
than the SAPF input reactor inductance (L_inv_min ) has reduced the rate of current
change at the points of commutation notches making possible the tracking of the
reference current by compensating current (Figure 15(b) and (c)).

Figure 14.
Waveforms of PCC voltage and current for different value of the thyristor bridge input reactor: (a) L_inv_min >LT,
(b) L_inv_min ¼ LT, (c) L_inv_min <LT.
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Before the SAPF connection After the SAPF connection

LT = 1 nH L_inv_min > LT

THDUS [%] THDIS [%] kasym [%] THDUS [%] THDIS [%] kasym [%]

L1 0.25 28.07 33.25 0.15 8.77 0.30

L2 0.25 23.41 0.15 8.75

L3 0.25 42.07 0.15 8.77

After the SAPF connection

L_inv_min = LT L_inv_min < LT

THDUS [%] THDIS [%] kasym [%] THDUS [%] THDIS [%] kasym [%]

L1 0.04 2.47 0.30 0.02 1.22 0.20

L2 0.05 2.91 0.02 1.49

L3 0.05 2.79 0.02 1.22

Table 8.
Grid voltage and current THD as well as asymmetry coefficient before and after the SAPF connection.

Before the SAPF connection After the SAPF connection

LT = 1 nH L_inv_min > LT

QS 1ð Þ[Var] PS 1ð Þ[W] QS 1ð Þ[Var] PS 1ð Þ[W]

L1 414.08 2838.4 25.15 2402.5

L2 1954.5 2833.1 33.51 2400.1

L3 1181.8 1507.2 29.24 2393.2

After the SAPF connection

L_inv_min = LT L_inv_min < LT

QS 1ð Þ[Var] PS 1ð Þ[W] QS 1ð Þ[Var] PS 1ð Þ[W]

L1 24.86 2374.8 20.42 2340.2

L2 29.04 2377.1 28.59 2340.1

L3 28.98 2372.4 24.43 2333.3

Table 9.
Grid voltage and current reactive and active power before and after the SAPF connection.

After the SAPF connection

L_inv_min > LT L_inv_min = LT L_inv_min < LT

TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%] TTHDUS [%] TTHDIS [%]

L1 3.12 12.60 3.18 7.16 3.30 6.59

L2 2.77 13.77 2.85 8.08 2.92 6.82

L3 3.12 13.40 3.23 7.20 3.29 6.11

Table 10.
PCC voltage and grid current TTHD for different value of thyristor bridge input reactor inductance.
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Figure 16 presents the SAPF DC capacitor voltage for different values of capacity. It
can be also observed the ability of the control system algorithm in response to the
decrease and increase of the thyristor-bridge DC resistance (load change).

Figure 15.
Waveforms comparison between the reference and compensating current: (a) L_inv_min >LT, (b) L_inv_min ¼ LT,
(c) L_inv_min <LT.

Figure 16.
Capacitor DC voltage waveforms for different capacitance: Transient state observation after the thyristor-bridge
DC resistance change (RDC).
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The investigations have clearly showed that the size of the thyristor-bridge
input reactor has an influence of the SAPF work efficiency. The SAPF with the input
reactor inductance equal or smaller than the one at the thyristor-bridge input has
presented the best results in terms of grid voltage and current THD as well as in terms
of reactive power and asymmetry mitigation. The inductance of the SAPF input reactor
should be computed or chosen considering the size of the thyristor-bridge input reactor
(see expression (6)). ΔUL_inv should be chosen in such a way to obtain L_inv ≤LT.

L_inv ¼ 3ΔUL_inv

ω 1ð Þ Ia_ refð Þ þ Ib_ refð Þ þ Ic_ refð Þ
� � ≤LT (6)

5. Investigation on the work efficiency of the SHAPF

In the chapter, the investigation of the SHAPF work efficient is focused on the
tuning frequency of the passive part (balance load). The passive part is tuned to three
different frequencies and the results in terms of grid voltage and current THD,
waveforms and powers are compared. The influence of the thyristor bridge input
reactor on the choice of the passive part tuning frequency is presented as well as the
limitation of such topology in terms of asymmetry compensation. It is also demon-
strated that the grid dependency of the passive part work efficiency in terms of
harmonics mitigation (see investigation in Chapter 3) is eliminated as well as the
parallel resonance between the passive part and the grid.

5.1 Functionality principle of the SHAPF

The SHAPF work principle is presented in Figure 17. The load is symmetrical and
is the source of distorted current, which is composed of three components: active
(IT 1ð Þ_Active), inductive reactive (IT 1ð Þ_Inductive_Reactive), and harmonics (IT hð Þ). The
SHAPF passive part is tuned to the frequency of 7th harmonic just to illustrate the
SHAPF functionality principle.

The role of the passive part is to compensate the load fundamental harmonic
reactive power by producing through its capacitor a capacitive reactive current
(If 1ð Þ_Capacitive_Reactive) which at the PCC cancel with the load inductive reactive current
(IT 1ð Þ_Inductive_Reactive). In Figure 17, it can be seen that, the load inductive reactive
current which was 5.45 A is reduced to 0.22 A at the grid side. It plays also the role of
the inverter switching ripples attenuation mostly through its reactor. It has small
impedance for the resonance frequency and frequencies around.

The SHAPF proposed control system is designed without any feedback signal
coming from the inverter AC side (see Figures 17 and 18). As in the case of the SAPF
control system (see Figure 8), it contains also three control loops ((1) to (3)). Its
algorithm (based on the instantaneous p-q theory) computes the reference current
(If hð Þ) using the grid current remaining harmonics (IS hð ÞRemaining). Therefore based on

the reference harmonics current Iref hð Þ (e.g., Iref 5ð Þ ¼ 0:14ej42:5
°
), the inverter generates

current harmonics If hð Þ (e.g., If 5ð Þ ¼ 2:62e�j48:9°) with the same amplitudes and angle as

the load current harmonics (e.g., IT 5ð Þ ¼ 2:63ej128
°
) but in opposite sign so that they

cancel each other at the PCC (the grid current THD is reduced from 37.16 to 3.96%—

Figure 17). The inverter behaves like a harmonics voltage source (see Uinv hð Þ in
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Figure 17). At the grid side, it can be noticed a current (IS) with almost not-change in
the active component (IS 1ð Þ_Active) and with the remaining reactive and harmonic
components (see Figure 17).

5.2 HAPF simulation studies

Three simulation case studies are investigated and compared: In the first one, the
SHAPF passive part is tuned to the frequency lower (e.g., 4.87) than the frequency of

Figure 17.
SHAPF work principle.

Figure 18.
Block diagram of the SHAPF control system: a, b, and c—Phase designations of the supply network; 1, 2, and 3—
represent the inverter inputs.
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the first load characteristic harmonic (the 5th); in the second one, it is tuned to the
frequency lower (e.g., 6.87) than the frequency of the second load characteristic
harmonic (the 7th), and in the third one, it is tuned to the frequency lower (e.g.,
10.87) than the frequency of the third load characteristic harmonic (the 11th).

5.2.1 Simulation assumption

In the electrical system (see Figure 1), k1 is closed (LSS is not considered), the load
(k5 open) and the SHAPF control system parameters are constant, the load input
reactor resistance as well as the ones of the passive part capacitor and inverter DC
capacitor are neglected, k2 and k3 are opened, and k4 is close. The DC voltage of the
active part is 150 V. The only parameter changing is the tuning frequency of the filter
passive part. Because of the symmetrical power system, some results are presented
only for one-phase.

5.2.2 SHAPF parameters computation

The SHAPF and the load (Q f ¼ QT, LT) parameters are shown in Table 11. The
passive part parameters are computed based on the formula presented in Figure 4(a).
Observing Table 11, it can be seen that, with the resonance frequency increase from
4.87 to 10.87, the passive part reactor inductance has decreased, whereas its capacitor
capacity has increased. From the cost and power losses point of view, the PHF with
the resonance frequency (nre ¼ 10:87 (543.5 Hz)) near the frequency of the 11th
harmonic presents less exploitation cost and will generate less power losses because of
its lowest equivalent resistance value.

Table 12 presents the electrical grid and SHAPF passive part equivalent
impedances of the 5th, 7th, and 11th harmonics. The grid equivalent impedances
for the 5th and 7th harmonics are smaller than the ones of the SHAPF passive
part and concerning the 11th harmonic, the situation is contrary (see Table 12).
The passive part impedance versus frequency characteristics are presented in
Figure 19.

nre Lf [mH] Cf [μF] RLf [mΩ] Q f [Var] qLf LT [mH] UDC_inv [V]

4.87 6.1 69.74 12.8 1210 150 3.5 150

6.87 3.0 71.27 6.3

10.87 1.2 72.19 2.5

Table 11.
SHAPF parameters.

ZS 5ð Þ [mΩ] ZSHAPF 5ð Þ [mΩ] ZS 7ð Þ [mΩ] ZSHAPF 7ð Þ [mΩ] ZS 11ð Þ [mΩ] ZSHAPF 11ð Þ [mΩ]

49.5 490 69.2 243 108.8 96.4

Table 12.
Electrical grid and SHAPF passive part equivalent impedance of the 5th, 7th, and 11th harmonics (the line
reactor LSS is not considered).
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5.2.3 Simulation results

The grid voltage and current waveforms with the spectrums before the SHAPF
connection are presented in Figure 20. Because of the electrical grid rigidity (very
small inductance), the PCC voltage waveforms are almost not distorted.

In Figure 21, the waveforms of the grid voltage (US) and current (IS) as well as
SHAPF current (If ) after the SHAPF connection are presented. It can be noticed that
the SHAPF with the passive part tuned to the frequency (e.g., 543.5 Hz, 10.87) a bit
lower than the frequency of the 11th harmonic presents the best reduction of the grid
current ripples at the high rate of current change points (see commutation points on

Figure 19.
SHAPF passive part impedance versus frequency characteristics.

Figure 20.
Grid voltage (US) and current (IS) waveforms with their spectrums before the SHAPF connection.
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Figure 21.
Waveforms of grid voltage (US) and current (IS) and SHAPF current (If) for the PHF tuned to the harmonic
component frequency of order 4.87, 6.87, and 10.87.

Figure 22.
(a) Grid current spectrum, (b) grid current THD and fundamental harmonic reactive power, and (c) SHAPF
DC voltage.
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the grid current waveforms (IS) in Figure 21), although it presents the highest PCC
voltage THD (Figure 21).

In the comparison spectrum of the grid current presented in Figure 22(a), the
SHAPF with the PHF tuned to the harmonic component frequency of 10,87 presents
the best reduction of the higher harmonics starting from the 11th (according to the
characteristics in Figure 19, the PHF presents the lowest impedance for the higher
harmonics) as well as the lowest THDIS (see Figure 19(b)). But it presents the highest
5th harmonic impedance (see Figure 19) and for that reason the 5th harmonic is worst
reduced at the grid side (Figure 22(a)).

The SHAPF with the PHF tuning frequency (nre ¼ 6:87) around the frequency of
the 7th harmonic presents the lowest amplitude of the grid current 5th and 7th
harmonics (Figure 22(a). Despite the fact that the grid equivalent impedances of the
5th and 7th harmonics are smaller than the ones of the SHAPF passive part (See
Table 12), those harmonics are considerably reduced at the grid side after the SHAPF
connection (see spectrum in Figure 22(a)) and this shows that the grid dependency of
the PHF work efficiency is eliminated. The inverter through its control system has
improved the passive part work efficiency in terms of harmonics filtration.

In Figure 22(b), it can also be noticed that the PCC fundamental harmonic reac-
tive power (QS) is the best compensated for the SHAPF with the PHF tuned to the
harmonic component frequency of 6.87 (near the 7th).

The difference observed in the results of the grid fundamental reactive powers
after the SHAPF connection in Figure 22(b) is due to the fact that, for different PHF
tuning frequency, the SHAPF has generated different fundamental harmonic reactive
power (a bit different than the one used to compute the PHF parameters in Table 11)
for the compensation at the PCC (see Q f 1ð Þ in Table 13).

In comparison with the SAPF DC voltage (which is around 750 V in Figure 16), the
SHAPF inverter DC voltage in Figure 22(c) is five times smaller (150 V).

The ability of the SHAPF control system to compensate harmonics after the load
change is presented in Figure 23(a) (see grid current waveforms IS). The load DC
resistance is changed from 36.5 to 18.25 Ω and the inverter DC voltage is presented in
Figure 23(b). Observing the zooms in Figure 23(a), it can be noticed that after the
load change, the grid current harmonics are well reduced (THDIS is reduced from
36.65 to 4.6%), but the grid fundamental reactive power (QS1) is partially compen-
sated (from 2552 to 1336 Var) because of the fixed SHAPF passive part reactive power
(1210 Var see Table 11). This is one of the disadvantages of such SHAPF topology.

No filter nre = 4,87 nre = 6,87 nre = 10,87

QS1 1ð Þ [Var] 1234 �48.7 8,16 18,31

PS1 1ð Þ) [W] 1435 1438 1437 1435

Q f1 1ð Þ [Var] — �1283 �1226 �1216

Sf1 1ð Þ [VA] — 1282,83 1225,70 1217,54

Pload1 1ð Þ [W] — 1437 1437 1437

Q load1 1ð Þ [Var] — 1234 1234 1234

Table 13.
One-phase representation of the fundamental harmonic active, reactive, and apparent powers at the load,
SHAPF, and grid side.
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Figure 24(a) and (b) presents the grid and load current waveforms respectively
during the asymmetry (k5 closed—see Figure 1). It can be noticed that the SHAPF
with the proposed control system (see Figure 18) does not have ability to compensate
the asymmetry component. This is another disadvantage of such SHAPF topology.

The power system impedance versus frequency characteristic observed from the
thyristor bridge input is presented in Figure 25. On that characteristic, it can be

Figure 23.
(a) Grid current waveforms and (b) SHAPF DC voltage before and after the load change (Rdc is changed from
36.5 to 18.25 Ω).

Figure 24.
Unbalance load (k5 closed—see Figure 1): Waveforms of the load current (a) and grid current (b).
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noticed no resonance phenomena (parallel and series) contrary to the case of the
characteristics in Figure 7. The parallel resonance between the PHF (when operating
alone) and the electrical gird is eliminated as well as the grid dependency of the PHF
work efficiency (when operating alone).

Figure 26 presents the grid current waveforms before and after the SHAPF con-
nection. It can be noticed that the ripples at the high rate of current change (see zoom
Figure 26) are better mitigated when the passive part is tuned to the frequencies of
243.5 and 543.5 Hz, respectively, near to the frequencies of the 7th and 11th harmonics
(see grid current waveforms in Figure 21). Observing Table 11, it can be seen that
with those frequencies, the passive part reactor inductance (Lf ) is smaller than the
thyristor bridge input reactor inductance (LT). Therefore, in this case study, the
SHAPF passive part tuning frequency should be chosen taking also into account the
size of the thyristor bridge input reactor which should be higher for a better ripple
mitigation at the commutation points.

The performed studies have shown that when the SHAPF passive part is tuned to
the frequency of harmonic higher than the 5th and 7th harmonics: the higher grid
current harmonics (e.g., from the 13th) are better reduced because the PHF presents
smaller impedance for those harmonics, the 5th and 7th harmonics currents are worse

Figure 25.
Frequency impedance characteristic of the power system seen from thyristor bridge input (k1 closed).

Figure 26.
Waveforms of the grid current before and after the SHAPF connection.
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reduced, and the PHF reactor size is smaller therefore low cost. In the case where the
passive part reactor size is smaller than the one at the thyristor bridge input, the
switching ripple are worst mitigated, but the ripples at the commutation points are
better mitigated.

6. Conclusion

The detail investigations on the PHF, SAPF, and HAPF work efficiency have been
presented in this chapter. They were performed in the electrical system with six-pulse
thyristor-bridge as load. The first investigation concerned the grid dependency of the
PHF work efficiency in terms of harmonics mitigation. And it has been recommended
the use an additional line reactor between the PCC and the filter to increase the PHF
effectiveness in terms of harmonics mitigation.

In the second one, the influence of the thyristor-bridge input reactor size on the
SAPF work efficiency was studied. And it has been recommended to choose or com-
pute the SAPF input reactor parameters taking also into account the thyristor bridge
input reactor size. According to that investigation, the SAPF input reactor inductance
should be equal or smaller than the one at the thyristor bridge input for good work
efficiency.

The last investigation was related to the SHAPF, comparing its work efficiency for
different tuning frequencies. It has been demonstrated that for a better ripple reduc-
tion at commutation points, the passive part tuning frequency should be chosen in
such a way that the filter reactor inductance is smaller than the one of the thyristor
bridge input reactor. With the inverter connected in series with the PHF, the grid
dependency of the PHF work efficiency is eliminated as well as the parallel resonance
that could occurred between the grid and PHF. One of the useful advantages in that
topology is that the SAPF DC voltage can be considerably reduced in comparison with
the case when it is operating alone. The main disadvantages of such topology are that
it has fixed compensating reactive power and presents difficulty to compensate
asymmetry component.
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Chapter 6

The Hoisting Machines as Source
of Higher Harmonics in
Underground Mines
Tomasz Siostrzonek

Abstract

The chapter describes the structure of drive systems used in hoisting machinery of
underground mines. These devices, due to their special application and power, are
characterized by special traits. The most commonly used systems with DC reciprocat-
ing motors are described. The so-called complex (multi-pulse) converters are used in
those solutions. An extra attention was paid to the impact of these systems on the
power supply network, especially the generation of higher harmonics. The results of
measurements made under real conditions are presented. Measurements were made
before and after the installation of new solution in connection with the modernization
of systems due to the need to increase the efficiency of these machines.

Keywords: power converters, hoisting machines, multi-pulse system, power quality,
DC drive systems, power grids in undergroud mines

1. Introduction

To analyze higher harmonics as one of the elements of the quality of electricity
supply, it is necessary to clarify what their sources are and how it is possible to
describe waveforms containing higher harmonics.

Higher harmonics—such a term is used to describe waveforms with frequencies
that are integer multiples of the fundamental frequency. If we assume that the fre-
quency of the fundamental waveform is 50 Hz, then the harmonics will have fre-
quencies as given in Table 1.

Sources of higher harmonics are loads with nonlinear current-voltage characteris-
tics. Such a load, connected to the power grid, causes a current flow in the network
with a distorted waveform. The flow of non-sinusoidal current causes voltage drops
on the network reactances, which are not sinusoidal waveforms, although the source
voltage has a sinusoidal waveform.

Analysis of distorted waveforms is possible by using Fourier series [1–7].
A periodic, distorted time waveform of voltage or current can be decomposed into
sinusoidal waveforms of different frequencies. Eq. (1) is the Fourier series for the
function f(t) [8]:
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f tð Þ ¼ a0
2
þ
X∞

h¼1

a hð Þ cos hωtð Þ þ
X∞

h¼1

b hð Þ sin hωtð Þ (1)

Where:

a0 ¼ 1
π

ð2π
0
f tð Þdt (2)

a hð Þ ¼ 1
π

ð2π
0
f tð Þ cos hωtð Þdt (3)

b hð Þ ¼
1
π

ð2π
0
f tð Þ sin hωtð Þdt (4)

In another form, the Fourier series can be written:

f tð Þ ¼ a0
2
þ
X∞

h¼1

A hð Þ sin hωtþ φhð Þ (5)

The components of the sum in Eq. (5) are called harmonics of the periodic wave-
form f(t).

Distorted waveforms are a very big problem in power grids. Assessing the degree
of distortion and defining acceptable distortion levels is a major challenge. The most
well-known indicator for determining the level of distortion is total harmonic distor-
tion (THD). It will be described in detail in the following section.

2. The power grids of mines

The subject described here concerns phenomena related to higher harmonics in the
electrical networks of underground mines in Poland. According to data published by
the State Mining Authority, there are currently 36 underground mines in Poland [9].
These include coal mines, ore mines, and salt mines (Table 2).

Each of the aforementioned types of mines has different characteristics of work,
and consequently, the electrical networks of these plants are subject to different
disturbances. However, it is possible to find some common features that are present in

Harmonic order (h) Harmonic frequency [Hz}

2 100

3 150

4 200

5 250

… …

n n*50

Table 1.
Summary of harmonic orders and their frequencies.
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all mining plants, as they are subject to the same regulations. These include
regulations on crucial equipment, the operation of which affects the safety of crews
and equipment.

The power supply of underground mines is carried out in accordance with the
principle of its reliability; that is, each mine must have a power supply from two
independent sources of electricity supply. In most mines, the power supply is provided
by double overhead or cable lines with a rated voltage of 110 or 220 kV. Due to the fact
that the decommissioning of mines in Poland has been progressing in recent years,
some mines have a medium-voltage power supply in addition to the meddium voltage
(MV) level. However, MV power supply is a backup power supply, due to the impos-
sibility of powering all technological equipment, which power exceeds a dozen mega-
watts. The use of a power supply from the medium-voltage level as a backup power
supply is in accordance with current regulations, which specify that the second power
supply must have ensure parameters that it is possible to run devices that guarantee
the safety of people, equipment, and the environment. This should be understood in
such a way that the backup power supply is sufficient, in terms of parameters, for the
operation of equipment used to evacuate the crew and ensure the operation of the
main dewatering pumps and the main ventilation fans of the mine.

Like any industrial plant, in a mine, special attention is paid to the correct opera-
tion of equipment because only in this case it is possible to ensure adequate economic
performance and safety of workers. According to Ref. [10], in every mining, there are
so-called basic facilities, that is, those which correct operation guarantees the safety of
the crew and equipment. Equipment that are elements of these facilities should have
two independent sources of power supply. Based on Article 29 [10], basic facilities
include:

1.shafts with equipment;

2.hoisting machines in shafts;

a. stations:

b. main fans,

c. de-methanation together with a network of pipelines;

Underground mining facilities extracting Number of mines

Coal 20

Coal (mines in decommissioning) 8

Coal (mines under construction) 1

Copper ores 3

Zinc and lead ores (mines in decommissioning) 1

Salt 1

Gypsum and anhydrite 1

Brine for therapeutic purposes 1

Table 2.
Number of mines in Poland [9].
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3.headquarters of the company-wide telephone communications system,
dispatching centers of the traffic dispatcher’s systems, mining geophysics
stations, and trunk telecommunications networks;

4.main air compressor stations, together with a network of shaft pipelines;

5.main drainage facilities and systems;

6.main depots for fuels, oils, and lubricants, as well as permanent fuel-filling
chambers for transport vehicles;

7.main facilities for producing and transporting backfill and sealing mixtures;

8.stationary air-conditioning equipment with a nominal cooling capacity of more
than 1 MW;

9.transport equipment, the means of transport of which move on a track with an
inclination of more than 45o, in mine workings;

10.high-voltage and medium-voltage electrical equipment, installations, and networks
supplying the facilities, machinery, and equipment referred to in items.

The permissible duration of interruption of power supply to these devices is
determined by the Mine Site Operation Manager, and each time results from the
specific conditions in the mine. For example, if the main ventilation fan is damaged
and the standby fan cannot be started, underground work is halted, electrical equip-
ment in the relevant methane fields (if applicable) is switched off, and the evacuation
of the crew begins. The special, detailed regulations for basic equipment testify to a
very complex problem when it comes to powering the mine and individual equip-
ment. It is also related to the fact that special attention is paid to the problems of
interference in the networks of mining plants and the consequences it can have on the
safety of the working crew. In each underground mine, the surface and underground
parts of the power grid can be distinguished. In each case, the network layouts of the
surface and underground parts are different.

Figure 1 shows a block, simplified diagram of the power grid of a mining plant.
The dashed line indicates the backup power supply. There may be situations where a
mining plant has three power supply points.

From the medium-voltage switchgear in the surface section, the most important
primary facilities are supplied: hoisting machines and fan stations. Two types of
network layouts are used in mine networks: IT and TN. The insulated network is used
to supply power to equipment operating underground. TN systems are used in net-
works on the surface. This is important for further consideration because when sup-
plying three-phase equipment from a network with an isolated zero point, there is no
zero component, that is, harmonics, the order of which is an integer multiple of 3 in
the expansion of the function into Fourier series. One of the criteria for evaluating
multi-pulse power systems for hoisting machinery is the level of their negative impact
on the power supply network. In particular, it refers to the distortion of voltage due to
the flow of distorted current. The legislation [11] defines numerical measures for
dimensioning this impact. The basic coefficients used to assess voltage distortion are
the total harmonic distortion (THD) and the values of individual harmonics [12–15].
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The evaluation is carried out on the medium-voltage side (on the primary side of
the converter transformer). Regulations [11] strictly define permissible levels of har-
monics and the value of the voltage THD.

3. The sources of higher harmonics in networks of mining plants

In the power grids of mines, the sources of higher harmonics are primarily power
electronic converters used to supply the drives of various equipment. Such equipment
includes:

1.Hoisting machines,

2.Fans,

3.Drives for conveyors and pumps.

AC/DC converters, AC/DC multi-pulse systems, AC/DC/AC intermediate fre-
quency converters, and soft-starts are used in the mentioned equipment. The hoisting
machine in any mine is the largest load and the largest source of interference. The
power of hoisting machines ranges from several hundred kilowatts to several mega-
watts. In Poland, the most common machines range from 1.5 to 7 MW. In comparison,
the powers of the main fan motors range from 900 kW to 1.5 MW. In addition, the fan
operates in a continuous mode in contrast to the exhaust machine, as will be discussed
later in the chapter. Other receivers pose a potential threat, but the magnitude of this
threat is determined by the number of these devices, which varies from mine to mine,
and the simultaneity of operation.

Figure 1.
The example diagram of a power grid in a mine.
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3.1 The hoisting machine

A hoisting machine transports ore, materials, and crew from underground mines
to the surface. It is usually the only transport route from underground workings. That
is why it is so important for these machines to work properly.

The hoisting machine is an electromechanical system that includes:

• Koepe pulley or drum,

• hoisting vessels (cage, skip),

• ropes,

• motor,

• converter together with a transformer,

• machine control system,

• braking system,

• signaling and shaft communication.

Figure 2 shows a diagram of a winding machine with two types of linkage: a Koepe
wheel (Figure 2a) and a drum (Figure 2b).

In the machine with the Koepe pulley, the support rope is wound through a special
type of wheel. The wheel is equipped with special grooves with a lining to increase the
coefficient of friction. For proper operation of the system, it is necessary to use an
equalizing (tail) rope to bring the system into full balance. Failure to use an equalizing
rope would result in the need for a much more powerful motor, and the entire system
would be subject to the occurrence of slippage of the rope relative to the drive wheel.
The use of an equalizing rope means that the size of the drive motor is selected only
because of the weight of the load being carried in the hoisting vessel. This mass
determines the static overweight that occurs in this kinematic system.

Figure 2.
Block diagram of the hoisting machine. (a) with Koepe pulley, (b) with drum.
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The second type of machine, shown in Figure 2b, is a drum machine. In this case,
the rope is wound on a drum.

Regardless of the type of executive system implementing the displacement of
vessels in the shaft, the following are used to drive the rope drive:

• separately excited DC motors (Figure 3a),

• squirrel-cage induction motors,

• slow-rotating synchronous motors (Figure 3b).

You can still find working systems of hoisting machines with slip-ring motors. The
speed of these motors is controlled through attached resistances in the rotor circuit.
For economic reasons, such solutions are no longer used.

3.2 The operation of the winding machine: Driving diagram

The operation of a hoisting machine is cyclic. The duty cycle of a hoisting machine
consists of three stages: acceleration, travel with fixed speed, and deceleration. The
length of the driving cycle, and thus the lengths of its individual parts, depends on the
depth of the shaft, driving speed, acceleration, and deceleration, and on the mode in
which the machine is used, that is, whether it is to transport ore, materials, or people.
Figure 4 shows an example of a seven-period driving diagram. This is a driving
diagram for a system with two vessels (skips) for transporting ore from mining level.
The diagram is seven-period because it still takes into account additional stages, where
the vessel moves in special guidance systems so that precise travel to the skip filling or
emptying point is possible. It differs slightly from the diagram for a machine used to
transport people. For the transportation of people, the vessel cannot move faster than
12 m/s. (respectively 43.2 km/h). This restriction does not apply to machines
transporting materials or excavated material.

The time of the entire cycle ranges from tens of seconds. For a machine in which
the vessels move at a speed of 12 m/s, the acceleration and deceleration is 1.0 m/s2,
and the travel distance is equal to 500 m the duration of one cycle is about 80 seconds
(including the time required for loading and unloading).

(a) (b)

Figure 3.
The winding machine with a DC motor (a) and a synchronous motor (b). [SIEMAG TECBERG POLSKA].
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Therefore, this type of high-power device is very troublesome with regard to the
formation of disturbances in the power grid. The load is cyclically variable, depending
on the load—that is, on the mass of excavated material poured into the vessel or the
number of people in the cage. The timing of the start in the excavated material
conveying equipment depends on the quality of the excavated material and affects the
start and end of the entire cycle.

It is not possible to synchronize the operation of the machine with other equip-
ment in the mine, since it is not possible to precisely determine the moment of start
and end of the cycle for operating hoisting machines.

3.3 The hoisting machine with the separately excited DC motor

Most Polish mines (more than 90%) use a slow-speed DC motor (gearless solu-
tion). Due to its simplicity and linear dependencies, the mathematical description has
been available in the literature for years [16]. More relevant is such a power supply for
a reciprocating motor that allows smooth speed control from 0 to its rated value.
Several decades ago, this was reached through the so-called Leonard circuit. This is an
electromechanical system that provides smooth speed control over the entire control
range. In the 1970s, static thyristor inverters were introduced. Power supply to the

Figure 4.
The hoisting diagram.
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motor was provided by two controlled rectifier systems (Figure 5): PEC1—the system
supplying the motor armature (also known as the main circuit of the winding
machine), and PECE—the rectifier supplying the motor excitation.

The direction of rotation of the machine can be changed by inversing the direction
of current flow in the excitation circuit or in the armature circuit. Due to the cost of
four-quadrant converters, which depended on their power, the change of direction of
rotation by changing the direction of current flow in the excitation was used. This
operation is subject to very strict control, due to the fact that a decrease in motor
excitation current causes an increase in speed. In a hoisting machine, speed control is
achieved by changing the armature voltage. The system is equipped with two interre-
lated control loops: voltage regulation and excitation current regulation. When the
direction of rotation is changed, if the system has not managed to reach zero speed,
with a reduction of the excitation current. The armature supply voltage is also
reduced.

This problem does not occur in machines equipped with a four-quadrant converter
in the armature circuit. The direction of rotation is altered by changing the direction
of current flow in the armature. The excitation circuit is supplied from a single-
quadrant rectifier, so there is no danger of de-energizing the machine.

A serious problem, from the point of view of the impact on the power grid, is the
rectifier of the armature circuit. Figure 6 shows the supply voltage waveforms and the
phase current waveform for a 6-pulse bridge. Based on Ref. [8], the THDI harmonic
content factor for a three-phase thyristor bridge converter is determined by Eq. (6).
The equation does not take into account the effect of commutation and the variable
component of the load current:

THDI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I
I1

� �2

� 1

s
≈0, 31 (6)

where:
I—root mean square (RMS) value of the phase current,
I1—RMS value of the fundamental component of the phase current.

Figure 5.
Basic power supply diagram of separately excited DC motor; MV—Middle voltage source, tr—Main transformer
(form armature),TrE—Excitation transformer, PEC1—Power electronic converter, PECE—Power electronic
converter for excitation.
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Figure 7 shows the current harmonic spectrum of a 6-pulse bridge system—the
results of simulation studies. According to Eq. (7), there are characteristic harmonics
in the current waveforms depending on the number of pulses of the converter:

h ¼ 6m� 1 (7)

where:
m = 1,2,…n.
h – harmonic order.
In such system, the harmonics fifth and seventh are the most significant for the

distortion of the power grid waveforms. Their value in relation to the fundamental
harmonic is 20 and 14%, respectively.

The current harmonic content factor is almost 0.29.
The impact of a high-power 6-pulse system is a problem in terms of the proper

operation of the power grid. Therefore, complex converters are used to power high-
power drives. DC converters containing two thyristor bridges connected in series are
used in hoisting machines. This eliminates connecting thyristors in series to achieve
higher output voltages. Figure 8 shows a schematic of the power supply to the
armature circuit of a DC hoist motor through a compound converter.

Figure 6.
The waveform of the supply voltage and phase current of a 6-pulse bridge rectifier.
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Two bridge converters are connected in series on the output voltage side. The
voltage supplying the armature circuit of the hoisting motor is the sum of the output
voltages of the individual bridges. Each of the bridges is powered by a converter
transformer. The transformer can be of a three-winding design. Two transformers are
used in hoisting machine drives for safety reasons. Such a solution allows the drive to
operate in emergency conditions. Damage to one of the converters or transformers
allows the motor to operate with limited parameters but does not completely eliminate
the drive. It ensures safe evacuation of people during the failure of certain elements of
the hoisting machine. The converter transformers are powered from a medium-
voltage line, and their connection groups shift the phase-to-phase voltages of the
secondary sides of the transformers by 30o with respect to each other (Figure 9).

The RMS value of the harmonic h of the source phase current is [8]:

Ihz ¼ 2Ih

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �1ð Þm cos hΔαð Þ

2

r
(8)

where:

Δα ¼ α1 � α2ð Þ, (9)

Figure 7.
The harmonic current spectrum of a three-phase 6-pulse bridge system.

Figure 8.
Diagram of the 12-pulse circuit.
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Ih ¼
ffiffiffi
6

p
Id

hπ
(10)

For m = 2 k-1, where k = 1,2,3,.... and for α1 = α2, the Ihz of relation (8) is 0. Thus, a
converter supplied by transformers with different connection groups and controlled
in such a way that the angles of the thyristors’ switching delays are equal will produce
harmonics of the source current:

h ¼ 12m� 1 (11)

That is, this converter is a 12-pulse system, and the control implemented to ensure
the equality of the driving angles of the two converters is common.

A characteristic of these converters is that there is an alternating component in the
voltage on the DC side with a frequency 12 times higher than the frequency of the supply
voltage. It is therefore lower than when using a single hexapulse rectifier. Theoretically, in
this system, the lowest of the higher harmonics is the 11th harmonic. The use of common
control means that there are no harmonics with strictly defined frequencies in the phase
currents of the supply line. Only the so-called characteristic harmonics occur.

There is still a second type of control of complex converters. This is sequential control.
It consists of the operation of one of the bridges with a full overdrive, that is, with the
maximum conduction angle of the thyristors. At this time, the other converter operates
with a variable switching angle of the thyristors. This type of control causes the entire
converter to operate as a 12-pulse converter only for short periods of time. In addition, its
operation is perceived by the grid as a 6-pulse system, resulting in an increased impact of
the system on the power grid. Therefore, common control is used in most cases.

Figure 10 shows the harmonic spectrum of the phase current of a 12-pulse con-
verter. The THD of the current of this converter has decreased compared to the 6-plus
converter to about 6%.

4. The systems with an increased number of pulses and less impact on the
power grid

In order to further eliminate higher harmonics generated by the converter system,
the number of pulses of the system can be increased. It is possible to build DC motor

Figure 9.
The configuration of converter transformers.
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power systems with a number of pulses greater than 12. By adding more 6-pulse
converters and appropriately configuring power transformers, systems with a number
of pulses of 18, 24, and more are built. Such solutions are used, for example, in
traction systems. However, in the mine, where unification of solutions is required,
and, above all, their simplicity and economic efficiency, such systems are exceptions.
Figure 5 shows diagrams of multi-pulse systems formed by a suitable combination of
basic—6-pulse systems (Figure 11).

For systems with different numbers of pulses, the characteristic harmonics are
defined as follows [5]:

• for a 6-pulse system: h = 6 m � 1,

• for a 12-pulse system: h = 12 m � 1 (for common control),

Figure 10.
Harmonic current spectrum of a three-phase 12-pulse system.

Figure 11.
The configurations of multi-pulse systems: (a) 6-pulse, (b) 12-pulse, (c) 18-pulse, (d) 24-pulse.
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• for an 18-pulse system: h = 18 m � 1,

• or a 24-pulse system: h = 24 m � 1,

where m = 1, 2, 3, ....
In addition to the characteristic harmonics for a given type of compound con-

verter, there are also harmonics of orders other than those specified, but their value
relative to the basic harmonic is small.

5. The higher harmonics in real 12-pulse systems

The investment cost of building a hoisting machine is significant in the overall cost
of operating a mine. However, it is not as high as the cost of a longwall complex used
for mining. The product life for a hoisting machine is estimated to be 20–30 years.
However, it happens that they work much longer. Hoisting machines operating in
Polish mines undergo modernization processes after about 40 years of operation. Due
to the current situation of the coal sector, the cost of modernization is reduced each
time, and the problems of the impact of the hoisting machine drive system on the
mine’s power grid are secondary problems. This often leads to major problems related
to the proper operation of other equipment in these networks. As an example, the
results of measurement work carried out at two mines where hoisting machine
upgrades were carried out will be presented.

5.1 The modernization of the hoisting machines

The purpose of modernization, as in many cases, was to increase the mining
capability of a mining plant. The hoisting machine is one of the most important
components of the process line. The correct production process depends on the per-
formance of the hoisting machine. In this case, in order to ensure that the hoisting
machine was not the weakest component, a major modernization, or rather a replace-
ment with a new one, was necessary.

5.1.1 The modernization number 1: The conditions before modernization

The parameters of the system in operation before the upgrade are shown in
Table 3.

The machine was built as a two-bulb, two-stroke machine with a 5 m diameter
Koepe wheel. The 1450 kW slow-speed, reciprocating motor was powered by thyris-
tor converters. Figure 12 shows an overview diagram of the system.

The power supply to the hoisting motor was implemented through two converter
transformers of 1 MVA, each with a voltage of 6/0.4 kV and connection groups Yyn0
and Dyn5. This was a series connection of two six-pulse systems. This resulted in a
twelve-pulse effect on the power grid. The change in the direction of rotation of the
motor occurred as a result of changing the direction of current flow in the excitation
circuit. To make this possible, the excitation circuit converter was bidirectional, i.e.,
constructed from two reciprocating bridges controlled accordingly. Thanks to this
design, the entire drive was able to operate at full assumed load and full draw speed. If
one of the main circuit converters failed, it was possible to operate at half speed and
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full load. The system then operated as a six-pulse system. The switching of the main
circuit was provided by a special switching circuit, the so-called switcher.

5.1.2 The modernization number 1: The conditions after modernization

After the upgrade, a DC hoisting motor powered by a system of static converters in
the armature and excitation circuits was used. Due to the need for special operations
when changing ropes and due to the increase in the weight that can be transported by
skip, the rated power of the hoisting motor was increased by 850 kW. The inverse of
the rotational speed is changed by the direction of current in the armature circuit. This
is a major difference from the system before the upgrade. Now, a non-reversing
converter is used in the excitation circuit. A diagram of the solution is shown in
Figure 13, and the parameters of new machine are summarized in the Table 4.

Lp Parameter Wartość

1 Motor type PW-101

2 Power 1450 kW

3 Supply voltage 800 V

4 Rated current 2000 A

5 Excitation current 144 A

6 Rotational speed 61 obr/min

7 Linear speed 16 m/s

8 Mass in the skip 7,5 Mg

9 Depth (drive way) 489 m

Table 3.
Parameters of the machine before modernization.

Figure 12.
Diagram of the drive before the upgrade.
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The armature circuit is powered through four converters in a series-parallel
arrangement. This ensures that the required current is achieved (parallel connection
of two converters in each branch). Each pair of parallel-connected converters is
supplied from a separate converter transformer with the appropriate connection
group. The series connection of pairs of converters provides an adequate level of
voltage supply to the motor, as well as implements the 12-pulse effect of the drive on
the power grid – reduces the magnitude of low-order harmonics, especially fifth and
seventh. In the event of a converter failure, the system can operate as 6-pulse. The
speed of the drive is then reduced to half the rated speed, which is the result of halving
the supply voltage.

Prior to the upgrade, the hoisting engine was already powered by static converters
that interacted with the mine plant’s network. In such cases, in order to determine
whether the new system would work properly without generating additional

Figure 13.
The diagram of the power circuit of the hoisting machine after modernization.

Lp Parameter Wartość

1 Motor type PW-124

2 Power 2200 kW

3 Supply voltage 853 V

4 Rated current 2810 A

5 Excitation current 225 A

6 Rotational speed 54,57 obr/min

7 Linear speed 12 m/s

8 Mass in the skip 12,5 Mg

9 Depth (drive way) 489 m

Table 4.
The parameters of the machine after modernization.
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interference, it was necessary to take measurements of the operating machine and the
new hoisting machine after its installation.

Figures 14 and 15 show the locations of the measuring instruments. For the
measurement, Fluke 1760 power quality index analyzers were used. These are class A
analyzers and have the appropriate parameters for measuring the aforementioned
quantities, according to [11]. The first of the measurement points was selected at the
mine’s substation, directly behind the 110 kV/6 kV transformer. Thanks to this loca-
tion, it was possible to determine the parameters of the quality of power supply at the
main connection point of the mine.

The second measurement point was located in the medium-voltage 6 kV
switchgear in the field from which the winding machine switchgear is supplied. This
made it possible to observe the “behavior” of the hoisting machine during the entire

Figure 14.
The first of the measurement points. 110 kV/6 kV substation.

Figure 15.
The second measuring point. Power supply of the winding machine.

139

The Hoisting Machines as Source of Higher Harmonics in Underground Mines
DOI: http://dx.doi.org/10.5772/intechopen.1003771



duty cycle. No other mine consumers are supplied with this switchgear, so there is no
danger of introducing interference from other mine equipment.

From the point of view of the mine’s overall power infrastructure, it was important
to determine whether the upgraded system has increased the level of introduced
disturbances of higher harmonics or voltage variations. In addition to comparing the
level of individual voltage harmonics, the level of THD was also analyzed, as well as
the Plt coefficient and voltage variations. Total Harmonic Distortion (THD) is defined
as the ratio of the RMS value of the sum of all harmonic components (up to the
harmonic order 40 in Poland) to the RMS value of the fundamental harmonic [6, 7]:

THDU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X40

h¼2

Uh

U1

� �2
vuut (12)

where
Uh—RMS value of the h-order harmonic of the voltage,
U1—RMS value of the fundamental harmonic voltage.
The analysis of the system’s impact on the power grid included the determination

of the levels of individual harmonics and the THDU voltage distortion factor. Table 5
summarizes the voltage THDU for three phases before and after the upgrade. The
permissible level specified in [10] was not exceeded in both measurements. However,
note an increase in the coefficient after the upgrade compared to the value when the
previous system was in operation. This is an increase of about 50%. Therefore from
the point of view of the regulations, the system is working properly, but the occur-
rence of negative phenomena associated with the increase in the level of harmonics in
the system cannot be omitted. Table 5 shows the values of individual harmonics as
well. A comparison of the voltage waveforms supplying the winding machine before
and after moderrnization is shown in Figures 16 and 17. Figures 18 and 19 show the
harmonic spectrum of voltage for the same cases.

Table 5 lists the values of the characteristic harmonics of this system, i.e., 11, 13,
23, 25. The presence of harmonics 5 and 7 may indicate the presence of other

Size
normalized
(harm. row)

Values
Permissible [%]

CP95 [%]
Before modernization

CP95 [%]
After modernization

According to [3] UL1 UL2 UL3 UL1 UL2 UL3

THDU 8 2.21 2.25 2.18 3.42 3.45 3.48

3 5 0.21 0.25 0.18 0.50 0.26 0.48

5 6 0.30 0.29 0.25 0.46 0.27 0.26

7 5 0.57 0.63 0.60 0.48 0.44 0.43

11 3.5 1.26 1.44 1.37 1.47 1.53 1.55

13 3 1.16 0.87 1.05 1.06 1.04 1.08

23 1.5 0.62 0.74 0.68 0.95 0.94 1.00

25 1.5 0.67 0.57 0.57 0.85 0.84 0.89

Table 5.
THD coefficients and characteristic harmonic levels before and after modernization.
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Figure 16.
The course of the voltage supplying the winding machine before the upgrade.

Figure 17.
The waveform of the voltage supplying the winding machine after the modernization.
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Figure 18.
The harmonic spectrum of the voltage supplying the hoisting machine before the modernization.

Figure 19.
The harmonic spectrum of the voltage supplying the hoisting machine after the modernization.
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disturbances (such as voltage changes) or may be the result of irregularities in the
control system of the converters. These harmonics were also present before the system
was upgraded. Analyzing the values in Table 5, it can be assumed that in the system
after the modernization, the cause of these harmonics was partially eliminated, as
their level decreased by about 25%. However, an increase in the characteristic har-
monics of the system was noted and analyzed.

5.1.3 The modernization number 2

The modernization of the hoisting machine has been carried out at one of the coal
mines. The hoisting machine is located on the tower. It has operated in the Pung
system since modernization. The block diagram of the system is shown in Figure 20.

The hoisting machine consists of two reciprocating motors (M1 and M2) running
on a common shaft on which the Koepe wheel is mounted. The main circuit of the
hoisting machine consists of series-connected armature motors and DC sides of con-
verters (P1 and P2). This configuration eliminates the interaction of the motors on the
mechanical side. The excitations of both motors are supplied from bidirectional bridge
rectifiers (P3 and P4). The system can be controlled sequentially or jointly. In the first
phase of machine operation, the system was configured to operate with sequence
control. This caused interference at other points in the mine’s power grid due to the
operation of the hoisting machine (Figure 21).

The supply voltage waveforms shown in Figure 22 are distorted. Commutation
kinks are clearly visible, occurring at moments when subsequent semiconductor ele-
ments take over conduction. The shape of the circuit’s supply current significantly
deviates from a sinusoidal waveform. The supply voltage with the shape shown in
Figure 22 may pose a threat to the correct operation of the converter due to the
difficult synchronization of switching of semiconductor elements.

Figure 20.
The diagram of a twin-engine winding machine operating in the Pung system.
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The spectrum of harmonics indicates the operation of a 6-pulse system. The largest
harmonic values in relation to the fundamental harmonic are reached by harmonics
fifth and seventh (Figure 23). The presented waveforms of phase-to-phase voltages
occurring at the mine’s power supply point speak for the absence of significant dis-
tortion due to equipment operation (Figure 21). This means that distortions nega-
tively affect equipment operating inside the network at the medium-voltage level of
6 kV. The distance between devices can also negatively affect the amplification of a
certain type of disturbance. In this case, the distances between devices are several
kilometers (Figure 24).

Figure 21.
The power supply voltage waveforms measured at 110 kV substation.

Figure 22.
The course of voltages supplying the winding machine.
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6. Conclusions

Modernization of mining shaft hoists is among the largest investments in the
structures of mining plants. Therefore, it is important to prepare the entire project
properly, with special attention to the power supply side of the hoisting machine. As
an electrical device with a high degree of complexity, the hoisting machine requires a
power supply with appropriate parameters. On the other hand, it is one of the largest
devices in the mine network that is a source of disturbance, and is therefore a real
threat to other consumers of the grid and safety systems.

In the case presented in Section 4.1, the preliminary analysis became the bench-
mark for determining the level of impact of the newly created circuit. That biggest
concern was the change in power circuit configuration. In Poland, more than 90% of

Figure 23.
Harmonic spectrum of the phase voltages.

Figure 24.
The mutual location of equipment in the power grid.
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hoisting machines using a DC reciprocating motor operate in a system with reversion
through the excitation circuit. There was concern that the use of high-power four-
quadrant converters in the armature circuit would cause interference in the mine
network to increase beyond acceptable values. The tests carried out did not confirm
this thesis. Therefore, it should be concluded that the use of a system with reversion
through the main (armature) circuit is justified from a technical point of view because
it does not cause an increase in the levels of higher voltage harmonics above the limits.
The advantage of this system is the increase in the speed of the hoisting machine,
which can be reflected in the efficiency of the hoisting machine. This situation appears
due to the differences in the time constants of the armature and excitation circuits.

The conclusions that emerged from the measurements could not be considered as a
basis for discontinuing the monitoring of power quality indicators in the network at
this mine. It should be borne in mind that the level of interference increased compared
to the previous system. This means that the phenomena that are the results of the
increase in the level of interference in this network were anticipated. In a mine
network, this is important as long as it can affect protection systems, which is a
potential danger to the crew. Shortly after the completion of this stage of measure-
ments, a ferroresonance phenomenon occurred in the network, which contributed to
significant property damage.

Currently, technical possibilities are being searched for to build hoisting machines
in a way that significantly reduces their negative impact on the power grid. One such
solution is the use of slow-speed synchronous motors powered by intermediate fre-
quency converters with active input rectifiers.

Another possibility is the use of active higher harmonic filters in already operating
winding machines with DC helical motors. The choice of a method to reduce the
negative impact of the drive on the power grid depends on many factors and should be
analyzed in each case.
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Perspective Chapter: The Regime
Matters – A Multidisciplinary
Perspective on Energy Security
in the Era of Climate Change and
Growing Uncertainties for
Resilience in Sustainable Energy
Development
Smart Edward Amanfo and Joseph John Puthenkalam

Abstract

This chapter provides a comprehensive exploration of energy security, beginning
with various definitions and their positioning within the international political econ-
omy of energy. It examines energy security from multiple angles, including perspec-
tives of energy-importing and exporting nations, transit regions, militarization,
energy shocks, demographic shifts, and corruption. The chapter highlights the chal-
lenges, risks, and vulnerabilities inherent in energy security and underscores its intri-
cate interconnections. It concludes by advocating for the integration of resilience
thinking into energy security policies due to growing uncertainties in social, economic,
and ecological systems, compounded by climate change. These factors significantly
shape the context in which energy security strategies are devised and implemented.

Keywords: energy security, climate change, uncertainty regime, energy
supply-demand security, resilience sustainable energy development

1. Introduction

Exosomatic energy is putative of global economic growth and development [1] and
remains at the center of contemporary socio-economic development and environ-
mental sustainability policy discourses. As a result, the security concern of exosomatic
energy is one of the contemporary sustainable development priorities across the globe.
Giving the above reason, every national economy endeavors to ensure a sufficient
degree of energy security and formulate, strategize, and execute energy security
policies in accordance with individual economies’ requirements and unique
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circumstances [2]. The notion of energy security is multifaceted and dynamic–it
revolves around the understanding and analysis of the factors, dynamics, and policies
that contribute to ensuring a stable, reliable, and sustainable energy supply. Given the
centrality of energy and entire socio-technical systems – its security discourses
encompass various dimensions, including, but not limited to, political, geopolitical,
economic, social, and socio-technological systems components, and aims to mitigate
risks and vulnerabilities associated with energy systems across time and space. In line
with the above reasoning, the authors in [3] have suggested that the concept of “energy
security” is more akin to an abstraction than a well-defined policy or term, making it
challenging to describe. Furthermore, whether one reason from the positivist or
normativist (or a combination of the sort) perspectives, the conceptual and practical
meaning of energy security can vary depending on different perspectives, such as
institutional, national, or personal views [4]. Again, from the international political
economy of energy perspective, securitization of energy system is a construct of four
main frames – namely: the “dominant worldviews”, “prioritized component of energy
security”, “energy security for whom?”, and “underlying values and goals” – and are
influenced by the ruling social, economic, political or environmental ideologies (see
Table 1). Humans are evolutionarily wired to be security-thinking burdened species –
thus, how to secure energy is human existential. For example, a view exists that
human conception of energy security can be traced to the prehistoric era when
humans first discovered and began controlling fire [6] as an exosomatic energy.
However, the beginning of academic discourses on energy security might have
emerged in the 1960s [7], probably as one of the post-Second World War develop-
ment thinking. But, the 1970s oil crisis fairly marked the commencement of energy
securitization and measurement efforts through policy rationalization and academic
research [8, 9], especially among the OECD (Organization for Economic Cooperation
and Development) economies. A year after the 1973 oil crisis – 1974, the International
Energy Agency (IEA) was established as an intergovernmental organization to
promote energy supply security and foster economic growth – a direct response to the
oil crisis that unfolded during the years 1973–1974 [8]. According to an account, as
part of the IEA’s oil crisis management frameworks, the OECD (Organization for
Economic Cooperation and Development) member countries must hold oil stocks

Frame Agents Dominant worldviews Prioritized
components of
energy security

Energy
security for
whom?

Underlying values
and goals

Market liberalists Technological optimism,
free market libertarianism

Economic
affordability

Economy Welfare, freedom

Neo-mercantilists Defense of national
security

Geopolitical
availability

State Political
independence and
territorial integrity

Environmentalists Environmental
preservationism,
conscientious
consumption

Environmental
sustainability

Earth Respect for nature

Social greens Justice, neo-Marxism Social acceptability Society Equity, justice

Source: Adopted from ([5], p. 93).

Table 1.
Frames and worldviews on the international political economy of energy.
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equivalent to 90 days of imports [8], as part of energy security measures. One can
fairly argue that in years predating the first oil crisis in the 1970s, the securitization of
energy systems was not a prominent policy issue [9]. With the turn of events, how-
ever, the popularity of social, economic, political, and geopolitical impacts of the 1973
oil crisis became a household concern, especially in the developed economies that
largely relied on the Gulf States region for oil. As “loosely” emphasized by ([10],
p. 111), “even casual newspaper readers have become aware that there are links
between energy, security and foreign policy”. Notable early works from a political
point of view, like Willrich’s article on international energy issues and options, pro-
vided comprehensive analyses of the international energy sector and its implications
on a national and global scale [11]. Willrich distinguished between “security of supply”
and “security of demand” and recognized that energy issues varied for different stake-
holders, be they oil-importing or producing nations [p. 746]. Throughout the latter
part of the 20th century, energy security studies primarily operated within a political
economy framework with a focus on a reasonably stable supply of oil [12], with little
or no recourse to environmental sustainability dimensions. Researchers and
policymakers prioritized diversification, uninterrupted flow, and affordability of
energy supply. Such earlier rationalization of the energy security concept renders it as
“security of supply” focused, and as a central element in defining and operationalizing
energy security. If we turn to the use of the term “security” as constantly applied by
security researchers and scholars, security collocates the “non-existent of threats”. We
are however further burdened with the word “threat” – as spatial, time, culture,
values and perspective dependent – implying the concept of security co-evolves social,
economic, environmental, geopolitical, and the like factors. For instance, during the
First World War (WW I) and Second World War (WW II), access to refined, effi-
cient energy fuels was a topic profile geopolitical and national security strategy
reflecting the Neomercantilists worldview of seeing energy security as a defense of
nationality security (see Table 1).

Today, as the body and internal structure of knowledge about the “indispensability
of energy systems” – as humans cannot survive without working – and no work could
be done without useful energy services, energy security scholarships have evolved
into an interdisciplinary field. This is largely due to factors such as climate change,
globalization, and the uncertain future of fossil fuels. These developments have intro-
duced new dimensions to the concept, including sustainability, resilience, energy
efficiency, greenhouse gas emissions mitigation, accessibility of energy services
(addressing energy poverty and its multidimensionality), and more. As a result,
energy security has become intricately intertwined with other environmental, social,
political, and security issues. To capture the multidimensional nature of energy secu-
rity, systematic literature reviews [13, 14] and international research [15] have
explored diverse perceptions and indicators of the concept. In particular, [15] went
further with the dominant focus on finding a converging definition for the concept of
energy security by identifying 16 distinct dimensions of energy security – including
affordability of energy services, equitable access to energy, and energy efficiency.
Sovacool et al. [15] go beyond traditional definitions, including dimensions like energy
education and ensuring transparency in their research. Through questionnaire
administration, these authors rigorously demonstrate that people’s perception of
energy security varies and covariates education, age, gender, and culture value sys-
tems. Sovacool [16] further expands on this idea by introducing the concept of “cul-
tures”within the energy sector, suggesting that different perceptions can be explained
by the cultural context to which the participants belong. Additionally, Sovacool [16]
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identifies at least five different energy cultures, including national, economic, politi-
cal, professional, and epistemic cultures. By doing so, the author highlights the multi-
faceted nature of energy security and emphasizes how various subjects perceive the
concept differently based on their own preferences and backgrounds.

Another attempt to conceptualize energy security is in the work of [17]. These
researchers focus on the core question of “what to protect?”. Accordingly, they define
energy security as the “low vulnerability of vital energy systems”. The energy sys-
tems’ “vulnerability” may result from exposure to risks – being they natural or due
human factors (or a combination human and natural factors). In the context of low-
income economies that faced with weak, and inequitable critical energy infrastruc-
ture, but are faced with extreme climatological events due to climate change and
variability [18], building resilience capacity is indispensable to maintaining security.
The authors examine vulnerabilities across different energy systems, including energy
infrastructure, energy services, and renewable energy sources. While this introduces
some senses of universalism in our understanding of energy security, the authors
acknowledge that energy security remains an abstract concept that heavily depends on
the perspectives, actions and values of the actors involved. In retrospect, consensus
exists that the meaning of a concept, in general terms, changes over time. Citing the
concept of “democracy” as an example, ([19], p. 18) suggests that “Democracy 2000
years ago had a different meaning than democracy today”. By a way of cross-
disciplinary reasoning, we can claim that the concept of energy security is continu-
ously evolving, with its scope continually expanding and lacking a universally
accepted definition. That notwithstanding, promoting sustainable development relies
significantly on ensuring energy security, which has become a fundamental pillar in
energy policies and frameworks worldwide. According to Chris Rupped (n.d.), as
cited in [20], the period 1985 to 2003 marked the era of energy security, and from
2004 onwards, marked the period of “energy insecurity” [p. 172]. With the growing
uncertainties and vulnerabilities in social, economic, political, geopolitical, and envi-
ronmental systems, including emerging infectious diseases, that follow the patterns of
global warming and climate [21], the context in the notion of energy security, relative
to the three major policy and academic questions: (a) “security for whom”, (b)
“security for which values”, and (c) “security from which threats”, is likely to main-
tain an enduring energy systems research and policy concern far into the twenty-first
century.

1.1 Dynamics and perspectives of energy security thinking

Energy security’s interpretation varies in academic literature, among different
stakeholders, and across energy-importing/exporting nations, organizations, and
military. The broader understanding is shaped by strategies for safeguarding it. This
multifaceted concept spans diverse dimensions, explored next to understand varied
actor perspectives.

2. Net-importing (relatively energy resource poor) economies
energy security

Energy resources exhibit varying geographical distributions and availability
[22, 23]. In countries reliant on energy imports or those lacking ample resources,
ensuring energy security centers on maintaining a consistent, reliable energy supply.
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This involves addressing citizens’ energy needs and sustaining crucial sectors like
transportation, heating, and electricity [24]. According to [11], energy security per-
tains to guaranteeing adequate energy supplies to sustain the national economy at a
standard level.

Hence, economies reliant on energy imports prioritize enacting effective domestic
and foreign policies to ensure a stable energy supply. These actions may encompass
diversifying energy sources, enhancing efficiency, and promoting new technologies
[24–26]. These strategies aim to reduce dependence risks build robust energy infra-
structure, and led to the formation of the International Energy Agency (IEA) in
1974 – a global organization of 29 economies focused on energy security. Established
within the framework of the OECD, the IEA characterizes energy security as “as the
uninterrupted availability of energy sources at an affordable price”1, which is consis-
tent with three out of the popular “the 4 A’s of energy security”2 – availability,
accessibility, and affordability dimensions of energy security suggested in the literature
[17]. Consequently, the IEA’s energy security definition aligns with that of the Euro-
pean Union (EU). As the title of this chapter seeks to describe, regime thinking
matters in the attempt to conceptualize energy security and determine the most
optimal strategic responses to deal with short-term supply or demand-side shocks.
As a result, the IEA has recently added the imperatives of climate change, weather,
and digital resilience to energy security rationalization, including environmental
sustainability.

Europe does not only represent a significant energy import-dependent region but
has also traditionally relied on individual member states and their national initiatives
for energy security strategies. However, in recent decades, the European Union (EU),
as an intergovernmental organization, has characterized its energy policy in three
main thematic areas: energy security, competitiveness, and sustainability ([28], p. 6). The
Energy Security Strategy of the European Union addresses both immediate and future
energy security measures. In the short term, the strategy primarily emphasizes
enhancing resilience against energy supply disruptions through diversification of
energy supply sources. Meanwhile, the long-term measures aim to decrease depen-
dence on external energy sources. To ensure the ability to overcome supply disrup-
tions, the strategy proposes various actions, such as coordinating risk assessments,
establishing reserves, safeguarding critical infrastructure (particularly focusing on
cybersecurity), fostering an integrated internal market (including the construction of
vital inter-connectors among member states), strengthening cooperation with new
suppliers, and developing new energy transit routes. An example of such a route is the
Southern Gas Corridor [29]. Given European Union Member States over reliance on
Russia for energy, especially gas, the resilient of the region’s energy systems has to be
tested in the face of the ongoing Russian-Ukraine war and the energy sector impact of
the COVID-19 pandemic. A seeming progress in line with the above, however, is that,
European Union Member States reportedly managed to reduce their dependency on
Russia in their natural gas imports by 40% in 2022, compared to 2019 ([30], p. 64).

In the realm of global energy geopolitics, the United States stands uniquely; it is faced
with challenges and opportunities inherent in both energy-importing and exporting
economies. Given this complexity, the Energy Information Administration (EIA) [31]

1 The reader may read details from https://www.iea.org/areas-of-work/energy-security.
2 The Asia Pacific Energy Research Centre (APERC) provides a contemporary dimensions of energy

security – Availability, Acceptability, Accessibility, and Affordability (The 4 A’s of Energy Security [27]).
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argues that the United States holds the distinction of being both the largest energy
importer and the largest energy producer and consumer globally. However, there is a
growing consensus that the shale revolution is transforming the United States into a net
exporter of oil and gas. Meanwhile, the US Energy Information Administration further
projects that the country will become a net energy exporter by 2022. However, it seems
the USA became a net exporter of petroleum two years ahead of the 2022 projection by
the EIA, as the same source indicates that “In 2020, the United States became a net
exporter of petroleum for the first time since at least 1949”. For instance, in 2022, the US
exports of petroleum were estimated as 9.58 million barrels per day (b/d) as against 8.32
million b/d in the same year under review. Making America’s annual net petroleum
exports 1.26 million b/d in 2022.

Traditionally, energy security in the United States has primarily focused on
achieving what is known as “energy independence”, particularly concerning oil.
However, as observed by a prominent energy policy scholar [16], neither the Energy
Independence and Security Act of 2007 nor the Food and Energy Security Act of 2007
(both of which were signed into law by President Bush) provide a clear definition of
energy security. An exception of the recent official document that seeks to address the
notion of energy security is a paper from the Executive Office of the President of the
United States ([32], p. 11). It establishes that “energy security is used to mean different
things in different contexts and broadly covers energy supply availability, reliability,
affordability, and geopolitical considerations”. This aligns with the definitions provided
by the United Nations (UN) and the International Energy Agency (IEA). It is widely
acknowledged that the shale revolution is playing a significant role in transforming
the United States into a net exporter of oil and gas.

When it comes to energy security perspectives from net-importing economies,
Japan stands out as a substantial “elephant in the room” – with its significant footprint
on the global energy landscape. Due to the country’s disadvantage in terms of the
geography of strategic energy resources, the country heavily relies on imported
energy commodities. For example, according to the World Nuclear Association, Japan
imports approximately 90% of its energy requirements.3 In 2017, the Ministry of
Economy, Trade and Industry estimated Japan’s primary energy self-sufficiency as
9.6% and ranked 34th among the OECD countries [33]. Consequently, supply-side
security has always been both domestic and geopolitical concern. Thus, energy
dependence – the extent to which internal/external disruption to energy availability
would negate the welfare of citizens and energy security (already defined) has always
been an integral part of Japan’s national security strategies through times of major
energy crises. As a reference period, the oil embargoes of the 1970s substantially
unearthed and exposed Japan to the risks associated with relying on oil from the
Persian Gulf States. As a result, by 1985, nuclear plants constituted about 23.8% of
total electricity generation and remained steady until 2010 – with a share of about
25.7%. Following the nuclear accident at Fukushima in March 2011, nuclear plants
share of electricity generation reduced to approximately 14.7% and to .0.00% in 2014
due to the subsequent closure of all Japanese nuclear reactors. Japan’s “pride” is a
function of a stable or secured energy system. Thus, the 2011 Daiichi Nuclear plant
meltdown led to a sharp increase in liquefied natural gas (LPG) imports. Some ana-
lysts argued that the Fukushima Nuclear accident in 2011 affected both the supply and

3 Details available from https://www.world-nuclear.org/information-library/country-profiles/countries-g-

n/japan-nuclear-power.aspx. Seen 6 August 2023.
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demand sides energy security globally – as Japan’s demand for fossil fuels surged,
raised the prices of liquefied natural gas (LNG) and uranium [34] – affecting avail-
ability, affordability, sustainability and accessibility dimensions of energy security as
mentioned in the reviewed literature. Specifically, using 2008 as a reference year,
Japan’s consumption of natural increased from 88 billion cubic meters (bcm) to 114
bcm in 2011, 119 bcm in 2014, and steadily declined to the 2009 level of 93 bcm, and
92 bcm in 2022.4

Surprisingly, the “Strategic Energy Plan 2018”, and the “Japan 2021 Energy Policy
Review” [33, 35], pivotal energy policy documents in Japan, overtly highlight the
escalating apprehension regarding energy insecurity. It delineates a comprehensive
framework for enhancing security, encompassing various measures such as
augmenting the availability of fossil fuels both domestically and internationally, has-
tening energy efficiency initiatives, fostering the growth of renewable energy sources,
reconfiguring nuclear policies, opening up energy markets, and formulating strategies
for swift emergency responses following the Fukushima incident. Under Tokyo’s
Strategic Energy Plans, energy security is prioritized. In this policy logic, the Japanese
Government’s stated goal of achieving energy security, among other things, is to
“increase the ‘independent development ratio’ … to 40% for oil and natural gas, and
to 60% for coal by 2030” ([35], p. 30). Paradoxically, even though this plan empha-
sizes these security measures, the official elucidation of the energy security concept by
the Government of Japan has been omitted.

3. Energy exporters landscapes

When considering energy security, economies abundant in energy resources also
share security concerns. In that, socioeconomic development, national security,
cyberinfrastructure, etc., are significantly influenced by energy security, just like
energy-importing countries. Thus, energy security encompasses both supply-side and
demand-side security. Policymakers energy security burden from the landscape of the
energy-exporting economies should be defined as the “security of supply”. Here,
security of demand can be viewed as the guaranteed access to foreign markets for
energy exporters. This fairly implies that energy security as a policy concept from the
energy-importing and energy-exporting economies are not mutually exclusive.
Exporters have to strategize to deal with both such external and internal variables,
including but not limited to access to international energy markets, global demand
and prices, domestic and geopolitical stability, investments and infrastructure, market
diversification, environmental regulations, the rate of energy resource depletion,
major environmental treaties and conventions, currency fluctuations and sanctions. In
particular, market diversification is imperative to maintain a stable stream of revenue.
This is very crucial for the energy-rich-poverty paradox countries, such as Nigeria,
Ghana, Angola, Gabon, Chad, and the Republic of the Congo. With specific reference
to Africa, both matured and new oil-exporting countries have to strictly adhere to the
principle of the Non-Aligned Movement established at the Belgrade Conference in
1961, probably to avoid spillover effects of sanctions as have been applied to the
powerful Western allies against countries such as Russia and Iran during geopolitical

4 Analysis based on data from blob:https://yearbook.enerdata.net/bf89d04c-7e1d-49ea-aba9-f9b6e1df4d5e.

Seen 6 August 2023.
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tensions. Another aspect that can enhance demand security is maintaining a delicate
equilibrium between supply and demand. Energy exporters (most resource-rich
economies) are interested in maintaining stable demand for their energy products,
which is often linked to the interests of the industrialized club economies and the
development of non-fossil energy sources in the climate regime.

From the landscape of the energy-exporting countries and the concept of energy
security, the role of the Organization of the Petroleum Exporting Countries (OPEC) is
worth considering with reference to 1970s. As a general knowledge, the OPEC is an
intergovernmental organization consisting of 13 oil-exporting states. While not all
major energy suppliers, such as Russia, are members of OPEC, the organization
accounted for 36.3% in 2022 [36] as against 42.4% in 2017 [37] of global oil produc-
tion, making it the largest energy exporter under the period of review. In the 2010
Long-Term Strategy document, OPEC outlined long-term energy policy objectives of
ensuring long-term oil revenues by stabilizing fair energy prices and securing global
oil demand for producers. The official document acknowledges the importance of
understanding future oil demand requirements as a crucial aspect of OPEC’s overall
energy security concerns. Additionally, the strategy emphasizes security of supply,
which, in OPEC’s context, refers to ensuring an efficient, economic, and consistent
supply of petroleum to consuming nations.

However, it is worth noting that while OPEC primarily focuses on energy
security purely from the perspective of energy exporters, it recognizes shared
energy security concerns with the rest of the world. OPEC acknowledges that
environmental issues like climate change have global implications, necessitating
multilateral cooperation among all stakeholders in the energy sector. It is worth
mentioning that, based on our current social-technical systems, energy stands as a
pivotal resource driving transformative global development, with oil and gas
maintaining their crucial roles within this sector. Despite the ongoing shift toward
renewables, these traditional sources will remain integral, particularly in developing
and emerging economies for the foreseeable future in addressing other dimensions of
security, including energy poverty, food and water security, health, sustainable trans-
port, dealing with emerging infectious diseases, climate change and global warming
adaptation, etc.

Energy is a key resource for transformational development globally. Oil and gas
(fossil fuels) will continue to play a key role in this sector, irrespective of the gradual
transition toward renewables, and will continue to do so in most developing and
emerging economies in the near future.

4. Militarization and energy security

Militarization – defined as “the cultural, symbolic, and material preparation for
war” [38], can have significant implications for energy security, both directly and
indirectly. In military parlance, energy security is often defined as operational energy.
This technically encompasses the daily energy required for training, transportation,
and sustaining military forces and weapons platforms during military operations.
Emerging out of this global recognition is that energy security has become an increas-
ingly important strategic aspect of military planning and activities. Multiple forces are
propelling this trend, but can be summarily enumerated under such sub-headings as
the desire for resource control and geopolitics, concerns about supply disruptions,
vulnerability of energy infrastructure network systems, energy transit routes,
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environmental concerns (global warming and climate change), high defense spend-
ing, dependence on energy imports, supply disruptions.

Militarization can lead to the control or occupation of energy-rich regions or key
transit routes for energy resources. This can potentially grant a country greater influ-
ence over energy markets and supply chains. Geopolitical tensions arising from mili-
tarization can disrupt the flow of energy resources, impacting global energy markets
and prices. Again, Militarized conflicts in energy-producing regions can disrupt the
extraction, production, and transportation of energy resources. Attacks on energy
infrastructure, such as oil fields, refineries, pipelines, and ports, can lead to supply
disruptions and price spikes. This instability can affect energy-importing nations’
access to vital resources. Based on history and contemporary wartime experiences,
energy infrastructure systems are often a target in conflicts due to their economic and
strategic importance. Militarization can potentially heighten security concerns for
energy facilities, making them more vulnerable to attacks, sabotage, and cyber
threats. This can undermine the reliability of energy supply chains. From scarcity and
allocation reasoning, military buildups and maintenance of a large military force
require significant resources, including energy. A country with a highly militarized
stance might divert resources away from the development of renewable energy
sources and energy efficiency measures, thereby hindering its transition to a more
sustainable energy mix.

Essential to the above is a “collective defense” organization, like the North Atlantic
Treaty Organization (NATO). Until the recent decades of heightened environmental
and ecological security concerns, NATO’s foremost focus has been to function as a
collective and regional security organization [39], particularly in defense against the
Soviet Union following the aftermath of the Second World War. Indisputably, energy
security is the nucleus of the collective security of its members. Keshk [40] has
eloquently stated that “energy security is one of red lines crossing which by any party is not
allowed by NATO” ([40], p. 10). Accordingly, disruptions in energy supply (particu-
larly fossil fuels) can have significant implications for the security of NATO allies and
partners, potentially impacting the effectiveness of NATO’s military operations. Typ-
ically, energy security policy would traditionally fall within the purview of individual
sovereign nations. Nevertheless, NATO allies are committed to engaging in discus-
sions regarding energy security, encompassing its broader dimensions, and collabo-
rating to bolster NATO’s ability to make meaningful contributions in areas where
energy has the potential to yield collective or regional benefits across social, political,
economic, and even ecological domains.

For instance, in their Strategic Concept for the Defense and Security document,
the Members of the NATO explicitly state that

Key environmental and resource constraints, including health risks, climate change,
water scarcity and increasing energy needs will further shape the future security
environment in areas of concern to NATO and have the potential to significantly affect
NATO planning and operations ([41], p. 15). [Emphasis added].

In essence, the process of militarization can lead to extensive outcomes on energy
security. This encompasses impacts on resource access, supply chains, infrastructure,
and the potential to shift toward more sustainable energy sources. Moreover, tense
geopolitical relations and conflicts possess the capacity to interrupt energy markets,
sway investment choices, and impede the overall progress toward establishing a
dependable and environmentally-friendly energy future.
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5. Energy transit economies landscape of energy security

Conventionally, energy particularly commercialized fossil fuels, entails intricate
and interlinked value chains encompassing various stages such as exploration, extrac-
tion, conversion, transportation, and distribution to potential end-user sub-sectors.
Thus, energy resources can be categorically delineated as the primary basis for divid-
ing the global landscape into three distinct “energy worlds”: nations endowed with
abundant energy resources, nations primarily characterized as energy consumers, and
nations serving as intermediaries for energy transit [42]. Another context is that in
2022, about 82% of the total primary energy consumption globally came from fossils –
with oil, gas, and coal, respectively, accounting for 31.6%, 23.5, and 26.7%.5 Mean-
while, globally, oil and natural gas – constituting about 55.1% of total primary energy
consumed in 2022, were (as has been historically) exclusively transported through sea
routes. Consequently, we reasonably argue that the attainment of energy security –

whether collectively or individual sovereign nation perspectives, hinges significantly
upon the primacy of energy diplomacy and cooperative efforts among both importing
and exporting nations, ceteris paribus. This places the world’s major chokepoints –
defined as “narrow channels along widely used global sea routes” [44]. According to
[44], global chokepoints for maritime transit of crude products (particularly oil and
gas) are a critical component of global energy security. For instance, in 2015, the
Energy Information Administration estimated that 61% of global petroleum and other
forms of liquids were transported through maritime routes. Although the statistics are
somewhat outdated, their validity might still hold true, given the absence of recent
evidence indicating any changes in the geographical and associated energy geopolitical
fundamentals in these regions.

The EIA has named seven chokepoints: the Strait of Hormuz, Strait of Malacca,
Suez Canal, Bab el-Mandeb, Cape of Hope, Danish Strait, Turkish Straits, and Panama
Canal, whose security determine the faith of global energy systems’ security (See
Figure 1).

Just for reference purpose, the Suez Canal and the SUMED Pipeline serve as
strategic conduits for the transportation of Persian Gulf crude oil, petroleum products,
and liquefied natural gas (LNG) shipments to Europe and North America. Situated
within Egypt, the Suez Canal effectively links the Red Sea with the Mediterranean Sea,
assuming a pivotal role as a critical chokepoint due to the substantial quantities of
energy commodities that traverse this passage. In 2018, for instance, the northbound
petroleum exports from the Persian Gulf States – Iraq, Iran, and Saudi Arabia to
Europe and North America, 85% were reportedly transported via the Suez Canal.6 In
the realm of energy security policy discourse, the pivotal point is that the essential
elements of energy security, denoted as the 4 A’s, rely fundamentally on the stability
of key energy transit routes and chokepoints, as previously indicated. Some energy
risk analysts have strongly reiterated that blocking a chokepoint, even temporarily,
can lead to substantial increases in total energy costs and world energy prices –
negating the affordability dimension of energy security. In addition, chokepoints also
leave oil tankers vulnerable to theft from pirates, terrorist attacks, political unrest in
the form of wars or hostilities, and shipping accidents that can lead to disastrous oil
spills [45].

5 Computation based on data from https://ourworldindata.org/energy-mix [43]
6 Details available from https://www.eia.gov/todayinenergy/detail.php?id=40152. Seen 25 July, 2023.
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While sustainable development goals and other international initiatives have
emphasized the significance of addressing energy security, which involves the intri-
cate interplay between poverty reduction and the mitigation and adaptation of climate
change, the intricate nature of energy interdependence facilitated by geographical
attributes such as energy transit routes and chokepoints has not been systematically
deliberated upon. In order to effectively attain the energy objective outlined in the
sustainable development goals, these deliberations must assume a prominent position
within the framework of the United Nations system. Valuable insights can be drawn
from the profound impacts of events like the COVID-19 pandemic and the Russia-
Ukraine war, which have starkly exposed vulnerabilities within global energy systems,
particularly the disproportionate repercussions on economies with limited financial
resources. Thus, in the regime of high uncertainties like climate change, geopolitical
tension, pandemics, etc.; low-income economies, in particular, must raise energy
security policy questions duly relevant to the physical, economic, markets, social, and
geopolitical imperatives of energy system.

6. Energy shocks (crises)

Energy crises or shocks and human progress constitute co-evolutionary phenom-
ena within social-ecological systems. While the oil shocks of the 1970s predominantly
hold the status of a reference point in energy economics and historical literature, an
alternative proposition posits that the initial documented energy crisis took place
around 1600 – known as the “Firewood crisis in England” ([46], p. 417). Thus,
throughout history, energy crises have arisen due to various factors such as energy
shortages (resource depletion), conflicts, market manipulations, rent-seeking behav-
iors, and government interventions. Fiscal interventions – such as tax increases, the
nationalization of energy companies, and regulatory measures in the energy sector can
disrupt the balance of supply and demand, leading to an intermittent or prolonged
crises. Additionally, protests, government embargoes, over-consumption, aging
infrastructure, disruptions at oil refineries and port facilities, and increased energy
consumption during harsh summers and winters can also contribute to emergencies.

Minor interruptions in energy supplies, especially in countries with energy infra-
structure network systems, can occur due to infrastructure failures, while severe
weather events can cause significant damage to infrastructure and potentially trigger a
crisis. Acts of terrorism or militia targeting critical infrastructure pose serious

Figure 1.
World oil transit chokepoints: Source: Adapted from [44].

161

Perspective Chapter: The Regime Matters – A Multidisciplinary Perspective on Energy…
DOI: http://dx.doi.org/10.5772/intechopen.1003092



challenges to energy consumers as well. Political events such as regime changes can
cause disequilibrium in the energy system, including disruption in oil and gas supply
value chains, resulting in shortages. Furthermore, fuel shortages can occur due to
excessive and wasteful use of fuels.

Although an authoritative definition of the concept of energy shocks is lacking,
this phenomenon, which has emerged as a prominent concern since the 1970s, can be
broadly comprehended as an occurrence within the energy system. This occurrence
entails a substantial constriction in the availability of energy resources to an economy,
resulting in a noteworthy bottleneck [47]. One notable demand–supply interaction
feature of energy shock, particularly in the short-term – is price hikes or inflation
during supply shock in the energy sector – which can simply be reasoned from the
theoretical relationship between scarcity and price in microeconomics. A dominant
reference period in the literature is the energy crisis of the 1970s, during which major
industrial countries faced substantial petroleum shortages. This crisis had far-reaching
effects, including a stock market crash, rampant inflation, and high unemployment
rates. The two most severe crises during this period were the 1973 oil crisis and the
1979 energy crisis. While contestable, some commentators believe the energy shocks,
especially from 1973 to 1979, significantly increased and sustained the sovereign debt
burden of developing countries, as poor-oil-importing countries such as Ghana were
compelled to borrow from commercial banks and economies with high-interest rates
due to inflation tightening policy.7

As a commonplace is that the 1973 oil crisis occurred when Arab members of OPEC
imposed an embargo against the United States and other countries supporting Israel
during the Arab-Israeli War. The embargo prohibited petroleum exports to these
nations and led to cuts in oil production. Regarding mechanism analysis, the 1979
energy crisis was triggered by decreased oil output following the Iranian Revolution.
The outbreak of the Iran-Iraq War further disrupted oil production in the major
Persian Gulf nations, leading to economic recessions in various oil-dependent. Oil
prices did not return to pre-crisis levels until the mid-1980s.

The 1990 oil price shock occurred in response to the Iraqi invasion of Kuwait. The
invasion and subsequent embargo caused a significant shift in the oil market. Con-
cerns initially focused on the loss of crude oil supplies, and the price spike, lasting nine
months, contributed to the recession of the early 1990s. Although less severe than the
crises of the 1970s and 1980s, it still had a notable impact, especially among the
industrialized club economies.

At this juncture, it is pertinent to highlight that the underlying factors behind
energy crises, particularly in relation to crude products, exhibit a dynamic nature. The
intricacies associated with these factors have shown a consistent inclination toward
escalation as we approach the new millennium. Notably, during the 2000s, the rami-
fications stemming from oil shocks deviated from those witnessed in preceding
decades. For example, in the writing period, the predominant factor behind the
escalation in energy prices was the disequilibrium within the fundamental dynamics
of the crude oil markets. This imbalance is juxtaposed with a constrained expansion of
supply and accentuated by the COVID-19 pandemic, Russia-Ukraine tensions, and
general speculative activities within global markets.

Table 2 shows crude oil prices from 2002 to 2022. To mitigate any possible bias
regarding the COVID-19 pandemic and the Russia-Ukraine war in our analysis, 2019

7 See for example, https://www.imf.org/external/about/histdebt.htm. Seen 30 July, 2023.
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was chosen as a reference year. A general observation is that, from 2019 to 2020,
global annual average oil prices witnessed a downward trend, suggesting an immedi-
ate effect of the COVID-19 lockdown and border restriction measures to contain the
pandemic on the oil markets. In particular, with Brent averaging around $101 per
barrel, oil prices experienced a rise of approximately 42% by the end of the year. It
increased from 64.21 (US $/bbl) in 2019 pre-COVID-19 to 101.32 (US $/bbl) in 2022.
Nonetheless, examining the aforementioned correlations carefully is crucial, consid-
ering both systematic and idiosyncratic risks specific to each country’s circumstances.
In certain nations, the observed impacts primarily underscore underlying structural
vulnerabilities within their energy sub-sector. For instance, consider Ghana, where
the escalation of energy costs – particularly regarding fossil fuels – is partly attributed
to substantial debts in the energy sector, instances of corruption and mismanagement,
inefficiencies in transmission and distribution, as well as the transition toward elec-
tricity generation through gas-fired thermal plants.

Overall, energy crises have historically stemmed from a range of factors, including
shortages, conflicts, market manipulations, government interventions, infrastructure
failures, geopolitical events, and excessive consumption. These crises have had

Year Dubai ($/bbl) Brent ($/bbl) Nigerian Forcados ($/bbl) West Texas Intermediate ($/bbl)

2002 23.60 25.02 25.04 26.16

2003 26.75 28.83 28.68 31.06

2004 33.51 38.27 38.13 41.49

2005 46.78 54.52 55.69 56.59

2006 61.48 65.14 67.07 66.04

2007 67.92 72.39 74.48 72.20

2008 94.28 97.26 101.43 100.06

2009 61.14 61.67 63.35 61.92

2010 77.78 79.50 81.05 79.45

2011 105.93 111.26 113.65 95.04

2012 109.06 111.67 114.21 94.13

2013 105.47 108.66 111.95 97.99

2014 97.02 98.95 101.35 93.28

2015 51.22 52.39 54.41 48.71

2016 41.02 43.73 44.54 43.34

2017 53.02 54.19 54.31 50.79

2018 70.15 71.31 72.47 65.20

2019 63.71 64.21 64.95 57.03

2020 42.41 41.84 42.31 39.25

2021 68.91 70.91 69.76 68.10

2022 96.38 101.32 101.40 94.00

Source: Author’s compilation based Statistical Review of World Energy (2023 72nd Edition).

Table 2.
Crude oil prices in US dollars per barrel (2002–2022).
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significant economic and social repercussions, shaping the energy landscape and
highlighting the importance of energy security.

7. Corruption and energy security

Corruption, generally, is seen as a drag on society’s progress – economically,
socially, politically, ecologically, or even, if verifiable, spiritually. For a straightfor-
ward discussion, I resort to a dictionary definition of “corruption” and its relationship
with energy security. According to the Collins COBUILD Dictionary of CD-Rom
(2006), the notion of corruption can be defined as “is dishonesty and illegal behavior
by people in positions of authority or power”. Despite the emphasis placed by the
2030 Sustainable Development Goals and international development initiatives on the
pivotal role of energy access in socioeconomic advancement, a paucity of comprehen-
sion persists regarding the degree to which corruption within energy systems by
prominent entities can either exacerbate or alleviate security concerns. Discussions at
the beginning of the text accentuated that energy security ensures a stable energy
supply crucial for development. However, corruption can threaten energy security
goals by distorting market deficiencies, discouraging investments, and threatening the
profitability, equity, and resilience of energy infrastructure network systems. As
reported in [48], a recent study on Latin American societal elites reveals that hin-
drances to expanding wind and solar energy capacity and establishing larger cross-
regional power systems primarily include corruption, bureaucratic challenges, insuf-
ficient global coordination, and substantial public-private investments. This section
explores a limited mechanism through which energy corruption can undermine
energy security.

Corruption, either from country to country, person to person, institution to insti-
tution, perceived or real, can significantly distort the energy markets and the
governing institutions. Corruption can skew energy markets by favoring well-
connected entities, reducing competition, and disrupting supply reliability due to
subpar infrastructure. A case in point is that energy systems involve mega infrastruc-
ture investment, with millions of dollars in the North and South. Another lens of
thinking about the energy-in(security)-nexus is that pervasive energy sector corrup-
tion can possibly result in distorted investment priorities. Corrupt practices often
divert funds meant for energy infrastructure development and maintenance into the
pockets of individuals or groups. This diversion can result in inadequate investment in
critical energy projects, such as power plants, pipelines, and grids, leading to insuffi-
cient energy supply and frequent blackouts. For instance, if funds intended for
upgrading power generation facilities are embezzled by corrupt officials, the energy
system’s capacity may remain insufficient to meet demand.

Arguably, irrespective of the political systems of a country – market or centrally
planned economy, corruption in the energy sector can be a fertile ground for ineffi-
cient resource allocation. From a standpoint rooted in either political economy or
political ecology, it can be duly posited that a fundamental imperative of a state
resides in the judicious utilization of its collective resources, encompassing vital ele-
ments such as energy, to optimize the overall welfare of its populace, thereby
effecting the reduction or mitigation of adverse welfare circumstances. Linked to the
above, the United Nations’ view on energy services and development, as indicated in
the Seventh Goal of the SDGs (SDG 7), is that “The survival and advancement of
humanity hinge upon the availability of energy for the purpose of household heating,
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the production of commodities, and the facilitation of communication across
extended distances”. This places energy resources at the center of multidimensional
development thinking, including, ecological, social, institutional, economic, and
political well-being. However, corruption can lead to the misallocation of energy
resources, favoring politically connected parties or personal interests instead of opti-
mizing resource utilization. For example, oil exploration and mining licenses might be
awarded to companies based on bribes rather than their technical expertise, leading to
ineffective resource management and decreased energy output [49, 50]. Furthermore,
sector corruption can result in the erosion of regulatory frameworks. While not a
novel idea, it is worth mentioning in the unique context of energy security discussions
that corruption can weaken regulatory institutions responsible for overseeing the
energy sector, leading to reduced accountability and enforcement of rules. Regulatory
bodies that are compromised by corruption might overlook safety standards, envi-
ronmental regulations, and fair market practices, ultimately risking energy supply
disruptions and environmental degradation. Again, where it goes unchecked, energy
sector corruption, especially mega oil, gas, electricity, nuclear plants, etc., can lead to
unjustifiable higher costs and reduced competitiveness. Corruption often introduces
inefficiencies and unnecessary costs into the energy value chain. When bribes and
kickbacks are involved in procurement processes, costs can skyrocket, affecting the 4
A’s of energy security for consumers and businesses. This reduced cost-effectiveness
can make the country’s industries less competitive globally. In addition, the cancer of
energy corruption can repel foreign investment and energy-related foreign financial
aid. Yes! Corruption in the energy sector can deter foreign investment! Investors
(except corrupt ones) hesitate to commit capital to a country with an unreliable and
unpredictable energy supply due to corruption, as it increases the perceived business
risks. This lack of investment can hinder the development of new energy projects and
technologies, further exacerbating energy security concerns. As an illustration, within
the realm of contemporary indices utilized by organizations and foreign investors to
conduct country risk analyses, the corruption index is a pivotal determinant in the
decision-making process [51, 52].

Energy sector corruption may severely impact international environmental treaties
and conventions, such as the Paris Agreement of 2015, intended to cut anthropogenic
greenhouse gas emissions in the energy sector. In that, corruption can obstruct
renewable energy development efforts. In many cases, corruption-driven policies can
favor traditional energy sources over renewable alternatives. For instance, bribes and
kickbacks from fossil fuel interests might lead to delayed adoption of renewable
energy projects, hindering the transition to cleaner and more sustainable energy
sources. Lastly, corruption, in general, can lead to social unrest and political instabil-
ity: Energy shortages caused by corruption can lead to public dissatisfaction and
unrest, as citizens suffer from blackouts, fuel shortages, and increased energy costs.
This dissatisfaction can escalate into broader political instability, potentially affecting
the country’s stability and governance.

The detrimental impact of corruption within the energy sector on energy
security is evident and far-reaching. Corrupt practices, such as bribery, embezzle-
ment, and nepotism, weaken institutional frameworks, hinder efficient resource
allocation, and undermine investor confidence. These actions lead to reduced invest-
ment in critical energy infrastructure, inefficient resource utilization, and distorted
market competition. Consequently, energy supply disruptions, volatile prices, and
unreliable access to energy resources become prevalent, jeopardizing a nation’s energy
security.
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8. Demographic transition and energy security

For this text, we adopt the definition of demographic transition provided by
Tulchinsky and Varavikova [53]. According to these authors, population transition
refers to “a long-term trend of declining birth and death rates, resulting in substantive
change in the age distribution of a population” ([53], p. 103). Demographic change
can have significant implications for energy security. For instance, in sub-Saharan
Africa, the large size of the population without access to clean cooking fuels and
electricity is often attributed to the fact that the rate of population growth is higher
than the annual percentage increase in electricity and clean cooking fuels and tech-
nology by organizations such as the International Energy Agency. However, [53] have
provided five stages of population transition: namely,Traditional,Transitional, Low
stationary, Graying the population, and regression stage. These stages, respectively, fol-
low high and balanced birth and death rates, falling death rates and sustained birth
rates, low and balanced birth and death rates, an increased proportion of older people
as a result of decreasing birth and death, and low birth rates, migration, or rising death
rates among young adults, respectively, according to [53]. Our world is typically
characterized by the aforementioned stylized demographic transitions. It is therefore
important to review the concept energy security from the above reality. Here are some
ways in which demographic change can impact energy security.

First, is population growth. As commonly mentioned in the literature, especially
economic development theories perspectives, as populations increase, there is a
greater demand for energy to meet the needs of households, businesses, and indus-
tries. Arguably, while the mid-twentieth century marked the completion of the
demographic transition, the same period marked the beginning of a population spurt
in Asia, Latin America, and Africa [54]. Rapid population growth can strain energy
resources and infrastructure, leading to challenges in ensuring a reliable and secure
energy supply [55]. Secondly, and related to the above, is urbanization and energy
security nexus. The process of urbanization, where people move from rural areas to
cities, can result in concentrated energy demands. Urban areas tend to have higher
energy consumption per capita than rural areas due to increased access to modern
amenities, transportation needs, and higher population densities. Meeting the energy
needs of rapidly growing cities requires robust and resilient energy systems to main-
tain energy security. Thirdly, demographic transition changes energy consumption
patterns: Energy consumption is integral to social practices and social change [56, 57].
Thus, demographic changes, such as shifts in lifestyle, income levels, and cultural
preferences, can influence energy consumption patterns. For example, as standards of
living improve, there is often an increase in energy-intensive activities such as air
conditioning, heating, and the use of electronic devices. These changing consumption
patterns can place additional stress on energy systems, particularly if they are not
adequately planned and managed.

As mentioned, graying of the population is one of the stages of population
transition – or simply “aging population”. Based on the population pyramid, an aging
population constitutes an increase in the over 65 years old people. Recent estimates
show that the population aged 65 years and above will double in the next three
decades, reaching about 1.6 billion by 2015. Hong Kong, Japan, and South Korea are
expected to have the highest population above 65 years. As populations in many
countries continues to age, it can have implications for energy security. Older adults
may have specific energy needs for heating or cooling due to health concerns, and
ensuring their energy needs are met becomes crucial, especially in severe winters and
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summers. Additionally, an aging workforce in the energy sector can pose challenges in
terms of knowledge transfer and maintaining the necessary expertise to operate and
maintain energy infrastructure effectively.

In the context of low-middle-income countries, the aging population in advanced
economies directly or indirectly impacts SDG 7.a – which calls for international public
financial flows to developing countries to support clean energy and technologies. The
aging population means increased demand for fiscal allocations to support the elderly
population. This can lead to substantial cuts in financial aid to energy-poor economies
to undertake infrastructure expansions and research activities. For instance, At the
time of writing, Tokyo has announced 3.5 trillion yen ($25 billion) to finance the
country’s pro-natal policy – policies intended to encourage more children or boost the
fertility rate [58].

Policymakers and energy planners must consider these demographic factors when
formulating energy policies and strategies. By understanding and addressing the spe-
cific energy needs and challenges associated with demographic change, countries can
enhance their energy security and promote sustainable and inclusive energy systems.

9. Power systems harmonics and energy security

The term “power system harmonics”, denoted as “voltage and current distortions”
[59], is a prime focus for physical scientists, especially electrical engineers [59]. Many
researchers argue that the phenomenon of power system harmonic is not new, espe-
cially in the field of electrical engineering [60, 61]. For instance, while Salam [60]
suggests that back in 1916, the scientist Steinmetz extensively examined and
documented the impact of harmonics on three-phase power systems [60], Santoso et
al., [62] the issues of power system harmonic and power quality “has become one of
the most prolific buzzwords in the power industry since the late 1980s” ([62], p. 4).
While the literature on system power harmonic might have matured, its integration
into the analysis of energy security is under represented. Since our perspective on
energy security largely falls in the social science domain, we decided to align our
discussions with scholars who describe power system harmonic as one of the quality
issues facing electric power systems. This view is significant that the energy goal of the
United Nations’ Sustainable Development Goals (SDGs) (SDG 7) is dedicated to “access
to affordable, reliable, sustainable, and modern energy for all by 2030”. This means that
beyond the question of expanding energy access through infrastructure networks, the
quality of the energy services is equality, an energy security issue at both micro and
macro levels. The literature agreed that there are two main types of power system
quality problems: voltage-related problems (e.g., harmonic, swells, blackouts, sags, etc.)
and current-related problems (e.g., current leakage, electromagnetic interference, etc.).
It is probably within this context that [59] contextualized harmonic as “distortions in
the form of voltage and current”. If we put the above in the lens of the reliability target
of SDG 7, it makes sense to see the same as a threat to energy security. However, the
authors [59] have expressed concern that despite clear harmonic impacts on power and
system reliability, harmonics from renewable energy sources (RES) are poorly under-
stood, and methods to eliminate them are underdeveloped.

In advanced economies, the dependability (reliability) of electricity provision,
gauged by the frequency and duration of power supply disruptions, presently stands
at a notably elevated level [63]. Low-middle-income and emerging economies, how-
ever, face energy insecurity from the phenomenon of harmonic distortions. This is
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primarily due to a weak infrastructure network system. For example, the authors [64]
explore the quality of electricity services using open-ended interviews in Unguja
(Tanzania). These researchers find that “Fluctuations result in dim lights at best and
power outages and broken appliances at worst, denying many Unguja residents the expected
benefits of access to modern energy”. If unresolved, power system harmonic may result in
energy losses, reduce power quality, damage equipment and household appliances,
interfere with communication network systems, and cause instability in renewable
energy integration. To ensure a true resilience sustainable energy development, coun-
tries should develop their own power quality standard with measurable indicators to
assess progress and project possible risks, therefore.

Amidst climate change and extreme weather events, power system harmonics can
worsen power system challenges, causing heightened energy losses, equipment dam-
age, and compromised power quality. These effects strain resources and hinder power
restoration post-disruptions. Consequently, addressing harmonic concerns is pivotal
for ensuring power system resilience and reliability amidst shifting climate patterns
and severe weather occurrences.

10. Energy security in climate change and uncertainty regimes

So, how should we think about energy security in the era of Anthropocene that is
marked by climate change and variability (extreme weather events), pandemics,
geopolitical tensions in energy resource-rich countries, divergence demographic tran-
sition between the global South and North, high unemployment low-income econo-
mies, natural and human-induced disasters, cyberattack of critical energy
infrastructure, terrorism, poverty in its multidimensionality and uncertainties? As this
chapter demonstrates, energy security, traditionally defined as the assured availability
of energy resources at affordable prices, has long been a paramount concern for
nations and global entities. Academic literature on energy security is reasonably rich,
with multiple conceptual and operational definitions [65]. However, in an era charac-
terized by climate change, resource depletion, high energy inflation, fuel price fluc-
tuation, and geopolitical uncertainties, the concept of energy security demands a
profound reevaluation. The transition toward resilient and sustainable energy devel-
opment emerges as a compelling paradigm shift, representing an intricate interplay
between environmental, economic, and social dimensions. This chapter expounds
upon the evolution of energy security into a resilience-based framework, emphasizing
the imperative of sustainable energy practices. Toward the concluding part of this
chapter, we should think about the science of the regime: that climate change amplifies
the occurrence, severity, and erratic nature of perturbations and pressures, thereby
bestowing notably adverse repercussions upon societies exceedingly reliant on natural
endowments. Simultaneously, vulnerability is also on the rise, accompanied by an
escalation in the multifaceted and intricate nature of violence. It is projected that by
the year 2030, when the United Nations Agenda for Sustainable Development elapses,
in excess of 60% of the global impoverished populace will reside within contexts
characterized by fragility [66]. Although social protection has emerged as a conse-
quential policy domain within numerous low- and middle-income countries that
appears as interventions against the above growing uncertainties, a substantial portion
of the global populace, accounting for about 55%, remains devoid of any social pro-
tection benefits. As the pre-COVID-19 pandemic and Russia–Ukraine war, this defi-
ciency is highly pronounced in sub-Saharan Africa, where 87% of individuals lack
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coverage, and in Asia and the Pacific, where the corresponding proportion is esti-
mated at 61% ([67], p. 1). An energy security worry is that these regions constitute
more than 85% of the population without access to modern energy services [68].
Therefore, we should think about integrating the imperative of resilience in energy
security thinking.

10.1 Rethinking energy security as resilience sustainable energy development

10.1.1 From security to resilience

The historical notion of energy security was entrenched in the assurance of a
steady supply of conventional fossil fuels, often tied to geopolitical stability, as
established by relevant literature in the text. This approach, while providing short-
term stability, remains ecologically and economically unsustainable. With the realiza-
tion of the finite nature of fossil fuels, energy poverty and vulnerability, and the
escalating consequences of climate change, energy security must transcend the tradi-
tional definition. It must now encapsulate not only the popular 4 A’s – affordability,
accessibility, acceptability, and availability [17], but also the capacity to adapt and
rebound in the face of disruptions and shocks. While challenging, especially in the
unique context of low-middle-income economies with inequitable energy and weak
infrastructure network systems, it should integrate a framework of thinking about
energy security and resilience as mutually reinforcing and interlinking variables. For
instance, while energy security is largely a component of national security strategies,
resilience communicates “the property of the energy systems”. According to [69],
resilience refers to the ability of women and men to realize their rights and improve
their well-being despite shocks, stresses, and uncertainty.

10.1.2 Resilience: The new energy paradigm

Resilience, defined as the ability of a system to withstand disturbances and recover
its equilibrium, offers a comprehensive framework for rethinking energy security. A
resilient energy system recognizes the multifaceted interdependencies among energy
sources, infrastructure, ecosystems, and societal needs. It acknowledges the intricate
web connecting energy, environment, and economy. By diversifying energy sources,
incorporating distributed generation, and emphasizing local production, resilience-
based energy systems reduce vulnerabilities to supply disruptions while fostering
innovation and fostering localized economic growth. Against this logic, political
economy compels the state to bear the duty of securing energy for all in a manner that
is compatible with the health of the social-ecological systems’ health. Resilient sus-
tainable energy development thinking questions policymakers the extent to which
secured energy services for population can be sustained in the event of shocks to
ecological, social, and economic systems – using fresh experiences from the COVID-19
and Russia-Ukraine geopolitical tensions.

10.1.3 Balancing act: Policy and innovation

The journey toward resilience-based sustainable energy development necessitates
a strategic confluence of policy innovation and technological advancement. Govern-
ments and international bodies must foster regulatory frameworks that incentivize the
adoption of renewable energy sources, promote energy efficiency, and encourage
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investment in research and development. Innovations in energy storage, smart grids,
and demand-side management are pivotal in enhancing energy system flexibility and
adaptability.

10.1.4 Sustainability: The bedrock of resilience

Central to the transition from energy security to resilience-based sustainable
energy development is the integration of sustainability principles. Sustainable energy
practices minimize environmental degradation, promote efficient resource utilization,
and mitigate greenhouse gas emissions. Renewable energy technologies, such as solar,
wind, hydro, and geothermal, offer not only a dependable source of power but also a
means to mitigate the adverse impacts of climate change. These technologies align
with the Paris Agreement’s broader objectives, enhancing energy security and global
environmental well-being.

10.1.5 Conclusion

In conclusion, the evolution of energy security from a narrow focus on supply
reliability to a broader resilience-based approach represents a paradigm shift reflec-
tive of the contemporary global landscape. The imperative of sustainable energy
development demands that nations and institutions reevaluate energy security
through the lens of environmental stewardship, societal well-being, and economic
robustness. By embracing renewable energy sources, enhancing energy efficiency,
and bolstering technological innovation, the international community can forge a
more secure, resilient, and sustainable energy future. This transition, while undoubt-
edly complex, holds the promise of not only safeguarding energy access but also
fostering a harmonious coexistence between humanity and the planet.
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