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Chapter 1

Introductory Chapter: Power 
Quality
Muhammad Mokhzaini Azizan

1. Introduction

Traditionally, power quality has been a critical aspect of electrical engineering and 
energy management, focusing on the characteristics and reliability of the electrical 
power supply. The term encompasses a range of factors that collectively define the 
quality of electrical power as it is delivered from the generation source to end users. 
Over the years, the understanding and importance of power quality have evolved, 
reflecting changes in technology, industrial processes, and the increasing sensitivity 
of modern electronic equipment to variations in the electrical supply.

In the early stages of electrification, the emphasis was primarily on generating and 
distributing power over long distances. The key concern was to provide a steady and 
reliable supply of electrical energy to support the growth of industries and meet the 
increasing demand for electricity in homes and businesses. During this period, the 
concept of power quality was more centered on maintaining a stable voltage and fre-
quency within acceptable limits. As technology advanced and the types of electrical 
loads diversified, power quality concerns expanded beyond just maintaining voltage 
and frequency. The proliferation of electronic devices and the integration of sophisti-
cated control systems in industrial processes introduced new challenges. These chal-
lenges included issues related to harmonic distortions, voltage sags, transients, and 
other phenomena that could negatively impact the performance of sensitive equip-
ment [1, 2]. The advent of information technology further elevated the importance of 
power quality. Computers, servers, and communication equipment became integral 
components of various industries, and these devices proved to be highly sensitive to 
fluctuations in the power supply [3, 4]. Even minor disturbances could lead to data 
corruption, system failures, and financial losses. This shift in the nature of loads 
necessitated a more comprehensive approach to power quality management.

Over time, advancements in technology have offered a myriad of solutions to 
address power quality issues. From the development of sophisticated power condi-
tioning devices to the implementation of smart grid technologies, the field has seen 
continuous innovation. These technological solutions aim to enhance the resilience of 
power systems, mitigate disturbances, and ensure a more stable and reliable supply 
of electricity [2]. In the contemporary landscape, power quality faces new challenges, 
including the integration of renewable energy sources, the electrification of trans-
portation, and the increasing complexity of interconnected systems [5, 6]. The future 
of power quality management lies in a holistic and adaptive approach, leveraging 
cutting-edge technologies like artificial intelligence for predictive maintenance, smart 
grids for dynamic load management, and energy storage for grid stabilization [7].
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2. Traditional challenges

Over the years, traditional challenges related to power quality have persisted, 
requiring a comprehensive understanding of their causes, impacts, and effective 
solutions. They include a set of issues that stem from the dynamic nature of electrical 
systems, technological advancements, and the evolving needs of modern industries 
[8]. Sagging and swelling of grid voltage, which is also known as voltage variations, 
can occur due to various reasons such as grid faults, sudden load changes, or system 
disturbances. These variations can adversely affect sensitive equipment, leading to 
malfunctions or disruptions. Grid voltage swelling and overvoltage are commonly 
caused by changes in grid loads, especially large loads, and switching of power line. 
By conventional definition, a swell is defined as an increase in RMS voltage or cur-
rent of between 1.1 and 1.8 pu at a duration of power quality ranging within a system 
frequency of 30 to 60 seconds event. Should the voltage reaches peak values, electri-
cal devices are prone to damages and, in the worst case, permanent malfunction. By 
definition, an overvoltage is an operating condition where grid voltage is detected to 
increase and exceed its design limitation. The events that describe this phenomenon 
are transient, spikes, and so forth, and they can occur in either very short or long 
durations, depending on their severity of the condition. For example, switching over-
voltage usually causes voltage oscillations with high value and high-frequency char-
acteristics and often in short duration. In the cases of neutral conductor breakdown, 
overvoltage is produced in high voltage and results in long duration disruption, caus-
ing permanent damages to the grid. In both swell and overvoltage or sag conditions, 
the variations of voltage levels have been proven to adversely affect devices and equip-
ment of power grid, whether at supply or load ends, or even at transmission lines. In 
most severe cases, power lines dielectric properties are compromised and could result 
in major breakdowns with energy being cut off, machines and motors are not working 
due to low supply, premature failures of systems’ capacitor, control circuits, and so on 
could disrupt the grid operations, and so forth. In solving the conditions of voltage 
varieties (whether they were by design or results of operational issues), voltage regu-
lation exercise is very important. An AVR is an example of devices commonly used in 
regulating voltage at the grid as it used in generators to stabilize and maintain voltage 
within acceptable limit. Devices such as surge protector and transient suppressor are 
installed in many locations at grid system in order to divert overly high voltage to keep 
grid equipment safe and operational. Voltage regulation can also be achieved by using 
devices such as tap changers, reactors, static VAR compensators, and so on.

Ever since inventors found alternating current (AC) electrical systems, Harmonics 
has been a concerning matter, impacting the grid and the electrical devices such as 
power cable, power transformer, protection relays, and so forth. Harmonics in power 
system are defined as sinusoidal components of a waveform that have frequencies 
that are integer multiples of the fundamental frequency of the system. Typically, in 
most power system, the fundamental frequency is either 50 or 60 Hz. Harmonics are 
additional frequencies that can be present due to types of loads that are nonlinear 
in nature. During the early days of AC system, harmonics existed due to the usage 
of arc furnaces and lightings due to industrialization. As the time goes, the types of 
loads evolved with more electronics are used in many systems be it at residential, 
offices, or commercial sites [6, 9]. The impacts of harmonics become more noticeable 
and significant due to these nonlinear types of loads [6, 8, 10]. In recent times where 
automations are taking central roles in the world, these nonlinear loads have been 
used even more such as rectifiers in electric vehicle (EV) applications, inverters in 
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cooling systems, and variable drive systems such as VFD and VSD in machines and 
motor operations. Industrial processes, commercial operations, and quality of life at 
homes are undoubtedly improved and efficient; however, these devices draw current 
in a nonsinusoidal manner, contributing to greater harmonics distortion in power 
system. The effects of harmonics are profound as they exist in both voltage and cur-
rent, which result in distortions in voltage or current. This can lead to increased losses 
in power grid, affecting performance of electronic-based equipment especially. With 
increases in loss, for example, Eddy current loss, equipment tend to operate with 
higher temperature than they were ever designed for in the first place. This overheat-
ing operation happens at power transformers, capacitors, and power cables and for 
a prolonged time without interventions; breakdowns of insulation may occur and 
result in permanent malfunction and breakdown of services [4, 10–12]. Mitigations 
on harmonics issues are well-defined over the years, with measures such as installa-
tion of harmonic filters and improved design of power transformer, sizing of cables, 
scheduling of load, and so forth being used. Passive and active filters are often 
designed to either minimize or simply filter out altogether the harmonics components 
in the system [4, 9]. By doing this, the nonsinusoidal waveforms are returned to the 
initial sinusoidal shape or reduced to specific desired threshold values, to be used as 
input to other devices without the risk of harmonics effects. To control the impact of 
harmonics to transformers, the design and sizing of the unit are configured to be able 
to withstand harmonic components. Special winding configuration, heat absorption 
or heat rejection mechanism, and improved insulations keep transformers operating 
without the risk of overheating and minimize the impact of harmonics. Several other 
measures include the scheduling of loads where loads that contribute to harmonics are 
distributed systematically throughout operational hours to reduce the concentration 
of harmonics component in the power system. By applying this method, losses due 
to harmonics are kept at a minimum and at an acceptable threshold value; hence, the 
risk of thermal overloading is reduced significantly.

3. Challenges in modern times

The advancements in science, technology, and engineering have no doubt con-
tributed immensely to the world. Innovation and inventions through these fields have 
been the driving force behind solutions to address challenges that were never here 
before. Globally, discovery of knowledge allows human and societies to gain access to 
energy, sanitation, water, education, and so forth, which are crucial to transform the 
lives of billions and propel humanity forward in a sustainable nature.

A sustainable world includes the integration of renewable energy sources in the 
power system grid. Sources generating power through solar photovoltaic, wind power, 
and so on produce power into the conventional sourced power system grid, and the 
numbers are growing in large. These processes are complex and require the use of 
power electronics, which are loads that are nonlinear in nature. The electronics are 
used for converting variable outputs of renewable energy sources into a power system 
for consumption. Converters, rectifiers, and so on are producing distortions in power 
system current and voltage waveforms, thus causing harmonics to exist and impact-
ing other devices. Renewable energy sources offer numerous benefits to sustainability 
in life and environment, but their widespread integration into power system grid 
produces great challenges in the context of power quality. Rapid switching of power 
electronic devices within inverters, for example, results in distortions and injection 
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of nonsinusoidal current into a power system grid. Of course, the advantages of these 
applications to the world and people are far more than their advantages. Thus, it is 
essential for the systems to be designed and understood to ensure stable integration of 
renewable energy into a power system grid.

Modernization also involves massive use of an integrated system that can seam-
lessly provide high quality of life in a sustainable way. Transportation sector, which is 
among the biggest contributors of emissions in the world, opened opportunities for 
electric vehicles some time ago [13]. Now, the adaption of EV is at the highest peak, 
where the global EV outlook points to a 35% year-on-year increase with respect to 
new purchases in 2023 alone [14]. This also means that a wider charging network is 
being implemented, which, coupled with limit of traveling range and performance 
of the batteries, poses greater threat to power system grid in general [15]. Demand 
in electricity, especially during peak charging times, is rising exponentially at a 
rate never seen before. This means power system authorities and grid owners must 
manage this massive additional load, probably to allow more generation at the critical 
duration, and upgrade their transmission lines, transformers, and other infrastruc-
tures to cater more power and at the same time operate efficiently and profitably. 
Proper management of EV charging, perhaps in distributed evenly way can help 
reducing power system stress, to ensure stability and reliability [16, 17]. EV charging 
devices are becoming a major source of harmonics in transportation, due to power 
electronic converters used to convert AC to DC for charging the batteries. It also being 
extensively used to convert DC to AC, should the charging points utilize solar or wind 
or any other renewable sources. These converters generate harmonics current during 
the switching components during their operation. In some studies, there have been 
suggestions that to balance the need of EV and the negative impact of EV toward 
power quality, both EV owner and power system authorities/owner habits on this 
subject need to be adjusted accordingly. For example, charging EV battery with higher 
SOC could cause less distortion in a power system grid and the vehicle battery, loca-
tions of EV charging stations should not be in proximity to power transformers, the 
numbers of EV charging points are also to be limited to certain extent, and so forth.

4. Power quality – new insight

Researchers and industries have been exploring producing advanced inverter 
operational methodologies and strategies to control the impact of harmonics. 
Among others is the development of actively harmonic-blocking inverters, which 
are strategically distributed along a power system grid for mitigation processes 
[9, 18]. Monitoring power system parameters such as voltage and current state, 
power factor, transient conditions, and so on is done continuously to help identify 
potential issues way before their occurrences for implementing proactive mitigation 
measures. These measures are already in place nowadays with electrical devices such 
as relays and transformers being equipped with modern power quality analyzers with 
advanced capabilities for harmonic analysis, including artificial intelligence (AI) 
[18–22]. These are also known as advanced metering infrastructure (AMI), where 
deployments of smart meters communicate in two ways—collecting information 
and transferring it to a centralized center and also receiving information from the 
center for them to execute. AMI is one part of a wider surveillance capacity of a wide 
area monitoring system (WAMS), which is made of a strategic and synchronized 
system to view and provide action about dynamics of power system. WAMS provides 
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comprehensive monitoring capability to facilitate greater active maintenance work. 
AI technologies are increasingly positioned in the field of power quality to enhance 
the monitoring, analysis, and management of a power system grid. Several contribu-
tions of AI into solutions of power quality include data analysis and pattern recogni-
tion, fault detection and diagnostics, predictive maintenance, power quality event 
classification and severity assessment, anomaly detection, and so on [18, 23, 24]. AI 
algorithms can analyze large datasets—including types of data and number of data—
measurements, and pattern and trends are identified to recognize the potential of 
issues and produce predictions of the likelihood of power-quality events. AI can not 
only provide future event prediction; it can also be used for real-time fault diagnos-
tics, where signals from sensor and instrument are measured and compared and 
provide insights of the causes [21, 22, 25]. In short, AI gives an edge of spotting and 
identifying the anomalies of power system operation parameters, quickly and accu-
rately, round the clock and independently. Prompt investigation and resolution can 
be carried out, hence ensuring a more resilient and adaptive action. All these charac-
teristics of AI operation give power system grid managers a great capacity, where the 
system can be made reliable and ready of any eventualities through sophisticated and 
automated solutions [21, 22, 25].

© 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 2

Application-Based Simulations for
Diagnosing the Power Quality
When Changes in Load’s Power on
Each Bus as an Analogy of the
Steady-State Stability Phenomena
Arief Goeritno,Tapip Hendrawan and
Irham Muhammad Azama

Abstract

This chapter describes the system’s ability to recover frequency synchronisation
across all networks after a gradual change in electric power is determined by simulat-
ing the phenomenon of steady-state stability. The simulation is done by choosing and
figuring out an analogy of the structure of an electric power network with four
connected buses and assuming values for a number of parameters. The objectives for
this diagnostic are set on a pair of primary levels, namely, to create the three syntax
structures of the programme based on MATLAB and to simulate a phenomenon of
steady-state stability based on the programme. The results of the implementation of
steady-state stability simulation have been obtained in the form of phenomena such as
a reduction of power on bus #1, an addition of power on bus #2, an addition of power
on bus #3, and a reduction of power on bus #4. Based on the simulation results, it can
be concluded that the MATLAB-based programme is used for the diagnosis of steady-
state stability.

Keywords: application-based simulation, diagnosing the power quality, changes in
load’s power on each bus, steady-state stability phenomena, network structure with
four buses

1. Introduction

MATLAB-based application is an interactive system and an application with a
programming language. The basic data element is a matrix that does not need to
declare the size or type of data, so many calculation problems can be solved in a short
time, and calculations can be written into the FORTRAN or C language [1, 2].
Workarounds for complex calculation cases, such as power flow studies, make it
difficult to change one value or more variables or commands for reevaluation. How to
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solve complex cases easily and efficiently to problems in the MATLAB command
windows, done through providing input into a text file commonly called script files or
M-files [1]. For the creation of an M-file with the selection of a new M-file from the
File Menu, a text editor window is displayed [3].

The term power quality in the IEEE Standard Dictionary of Electrical and
Electronics Terms is defined as “the concept of powering and grounding sensitive
electronic equipment in a manner that is suitable to the operation of that equipment”
[4]. The quality of electrical power is a problem in the form of voltage deviations,
frequencies, or phase angles that result in failures or operating errors in electrical
equipment on the consumer side. The diagnosis of electrical power quality is an effort
to determine the type of deviation through the examination of various forms of
phenomena that occur. The quality of electrical power is characterised by a voltage
waveform in accordance with established guidelines. Poor quality of electrical power
is a cause of loss, both on the customer side and the electric power generation side.
Various factors can cause poor power quality, which can include voltage, current,
frequency, and load factors [5].

Stability in electrical power systems (EPS) has been recognised as problematic for
the safe operation of power systems since the 1920s [6], after the commercial use of
electricity in the late 1870s with the installation of lights for lighthouses and street
lighting [7]. Stability is defined as the ability of an electrical power system to return to
normal or stable conditions after being disrupted [8–10]. System stability depends
primarily on the behaviour of synchronous machines after a disturbance [8, 11], since
the limits of system stability are characterised by the presence of a maximum amount
of power passing through a point in the system without resulting in a loss of stability
[11, 12]. The loss of stability in the electrical power system is strongly influenced by
the presence of a number of disturbances [13], so the continuity of the electrical
power system must be maintained in synchronisation conditions as perfectly as
possible in a steady state [6, 12]. Disturbances in the system can be of various types
[13–15], such as sudden load changes, sudden short circuits between channels and the
ground [16], inter-channel disturbances, line-to-ground symmetrical disturbances,
switching phenomena, and others.

Steady-state stability is essential for planning and designing power systems,
developing specialised automatic control devices, placing new elements into system
operation, or modifying operating conditions [17]. Stability selection is made based
on the requirements of stability limits or the quality of electrical power in a steady
state or during transients. The steady-state limit is guided by the maximum power
flow through a given point without resulting in a loss of stability, when the power is
gradually increased or decreased [18, 19]. Steady-state limit estimation is important
for electrical power system analysis, with coverage on checking the electric power
system in stable conditions, determining stability limits, and qualitative estimation
of transient conditions [11, 17]. The existence of stability and limit estimation at
steady-state is necessary for the estimation of the choice of excitation and controller
system types, control modes, excitation control system parameters, and
automation, including power breaker (circuit breaker, CB) performance [20, 21].
It has to do with the presence of an electrical power system made up of numerous
synchronous machines that operate in unison [11, 22]. In conditions in which the
system experiences interference, a force to return to a normal or stable state develops
[8, 12, 23].

By simulating steady-state stability, the problem is put into words based on the
system’s ability to get all networks back in sync with the same frequency after a
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gradual change in power. The simulation is carried out through the selection and
determination of an analogy of the structure of an electric power network [24]. An
analogy of the electric power structure consists of four interconnected buses with
assumed values against a number of accompanying parameters. An analogy of the
electrical power system structure for steady-state stability simulation [25] is shown in
Figure 1.

Based on Figure 1, it is shown and can be explained that the load and connecting
transmission line have impedance values, namely R + jX values (ohms). A circle with
the notation “number” is a synchronous generator node in a rotating generation
system. System structure with four buses, namely bus #1, bus #2, bus #3, and bus #4.
Bus #1 is noted as a swing bus (slack bus, reference bus, V � φ bus), which serves as a
bearer of the lack of generation power. Buses #2 and #3 are noted as generation buses
(voltage control buses, P� V buses), while bus #4 is noted as a load bus (P� Q bus).
The next phasing is in the form of making algorithms and compiling MATLAB-based
syntax, a number of simulations of the steady-state stability phenomenon with initial
assumption values, and making conditions for the steady-state stability phenomenon
through changes in power on the load on each bus [26, 27].

The objectives for this diagnostic are set on a pair of primary levels, referring to the
formulation of the problem. First, the acquisition of the three syntax structures of the
programme, namely the programme structure for inputting data on initial assumption
values, the programme structure for simulating the phenomenon of power flow, and
the programme structure for simulating the phenomenon of steady-state stability with
data on assumption values; The second is the implementation of steady-state stability
simulation with (i) data on initial assumption values and (ii) assumption data values
when there are changes in load on each bus under conditions, namely a reduction of

Figure 1.
Analogy of electrical power system structure for steady-state stability simulation.
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power on bus #1, an addition of power on bus #2, an addition of power on bus #3, and
a reduction of power on bus #4.

2. Materials and methods of simulation

2.1 Materials of simulation

The bus types for simulation consist of (a) swing buses (slack buses, reference
buses, V � φ buses), (b) generation buses (voltage control buses, P� V buses), and
(c) load buses (P�Q buses). The swing bus is notated against bus #1, which serves as
a bearer of the lack of generation power after the power flow solution is obtained. The
generation bus is denoted against bus #2 and bus #3, which function as buses with
active power injection parameters and the amount of bus voltage known. Load the bus
for bus #4. Serves as a bus with known active power injection and reactive power bus
parameters [8]. The parameters in the mathematical model are given assumed values
for simulating steady-state stability parameters in the analogy of a four-bus, three-
centre power system with variable changes in the value of the load (demand) power
and its effect on each engine [28–30].

Guided by Figure 1, the initial assumption values in the model of a four-bus
electric power system with three generation centres, in the form of transmission line
values with a base of 100 MVA, so that units per unit are obtained. The values of the
connecting transmission line components as shown in Table 1.

The value of the load power (demand) on each bus is shown in Table 2.
The value of the initial state of each generation system generator before the power

flow calculation process is shown in Table 3.
Based on Table 3, it is shown and has been determined that the first bus is a swing

bus, and then the generation value is adjusted after the system is operational.
Theoretically and mathematically, expressions are described in the following

description: A set of rotating machines is modelled with a generator, both
mechanically and electrically. Modelling the mechanical and electrical relationships of
a generator, as shown in Figure 2.

Based on Figure 2, it is shown and can be explained that model block diagram
electric generator on mechanical model expression is shown in Eq. (1) [8, 10, 12]:

Tm ¼ J ∙ αm þ TD þ Te δð Þ, (1)

Buses R (p.u.) X (p.u.)

From To

1 2 9.23 79.98

1 3 12.93 71.69

1 4 17.82 79.98

2 3 6.28 47.45

2 4 6.66 73.57

3 4 9.26 65.03

Table 1.
The values of the connecting transmission line components.
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where:
Tm = a mechanical input torque [N m];
J = a moment of inertia of the turbine and rotor [s];
αm = an angular acceleration of the turbine and rotor [rad/s2];
TD = a damping torque [N m];
Te δð Þ = an equivalent electrical torque [N m].
In general, power is equal to torque multiplied by angular velocity or

Pm ¼ Tm ∙ωsm. Hence, when a generator is spinning at a velocity of ωs, Eq. (1)
becomes Eq. (2).

Pm ¼ Tm ∙ωsm ¼ J ∙ αm þ TD þ Te δð Þ½ � ∙ωsm, (2)

which is simplified into an Eq. (3) or Eq. (4).

Pm ¼ J ∙ αm ∙ωsm þ TD ∙ωsm þ Te δð Þ ∙ωsm, (3)

Pm ¼ Jαm ∙ωs þ TD ∙ωsm þ Pe δð Þ, (4)

where, Te δð Þ ∙ωsm ¼ Pe δð Þ.
Initially, no damping is assumed, i.e., TD = 0, then Eq. (4) becomes Eq. (5) [8, 10, 12].

Pm � Pe δð Þ ¼ J ∙ αm ∙ωsm, (5)

Bus Pd (MW) Qd (MVAr) Vmax. (p.u.) Vmin. (p.u.)

1 42.50 203.80 1.1 0.9

2 11.21 122.60 1.1 0.9

3 26.63 171.40 1.1 0.9

4 42.18 147.50 1.1 0.9

Table 2.
The value of the load power (demand) on each bus.

Bus Pm (MW) Qm (MVAr) V (p.u.) δ (°) H
(p.u. inertia constant; sec.)

f0 (Hz)

1 0 0 1.030 0 2.32 60

2 45 0 1.025 0 3.40 60

3 50 0 1.030 0 4.63 60

Table 3.
The value of the initial state of each generation system generator before the power flow calculation process.

Figure 2.
Modelling the mechanical and electrical relationships of a generator.
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Pm is the mechanical power input, which is assumed to be constant throughout the
study time period.

Regarding the rotor’s angle, it is described by Eq. (6).

θm ¼ ωsm ∙ tþ δm: (6)

where, θm = the rotor angle. The change in the angle of the rotor to the attitude,
therefore Eq. (6), becomes Eq. (7).

ωm ¼ d
dt

θm ¼ _θm ¼ d
dt

ωsm ∙ tþ δmð Þ

or

_θm ¼ ωsm þ _δm: (7)

While the angular acceleration of the turbine and rotor changed with time, as
explained by Eq. (8).

αm ¼ d
dt

ωm ¼ _ωm ¼ €δm: (8)

The substitution of Eq. (8) to Eq. (5) is obtained like Eq. (9).

Pm � Pe δð Þ ¼ J ∙ωs ∙ €δm: (9)

where J ∙ωs is an inertia of the machine at synchronous velocity.
Convert to per unit by dividing by the MVA rating [8, 12, 10], SB, explained by

Eq. (10).

Pm

SB
� Pe δð Þ

SB
¼ J ∙ωsm ∙ €δm

SB
∙
2ωsm

2ωsm
: (10)

Simplification of Eq. (10) results in Eq. (11) since ωsm ¼ 2 ∙ π ∙ f sm.

Pm � Pe δð Þ
SB

¼ J ∙ωsm
2

2SB
∙

1
π ∙ f sm

∙ €δm: (11)

Define

J ∙ωsm
2

2SB
¼ H: (12)

where H is a per unit inertia constant [s].
The substitution of Eq. (12) to Eq. (11) is obtained like Eq. (13).

Pm � Pe δð Þ
SB

¼ H ∙
1

π ∙ f sm
∙ δm: (13)

All values are converted to per unit, Eq. (13) results in Eq. (14) since M ¼ H=π ∙ f sm
[8, 10, 12].
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Pm � Pe δð Þ ¼ M ∙ €δm: (14)

Eq. (14) is known as the generator swing eq. [8, 10, 12]. Adding a damping results
in Eq. (15).

Figure 3.
The flow diagram of the simulation implementation of the existence of the steady-state stability phenomenon in the
electric power system simulated with the MATLAB application.
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Pm � Pe δð Þ ¼ M ∙ €δm þD ∙ _δm: (15)

The simplest generator model, known as the classical model, treats the generator as
a voltage source behind the direct-axis transient reactance (Xd

0); the voltage magni-
tude is fixed, but its angle changes according to the mechanical dynamics. The expla-
nation in the form of an equation is obtained like Eq. (16) [8, 10, 12].

Pe δð Þ ¼ Vtj j ∙ Eaj j
Xd

0 sin δ: (16)

2.2 Methods of simulation

In order to do simulations, we can use the MATLAB application to create program
structures, set up assumptions, algorithms, and syntax for the simulation process, and
then run the programs to simulate the steady-state stability in the electrical power
system. The flow diagram of the simulation implementation of the existence of the
steady-state stability phenomenon in the electric power system simulated with the
MATLAB application is shown in Figure 3.

3. Results and discussion

3.1 Acquisition of the three syntax structures of the programme

Acquisition of three programme syntax structures for this simulation activity,
including the structure of programme syntax for data input purposes on initial
assumption values, the programme syntax structure for simulating the phenomena of
power flows, and the structure of programme syntax for simulating the phenomena of
steady-state stabilities with data on assumption values.

3.1.1 Structuring the programme syntax for inputting data on initial assumption values

For data input of assumed values, the existence of a MATLAB-based application
syntax structure of the programme is required. The programme syntax structure for
the input of assumed values is shown in Figure 4.

Based on Figure 4, it is shown and can be explained that the programme syntax
structure consists of (i) bus data, which includes bus number, bus type, and load
power data (demand), (ii) generator data, which includes generation power, voltage,
and base data, and (iii) inter-bus connextion impedance data.

3.1.2 Structuring the programme syntax for simulating the power flows phenomena

After the programme syntax structure for data entry of initial assumed values is
created, it proceeds with the creation of a programme syntax structure for simulating
the phenomenon of power flow. The structure of the programme syntax for simulat-
ing power flow phenomena is shown in Figure 5.

Based on Figure 5, it is shown that the programme syntax structure for simulating
power flow phenomena is used to determine the mechanical power of each plant due
to load changes, with operation through data input in the programme based on initial
assumption values.
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After obtaining data on the mechanical power value of each power generation
machine, it is necessary to calculate the power flow with data on the values of the
initial assumption. The initial mechanical power value is calculated with the
programme syntax structure for the power flow phenomenon shown in Table 4.

3.1.3 Programme syntax structure for simulating the phenomena of steady-state stabilities

The final stage of creating a programme syntax structure that will be used to
simulate steady-state stability through changes in load values on each bus. The struc-
ture of the programme syntax for simulating the phenomena of steady-state stability
is shown in Figure 6.

Based on Figure 6, it can be seen that the programme syntax structure for the
steady-state stability phenomenon is made up of (i) mechanical power values as input
data from power flow programmes; (ii) data on each machine in the form of voltage
value, moment of inertia, dumping ratio, frequency, and resistance in the machine;
and (iii) equations for finding the current, voltage, frequency, rotor angle, rotor angle
delta, and angular velocity.

3.2 Simulation results

3.2.1 The result of the simulation on the phenomenon of steady-state stability uses the data
from the initial assumption values

Some curves of the result of the simulation on the phenomenon of steady-state
stability using the data from the initial assumption values are shown in Figure 7.

Figure 4.
The programme syntax structure for the input of assumed values.

17

Application-Based Simulations for Diagnosing the Power Quality When Changes in Load’s…
DOI: http://dx.doi.org/10.5772/intechopen.1002769



18

Power Quality – New Insights



19

Application-Based Simulations for Diagnosing the Power Quality When Changes in Load’s…
DOI: http://dx.doi.org/10.5772/intechopen.1002769



Based on Figure 7, it is shown and can be explained that the time for achieving
stable conditions is preceded by machine #1, then machine #2, and finally machine #3
for all parameters. The values of a number of parameters are simulated with data
assumption values, as shown in Table 5.

Based on Table 5, it is shown and can be explained that there are a number of
phenomena, namely (a) changes in rotor angle values when achieving stable, (b)
achieving time when delta rotor reaches 0°, achieving stable, (c) achieving time when
delta omega values reach 0 rad/s, achieving stable, and (d) achieving time when
frequency values reach 60 hertz, achieving stable. The generating engine with the
largest power generation (in this case, machine #3) takes longer to achieve a state of
stability again after a change in load.

Figure 5.
The structure of the programme syntax for simulating power flow phenomena.

Bus Voltages Power from synchronous generator Power to Loads

Mag. (p.u.) Angle (°) Pe (MW) Qe (MVAr) Pd (MW) Qd (MVAr)

1 1.030 0.00 35.43 258.06 42.50 203.8

2 1.025 5.464 45.00 176.20 11.21 122.6

3 1.030 3.912 50.00 239.05 26.63 171.4

4 0.514 �0.723 — — 42.18 147.5

Total: 130.43 673.31 122.52 645,.0

Table 4.
The initial mechanical power value is calculated with the programme syntax structure for the power flow
phenomenon.

20

Power Quality – New Insights



Figure 6.
The structure of the programme syntax for simulating the phenomena of steady-state stability.
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3.2.2 The result of the simulation on the phenomenon of steady-state stability uses the data
from the assumption values for load changes on each bus

Depending on the needs of the user, today’s linked power networks may supply a
range of loads. Naturally, these demands change continually, which causes the sys-
tem’s loading to vary and has a variety of effects [26, 27]. Variation in loading has
certain negative impacts, with the following listed as the most notable, namely (i)
costlier power generation, (ii) complex system control, (iii) a need for more equip-
ment, and (iv) higher losses are just a few of the consequences [27–29]. The reduction
or addition of power due to the release or inclusion of a number of type and range of
loads [25, 28–30]. In the simulation of the steady-state stability phenomenon, it is
made with four conditions: (a) power reduction on bus #1, (b) power addition on bus
#2, (c) power addition on bus #3, and (d) power reduction on bus #4.

3.2.2.1 The simulation on the phenomenon of steady-state stability uses the data of power
reduction on bus #1

Changes in load power values, in the form of reducing active and reactive power
from Pd = 42.50 MW and Qd = 203.8 MVAr to Pd = 25.00 MW and Qd = 125.5 MVAr.
The value of the load power of each bus after the reduction of power on bus #1 is
shown in Table 6.

Figure 7.
Some curves of the result of the simulation on the phenomenon of steady-state stability using the data from the
initial assumption values. (A) rotor angle curves (B) rotor angle difference curves (C) rotor angular velocity
difference curves (D) frequency curves.
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The values in Table 6 are used for mechanical power gain after a change in power
values on bus #1. The mechanical power values simulated with the power flow
programme with the case of power change on bus #1 are shown in Table 7.

Some curves from the simulation of steady-state stability with power changes on
bus #1 are shown in Figure 8.

Based on Figure 8, it is shown and can be explained that the time for achieving
stable conditions is preceded by machine #1, then machine #2, and finally machine #3
for all parameters.

When the active power and reactive power at the connected load on bus #1 went
from Pd = 42.50 MW and Qd = 203.8 MVAr to Pd = 25.00 MW and Qd = 125.5 MVAr, a
number of things started to happen. A number of phenomena due to power reduction
on bus #1 are shown in Table 8.

Parameters Machines

#1 #2 #3

(A) Rotor angle

The initial value unstable (°) 45.5198 36.7641 33.9222

Stable value (°) 35.5185 26.7676 23.9201

Stable time achievement (s) 0.55 0.72 0.91

(B) Rotor angle difference

The initial value unstable (°) 0.1745 0.1745 0.1745

Stable value (°) 0.0000 0.0000 0.0000

Stable time achievement (s) 0.48 0.64 0.68

(C) Rotor angular velocity difference

The initial value unstable (rad/s) �0.4400 �0.3119 �0.359

Stable value (rad/s) 0.0000 0.0000 0.0000

Stable time achievement (s) 0.56 0.68 0.76

(D) Frequency

The initial value unstable (Hz) 59.9300 59.9504 59.9428

Stable value (Hz) 60.0000 60.0000 60.0000

Stable time achievement (s) 0.54 0.71 0.76

Table 5.
The values of a number of parameters are simulated with data assumption values.

Bus Pd (MW) Qd (MVAr) Vmax. (p.u.) Vmin. (p.u.)

1 25.00 125.5 1.1 0.9

2 11.21 122.6 1.1 0.9

3 26.63 171.4 1.1 0.9

4 42.18 147.5 1.1 0.9

Table 6.
The value of the load power of each bus after the reduction of power on bus #1.
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3.2.2.2 The simulation on the phenomenon of steady-state stability uses the data of power
addition on bus #2

Changes in load power values, in the form of adding active and reactive power
from Pd = 11.21 MW and Qd = 126.6 MVAr to Pd = 40.00 MW and Qd = 200 MVAr.
The value of the load power of each bus after the addition of power on bus #2 is shown
in Table 9.

The values in Table 9 are used for mechanical power gain after a change in power
values on bus #2. The mechanical power values simulated with the power flow
programme with the case of power change on bus #2 are shown in Table 10.

Bus Voltages Power from the synchronous generator Power to loads

Mag. (p.u.) Ang. (°) Pe (MW) Qe (MVAr) Pd (MW) Qd (MVAr)

1 1.030 0.000 17.93 179.76 25.50 125.50

2 1.025 5.464 45.00 176.20 11.21 122.60

3 1.030 3.912 50.00 239.05 26.63 171.40

4 0.514 �0.723 — — 42.18 147.50

Total value: 112.93 595.01 105.02 567.00

Table 7.
The mechanical power values simulated with the power flow programme with the case of power change on bus #1.

Figure 8.
Some curves from the simulation of steady-state stability with power changes on bus #1. (A) Rotor angle curves,
(B) rotor angle difference curves, (C) rotor angular velocity difference curves and (D) frequency curves.
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Some curves from the simulation of steady-state stability with power changes on
bus #2 are shown in Figure 9.

Based on Figure 9, it is shown and can be explained that the time for achieving
stable conditions is preceded by machine #1, then machine #2, and finally machine #3
for all parameters.

Phenomena Mach. Initial
value (°)

Final
value (°)

Difference
(°)

Information

Changes in rotor angle value when stable
conditions are reached

#1 35.5198 27.3672 8.1526 Smaller

#2 26.7676 26.7676 0 Fixed value

#3 23.9201 23.9201 0 Fixed value

Achievement of the time when the rotor
delta is stable (at a value of 0°)

#1 0.48 0.55 0.07 Slower

#2 0.64 0.64 0 Fixed value

#3 0.68 0.91 0.23 Slower

Achievement of time when delta omega
value reaches 0 rad/s (stable)

#1 0.56 0.68 0.12 Slower

#2 0.68 0.73 0.05 Slower

#3 0.76 0.76 0 Fixed value

Achievement of time when the frequency
value reached 60 Hz (stable)

#1 0.54 0.61 0.07 Slower

#2 0.71 0.71 0 Slower

#3 0.76 0.76 0 Fixed value

Table 8.
A number of phenomena due to power reduction on bus #1.

Bus Pd (MW) Qd (MVAr) Vmax. (p.u.) Vmin. (p.u.)

1 25.00 125.50 1.1 0.9

2 40.00 200.00 1.1 0.9

3 26.63 171.40 1.1 0.9

4 42.18 147.50 1.1 0.9

Table 9.
The value of the load power of each bus after the addition of power on bus #2.

Bus Voltages Power from the synchronous generator Power to loads

Mag. (p.u.) Ang. (°) Pe (MW) Qe (MVAr) Pd (MW) Qd (MVAr)

1 1.030 0.00 73.60 275.64 42.50 203.80

2 1.025 �2.137 45.00 282.56 40.00 200.00

3 1.030 �1.120 50.00 269.23 26.63 171.40

4 0.325 �0.723 — — 42.18 147.50

Total value: 168.60 827.43 151.31 722.70

Table 10.
The mechanical power values simulated with the power flow programme with the case of power change on bus #2.
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When the active power and reactive power at the connected load on bus #2 went
from Pd = 11.21 MW and Qd = 122.6 MVAr to Pd = 40.00 MW and Qd = 200.00 MVAr,
a number of things started to happen. A number of phenomena due to power reduc-
tion on bus #2 are shown in Table 11.

3.2.2.3 The simulation on the phenomenon of steady-state stability uses the data of power
addition on bus #3

Changes in load power values, in the form of adding active and reactive power
from Pd = 26.63 MW and Qd = 171.4 MVAr to Pd = 35.75 MW and Qd = 195.5 MVAr.
The value of the load power of each bus after the addition of power on bus #2 is shown
in Table 9.

The values in Table 12 are used for mechanical power gain after a change in power
values on bus #3. The mechanical power values simulated with the power flow
programme with the case of power change on bus #3 are shown in Table 13.

Some curves from the simulation of steady-state stability with power changes on
bus #3 are shown in Figure 10.

Based on Figure 10, it is shown and can be explained that the time for achieving
stable conditions is preceded by machine #1, then machine #2, and finally machine #3
for all parameters.

Figure 9.
Some curves from the simulation of steady-state stability with power changes on bus #2. (A) Rotor angle curves,
(B) rotor angle difference curves, (C) rotor angular velocity difference curves and (D) frequency curves.
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When the active power and reactive power at the connected load on bus #3 went
from Pd = 26.63 MW and Qd = 171.4 MVAr to Pd = 35.75 MW and Qd = 195.5 MVAr, a
number of things started to happen. A number of phenomena due to power reduction
on bus #3 are shown in Table 14.

Phenomena Mach. Initial
value (°)

Final
value (°)

Difference
(°)

Information

Changes in rotor angle value when stable
conditions are reached

#1 35.5198 35.6074 0.0876 Greater

#2 26.7676 38.4333 11.6657 Greater

#3 23.9201 25.2952 1.3751 Greater

Achievement of the time when the rotor
delta is stable (at a value of 0°)

#1 0.48 0.57 0.09 Slower

#2 0.64 0.64 0 Fixed value

#3 0.68 0.88 0.20 Slower

Achievement of time when delta omega
value reaches 0 rad/s (stable)

#1 0.56 0.73 0.17 Slower

#2 0.68 0.73 0.05 Slower

#3 0.76 0.97 0.21 Slower

Achievement of time when the frequency
value reached 60 HZ (stable)

#1 0.54 0.63 0.09 Slower

#2 0.71 0.71 0 Fixed value

#3 0.76 0.96 0.20 Slower

Table 11.
A number of phenomena due to power reduction on bus #2.

Bus Pd (MW) Qd (MVAr) Vmax. (p.u.) Vmin. (p.u.)

1 25.00 125.50 1.1 0.9

2 40.00 200.00 1.1 0.9

3 35.75 195.50 1.1 0.9

4 42.18 147.50 1.1 0.9

Table 12.
The value of the load power of each bus after the addition of power on bus #3.

Bus Voltages Power from the synchronous generator Power to loads

Mag. (p.u.) Ang. (°) Pe (MW) Qe (MVAr) Pd (MW) Qd (MVAr)

1 1.030 0.00 64.40 303.52 42.50 203.80

2 1.025 5.464 45.00 231.56 11.21 122.60

3 1.030 3.912 50.00 328.09 35.75 195.50

4 0.114 �0.723 — — 42.18 147.50

Total value: 159.40 863.17 131.64 669.40

Table 13.
The mechanical power values simulated with the power flow programme with the case of power change on bus #3.

27

Application-Based Simulations for Diagnosing the Power Quality When Changes in Load’s…
DOI: http://dx.doi.org/10.5772/intechopen.1002769



3.2.2.4 The simulation on the phenomenon of steady-state stability uses the data of power
reduction on bus #4

Changes in load power values, in the form of reducing active and reactive power
from Pd = 42.18 MW and Qd = 147.5 MVAr to Pd = 10.15 MW and Qd = 60.75 MVAr.
The value of the load power of each bus after the reduction of power on bus #1 is
shown in Table 15.

The values in Table 15 are used for mechanical power gain after a change in power
values on bus #4. The mechanical power values simulated with the power flow
programme with the case of power change on bus #4 are shown in Table 16.

Some curves from the simulation of steady-state stability with power changes on
bus #4 are shown in Figure 11.

Based on Figure 11, it is shown and can be explained that the time for achieving
stable conditions is preceded by machine #1, then machine #2, and finally machine #3
for all parameters.

When the active power and reactive power at the connected load on bus #4 went
from Pd = 42.18 MW and Qd = 147.5 MVAr to Pd = 10.15 MW and Qd = 60.75 MVAr., a
number of things started to happen. A number of phenomena due to power reduction
on bus #4 are shown in Table 17.

Figure 10.
Some curves from the simulation of steady-state stability with power changes on bus #3. (A) Rotor angle curves,
(B) rotor angle difference curves, (C) rotor angular velocity difference curves and (D) frequency curves.
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3.2.2.5 Summary of the simulation results of the steady-state stability phenomenon with
data on changes in load power values on each bus

Referring to a number of tables, including Tables 8, 11, 14 and 17 are shown and
can be explained that there are a number of phenomena, namely (a) changes in rotor

Phenomena Mach. Initial
value (°)

Final
value (°)

Difference
(°)

Information

Changes in rotor angle value when stable
conditions are reached

#1 35.5198 38.4580 2.9382 Greater

#2 26.7676 33.1932 6.4256 Greater

#3 23.9201 32.3113 8.912 Greater

Achievement of the time when the rotor
delta is stable (at a value of 0°)

#1 0.48 0.57 0.09 Slower

#2 0.64 0.64 0 Fixed value

#3 0.68 0.71 0.03 Slower

Achievement of time when delta omega
value reaches 0 rad/s (stable)

#1 0.56 0.73 0.17 Slower

#2 0.68 0.73 0.05 Slower

#3 0.76 0.98 0.22 Slower

Achievement of time when the frequency
value reached 60 Hz (stable)

#1 0.54 0.63 0.09 Slower

#2 0.71 0.71 0 Fixed value

#3 0.76 0.79 0.03 Slower

Table 14.
A number of phenomena due to power reduction on bus #3.

Bus Pd (MW) Qd (MVAr) Vmax. (p.u.) Vmin. (p.u.)

1 25.00 125.50 1.1 0.9

2 40.00 200.00 1.1 0.9

3 35.75 195.50 1.1 0.9

4 10.15 60.75 1.1 0.9

Table 15.
The value of the load power of each bus after the reduction of power on bus #4.

Bus Voltages Power from the synchronous generator Power to loads

Mag. (p.u.) Ang. (°) Pe (MW) Qe (MVAr) Pd (MW) Qd (MVAr)

1 1.030 0.00 �2.18 219.65 42.50 203.80

2 1.025 8.836 45.00 124.71 11.21 122.60

3 1.030 7.622 50.00 180.21 26.63 171.40

4 0.887 5.360 — — 10.15 60.75

Total value: 92.82 524.57 90.49 558.55

Table 16.
The mechanical power values simulated with the power flow programme with the case of power change on bus #4.
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Figure 11.
Some curves from the simulation of steady-state stability with power changes on bus #4. (A) Rotor angle curves,
(B) rotor angle difference curves, (C) rotor angular velocity difference curves and (D) frequency curves.

Phenomena Mach. Initial
value (°)

Final
value (°)

Difference
(°)

Information

Changes in rotor angle value when stable
conditions are reached

#1 35.5198 33.3549 2.1649 Smaller

#2 26.7676 20.1882 6.5794 Smaller

#3 23.9201 18.5109 5.4092 Smaller

Achievement of the time when the rotor delta
is stable (at a value of 0°)

#1 0.48 0.63 0.15 Slower

#2 0.64 0.64 0 Fixed value

#3 0.68 0.90 0.22 Slower

Achievement of time when delta omega value
reaches 0 rad/s (stable)

#1 0.56 0.73 0.17 Slower

#2 0.68 0.76 0.08 Slower

#3 0.76 0.98 0.22 Slower

Achievement of time when the frequency
value reached 60 hertz (stable)

#1 0.54 0.69 0.15 Slower

#2 0.71 0.71 0 Fixed value

#3 0.76 0.98 0.22 Slower

Table 17.
A number of phenomena due to power reduction on bus #4.
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angle values when achieving stable, (b) achieving time when the rotor delta reaches 0°
(stable), (c) achieving time when the omega delta value reaches 0 rad/s (stable), and
(d) achieving time when the frequency value reaches 60 hertz (stable). The generat-
ing engine with the largest power generation (in this case, machine #3) takes longer to
achieve a state of stability again after a change in load.

4. Conclusions

Based on a number of descriptions in the discussion, conclusions were drawn
according to the purpose of the study. The programme syntax structure consists of (i)
bus data, which includes bus number, bus type, and load power data (demand); (ii)
generator data, which includes generation power, voltage value, and base data; and (iii)
inter-bus connection impedance data; The programme syntax structure for simulating
power flow phenomena is used for the determination of the mechanical power of each
power generationmachine due to load changes, with operation through data input in the
programme input data of initial assumption values. The initial mechanical power values
inputted to the programme syntax structure for the steady-state stability phenomenon
were 35.43 MW for machine #1, 45 MW for machine #2, and 50MW for machine #3.
The programme syntax structure for the steady-state stability phenomenon consists of
(i) mechanical power values as input data obtained from the results of calculating the
power flow programme; (ii) data on each machine in the form of voltage value, moment
of inertia, dumping ratio, frequency, and resistance in the machine; and (iii) equations
for finding the current, voltage, frequency, rotor angle, rotor angle delta, angular veloc-
ity delta, and maximum power values for each machine affecting instability.

The simulation results of the steady-state stability phenomenon with data on initial
assumption values in the form of the emergence of a number of phenomena, namely
(a) changes in rotor angle values when achieving stable, (b) achieving time when the
rotor delta reaches 0° (stable), (c) achieving time when the delta omega value reaches
0 rad/s (stable), and (d) achieving time when the frequency value reaches 60 hertz
(stable). The generating machine with the largest power generation (in this case,
machine #3) takes longer to achieve a state of stability again after a change in load.
The phenomena in simulating power changes in the installed load on each bus
according to the research objectives, namely (a) the active power in machine #2 and
machine #3 are always fixed, but the reactive power changes for voltage regulation, so
that the generator voltage is equal to the system voltage; (b) the rotor angle value is
directly proportional to the change in load power, if the power load rises, the angle
value rises and vice versa, so that the condition affects the change in mechanical
power, which is when the mechanical power stabilises according to the load power
condition, where the mechanical power affects the rotor angle value; (c) the achieve-
ment of stable time of rotor angle difference (delta rotor) and stable time of machine
#2 frequency is not affected by changes in load power; (d) changes in load power
result in achieving a stable time difference in rotor angular velocity (delta omega)
relatively slower; (e) generators with large capacities need slower stable achievement
times, in which case the capacity on machine #1 is smaller than machine #2 and
smaller than machine #3. The damping ratio is inversely proportional to the value of
the load power; if the load power rises, the damping ratio decreases; and (f) the
system returns to stability when the latter reaches a stable time, i.e. in terms of
similarity of frequency, phase sequence, and phase angle. In this simulation, after the
machine 3 reaches a stable time.
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Completing the conclusions, recommendations are submitted, namely in the
implementation of simulations for the analogy of the phenomenon of steady-state
stability; it is still necessary to develop by analogy the structure of a larger and more
complex electric power system, also through the provision of conditions of simulta-
neous change on each bus.
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Chapter 3

Power Quality Improvement in 
Distribution System
Bhavya Kanchanapalli and Sujatha Banka

Abstract

Without electricity, our society would not function in this advanced period. Power 
supplies of high quality and dependability improve the amount of power that can 
be transported and distributed. One of the key factors in the power system is power 
quality. It has grown in significance, especially with the advent of cutting-edge tech-
nology. The quality of the power source affects these modern gadgets more strongly. 
Voltage, current, and frequency at the rated value are referred to as power quality. 
Any deviation from the usual rating in these amounts is seen as a sign of a power qual-
ity issue. It is preferred to employ specialized power devices at the distribution side 
to get around these power quality issues. DVR and D-STATCOM are chosen among 
other custom power devices for usage in boosting power quality. The D-STATCOM 
and DVR are compared in this article using MATLAB software.

Keywords: power quality (PQ ), custom power devices (CPD), dynamic voltage 
restorer (DVR), distribution flexible AC transmission system (D-FACTS), distribution 
static compensator (DSTATCOM)

1. Introduction

Concerns pertaining to power quality (PQ ) are now the most prevalent [1, 2]. 
The nature of electric loads has completely changed as a result of the extensive 
use of electronic equipment, including information technology equipment, power 
electronics, adjustable speed drives (VSD), programmable logic controllers (PLC), 
and energy-efficient lighting [3]. These loads are both the main contributors to and 
the main targets of issues with power quality. All of these loads disrupt the voltage 
waveform because they are non-linear.

Periodically, transient overvoltages (surges/spikes), swells, flickers, uncontrolled 
voltages, voltage dips/sags, interruptions, and waveform disturbances (power factor, 
harmonics, among others) can all affect electrical equipment (Figure 1) [4].

The word “Power Quality” refers to the quality of voltage, power, and electric 
current. Power quality concerns such as voltage sags and swells must be handled in 
the current day. Voltage sags may occur instantaneously and persist from half a cycle 
to 1 minute. The average voltage will fall by 0.1 to 0.9 pu. Voltage swell, on the other 
hand, is defined as a rise in rms voltage or current at the power frequency over periods 
ranging from 0.5 cycles to 1 minute. Magnitudes usually vary between 1.1 and 1.8 pu 
[5]. As a result, they are a common source of power electronics equipment failure 
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in contemporary power systems. Voltage swells are less relevant than voltage sags in 
distribution networks due to their rarity. Voltage sags may occur in both single-phase 
and three-phase systems. Single-phase voltage sags, on the other hand, have been 
proven to be prevalent and frequent in the power industry.

2. Faults in the power systems

2.1 Single line to ground faults

In comparison to other fault categories, this problem is less severe and occurs more 
frequently. There is a 65–70% likelihood of a defect occurring. Any time a line or 
conductor touches the neutral conductor or falls to the ground, the SLG fault occurs. 
Due to the imbalanced fault, the equipment is damaged and the system’s conditioning 
is not balanced [2, 4].

2.2 Double line to ground (DLG) fault

DLG faults account for about 15–20% of all defects. Whenever two lines short 
circuit and come into contact with the earth, a fault is created. In contrast to SLG 
faults, this fault causes the system to become imbalanced and results in more signifi-
cant damage to the system whenever it happens [2, 4].

2.3 Line-to-Line (LL) fault

Within the symmetrical faults, this is an unusual fault. Additionally, there is only a 
5–10% possibility of this problem occurring. Line-to-line faults occur when two lines 
short circuit. Within the short-circuited wires, current is flowing due to this problem. 
When compared to the double line-toto-ground fault, this defect is more severe [2, 4].

Very serious and infrequently occurring faults are symmetrical faults. These flaws, 
which are also known as balanced faults, are as follows:

2.4 Three-phase to ground fault

Three-phase faults have a 2–3% probability of happening. Because the system 
maintains its balanced state even in the presence of faults. However, the system’s 

Figure 1. 
Various power quality issues in power systems representation.
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equipment is seriously damaged. When heavy loads are connected and disconnected 
suddenly, when the grid power supply is unstable, when there are interruptions in 
the long-distance power supply from the distribution transformer, or when there is a 
need to boost the power supply to a remote location. The load in a three-phase system 
is said to be unbalanced for a variety of reasons. Voltage sag, various fault types, and 
voltage swell are the major causes of voltage disturbance in all of these scenarios. The 
system may experience a brownout or blackout if the issues are not resolved within a 
reasonable amount of time. Therefore, short circuit defects in the power system, and 
voltage swell are therefore regarded as power quality issues in this study [ 5 ].   

  3. Definitions of Power Quality issues 

 Power Quality refers to the consistency and reliability of electrical power in terms 
of its voltage, frequency, and other characteristics. Poor power quality can lead to vari-
ous problems in electrical systems, including equipment malfunction, downtime, and 
increased maintenance costs. Here are some key definitions related to power quality: 

 Voltage Sag (or Dip): A short-term decrease in the RMS voltage that lasts from half 
a cycle to several seconds. Sags can cause sensitive equipment to malfunction or shut 
down (  Figure 2  ) [ 6 ].  

 Voltage Swell: A short-term increase in the RMS voltage. Like sags, swells can 
negatively affect sensitive equipment (  Figures 3   and   4  ) [ 6 ].   

  Figure 2.
  Voltage sag representation.          

  Figure 3.
  Voltage swell representation.          
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Frequency Variations: Deviations from the standard power system frequency (e.g., 
50 Hz or 60 Hz). Significant frequency variations can affect the operation of time-
sensitive equipment [6].

Transient Overvoltage: A sudden increase in voltage above the normal level, typi-
cally lasting for a short duration. Transient overvoltages can damage equipment if not 
adequately protected (Figure 5) [6].

4. Power interruptions

An electrical load losing power is known as a “power interruption,” and it is the 
most basic kind of power quality issue. The various types of power outages are classi-
fied based on how long they last.

A momentary disruption occurs when there is a total absence of voltage on one or 
more phase wires for a duration ranging from 0.5 cycles to 3 seconds.

Figure 5. 
Trasient over voltage.

Figure 6. 
Various power interruptions.

Figure 4. 
Frequency variation.
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A momentary disruption occurs when there is a total absence of voltage on one or 
more phase wires for a duration ranging from 3 seconds to 1 minute.

A total loss of voltage on one or more phase wires for longer than a minute is 
referred to as a persistent interruption (Figure 6) [6].

5. Flicker, transients, and noise

The visual phenomenon known as “flicker” in lighting circuits is the result of 
repeated voltage decreases [6]. The name “flicker” does not necessarily apply to 
generic voltage  fluctuations; rather, it describes a particularly specific issue with 
how humans perceive the light generated by incandescent light bulbs.

Arc welders, electric boilers, industrial motors, lasers, photocopying machines, 
sawmills, and X-ray equipment are a few typical sources of flicker (Figure 7).

Transients are caused by spikes superimposed over sine waves of voltage or cur-
rent, with amplitudes varying from a few volts to several thousand volts. Electronic 
devices, VFDs, and switching inductive loads usually create low-energy transients 
continually, but lighting and utility switching usually cause high-energy impulsive 
transients of brief duration.

Impulsive transients can have a duration of 50 ns to more than 1 ms. The duration 
of oscillatory transients varies between 0.3 milliseconds and 5 microseconds.

Unwanted, high-frequency oscillations superimposed on a sine wave of alternat-
ing voltage or current are referred to as noise. This phenomenon can cause electrical 
equipment like computers and programmable controllers to malfunction and is 
typically exacerbated by incorrect grounding.

6. Power factor, unbalance, and harmonics

Electrical loads frequently consist of more than just pure resistance; in an AC 
system, the impedance is the result of the combination of reactance and resistance. 
There are two types of reactance: capacitive and inductive, neither of which adds to 
the power system’s “useful” work (Figure 8).

The power factor is a metric used to describe the amount of electrical power used 
to run machines, heat, or lights. A low power factor indicates that a significant quan-
tity of energy is wasted as heat in the system, which often translates into increased 
energy costs and equipment deterioration.

Figure 7. 
Flicker, transients, and noise representation.
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Figure 9. 
Unbalance representation.

Impedances in motors, solenoids, and pumps are usually a mixture of resistance 
and inductive reactance, and they change depending on the machine’s mechanical 
load. The impedance of a greater capacitive reactance component and a normally tiny 
resistance. When up the impedance of a capacitor.

The sine waves of the voltage and current in an AC system will move out of phase 
when reactance is present. The two cancel each other out: voltage leads current with 
capacitive reactance component and current leads voltage with inductive reactance.

Industrial facilities that have a lot of motors or other inductive loads often have a 
low power factor. Large commercial and industrial clients are usually charged more 
by utility providers for poor power factor.

When single-phase loads, such as office equipment and lights, do not consume 
the same amount of current on each phase, the neutral conductor is put under more 
stress, which leads to an imbalance in three-phase power systems. Even if the currents 
may not be in phase with the voltages, an ideal situation arises when the loads are 
balanced, which means that the voltage and current phases are precisely 120 degrees 
away from each other (Figure 9).

Waveform distortion, known as harmonics, may be found in circuits that include 
semiconductor-based devices, including test equipment, computers, robots, LED 
lights, electronic ballasts, and switching power supplies. Higher frequency sine waves 
on the system by these “non-linear” loads, increasing power loss via lost heat [6].

The excessive heat production may be harmful to a power system. Transformers are 
particularly vulnerable to harmonic damage because of stray “eddy currents” that cir-
culate inside the iron core of the transformer and generate excessive heat (Figure 10).

Figure 8. 
Power triangle.
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The frequency in multiples of the “fundamental” or primary frequency (60 Hz 
in the US) is used to identify harmonics. In a system operating at 60 Hz, for 
instance, the third harmonic would be 180 Hz (60 × 3 = 180) and the fifth harmonic 
would be 300 Hz (60 × 5 = 300) [6].

Power quality metres may be used to measure each harmonic frequency’s magni-
tude; the results are often shown as a harmonic spectrum. When using power quality 
metres, total harmonic distortion (THD) and total demand distortion (TDD) are 
sometimes used to reduce harmonic distortion to a single value rather than a spectrum.

7. Power Quality standards

There are a number of industry standards available that address the correct proce-
dures and methods for performing a power quality analysis. These standards should 
be reviewed to help better understand the science behind monitoring and correcting 
power quality:

1. ANSI C84.1 - American National Standard for Electric Power Systems and 
Equipment—Voltage Ratings (60 Hz)

2. IEC 61000 - IEC standards on Electromagnetic compatibility

3. IEEE 519 - IEEE Recommended Practice and Requirements for Harmonic 
Control in Electric Power Systems

4. IEEE 1159 - IEEE Recommended Practice for Monitoring Electric Power Quality

5. IEEE 1250 - IEEE Guide for Identifying and Improving Voltage Quality in Power 
Systems

6. IEEE 1668 - IEEE Trial-Use Recommended Practice for Voltage Sag and Short 
Interruption Ride-Through Testing for End-Use Electrical Equipment Rated Less 
than 1000 V

7. IEEE 1789 - IEEE Recommended Practices for Modulating Current in High-
Brightness LEDs for Mitigating Health Risks to Viewers

Figure 10. 
Harmonic analysis.
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Figure 11. 
Power quality issues in distribution system.

8. Solutions for Power Quality issues

A Custom Power Device (CPD) is one efficient technique to decrease voltage sags 
and swells caused by power quality concerns [7]. DSTATCOM and DVR are currently 
among the most common power devices due to their use of Voltage Source Converter 
(VSC) technology. Because these critical powers are delivered to the client through 
power electronics controller devices, they are sometimes referred to as specialized 
power devices. Some research has given promising concepts for decreasing voltage sag 
induced by motor startup using D-STATCOM. These solutions are only partly suc-
cessful since they can only decrease the duration of a voltage sag occurrence or boost 
the voltage level during it. They are also not adaptable solutions since, according to 
research that employed DVR to reduce voltage sag induced by starting an induction 
motor, the efficacy of compensation might be reduced when motor rating changes. 
The DVR operates by injecting an in-phase series voltage into the load together with 
the incoming supply, just enough to return the voltage to its pre-sag condition. It has a 
proven track record of avoiding voltage sags in practical installations. Figure 11 shows 
various Power Quality Issues.

On several occasions, efforts have been undertaken to provide an active and 
flexible solution for power quality problems. One of these power quality methods 
that is widely used to lower harmonics is lossless passive filters with L-C tuned 
components. Passive filters are preferred due to their low starting cost and high 
initial efficiency. It has a number of drawbacks, including utility impedance, fixed 
compensation, resonance with supply and loads, and instability. These limitations 
have been circumvented by the use of active power filters. Active power filters can 
be made in shunt, series, or hybrid forms. Hybrid is created by combining series and 
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shunt types. Voltage-based distortions, whereas corrected using series APF corrects 
current-based distortions, whereas corrected using shunt APF. Hybrid APF is used to 
filter high-order harmonics. In typical applications, their rating might occasionally be 
fairly near to load (up to 80%), which is an issue. This makes it impossible to achieve 
the appropriate level of power quality. Power outages and dissatisfied consumers are 
the outcomes of this. Innovative power electronics controller devices have been made 
available during the past few decades in an effort to increase the reliability of the 
distribution system and deal with power disturbance concerns. The creation of power 
electronics controller devices led to the birth of customized power.

The “Custom Power” strategy intends to primarily satisfy the requirements of 
industrial and commercial customers. In order to provide the degree of quality that 
picky customers want, “custom power” refers to tools for integrating power electron-
ics controllers into a power distribution system.

They are also known as customized power devices since these significant powers 
are delivered to users through these power electronics controller devices. Most of 
them are available for sale as goods and perform effectively at medium distribution 
levels. VSI is often used to develop specialized power devices since it can maintain the 
DC bus voltage on its own utilizing a large DC capacitor. The two major categories of 
bespoke power equipment are:

1. Type 1: Network reconfiguration

2. Type 2: Compensating (Figure 12)

8.1 D-STATCOM

One of the Shunt connected DFACTS devices is the Distributed Static 
Compensator (DSTATCOM). The DSTATCOM system is made up of three major 
components: a Voltage Source Converter (VSC), a collection of coupling reactors, and 
a controller. A DSTATCOM placed in a power system generates a controlled alternat-
ing current voltage source through a voltage source inverter (VSI) coupled to a DC 

Figure 12. 
Types of custom power devices.
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capacitor (energy storage device). In general, the alternating current voltage source 
appears behind a transformer leakage reactance. The voltage differential across this 
reactance causes active and reactive power transfer between the power supply and the 
DSTATCOM. The DSTATCOM is linked to the power networks if there is a voltage-
quality issue. All necessary voltages and currents are monitored and supplied into 
the controller, where they are compared to the orders. The controller then conducts 
feedback control and generates a series of switching signals to operate the power 
converter’s primary semiconductor switches (IGBTs, which are employed at the 
distribution level) (Figure 13).

8.2 The operation of DSTATCOM

The firing angle is used to adjust the firing angle. The output voltage of the VSI 
should ideally be in phase with the voltage of the bus to which the DSTATCOM is 
attached. The dc side capacitance is kept constant at a given voltage in steady state, 
and there is no practical power exchange except for losses. The DSTATCOM differs 
from other reactive power producing devices (such as shunt capacitors, static VAR 
compensators, and so on) in that energy storage is optional and only necessary for 
system imbalance or harmonic absorption. The DSTATCOM has two control goals 
in place. The first is the alternating current voltage control of the power supply at 
the bus to which the DSTATCOM is attached. The other is DC voltage control across 
the DSTATCOM’s capacitor. Shunt reactive power injection is well recognized for its 
ability to adjust bus voltage. Two voltage regulators are developed for these functions 
in a traditional control system. AC voltage regulator for controlling bus voltage and 
DC voltage regulator for controlling capacitor voltage [2, 4]. Both regulators in the 
simplest scheme are proportional integral (PI) controllers.

8.2.1 Operating modes

It is operated in three modes.
Mode 1: If the DSTATCOM voltage is greater than the Grid Voltage, DSTATCOM 

supplies the Reactive Power to the Grid, so this mode is named as Capacitive Mode.

Figure 13. 
Symbol of DSTATCOM.
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Mode 2: If the Grid voltage is greater than the DSTATCOM voltage, the Reactive 
Power is absorbed by the DSTATCOM, so this mode is called Inductive Mode.

Mode 3: If the grid voltage is equal to DSTATCOM Voltage, then there is no 
exchange of Reactive Power. So this is called as Floating Mode (Figure 14).

A Distribution Static Synchronous Compensator (DSTATCOM) offers several 
advantages in electrical distribution systems, especially in addressing power quality 
issues. Here are some of the key advantages of using DSTATCOM:

1. Reactive Power Compensation: DSTATCOM can provide dynamic reactive power 
support to maintain system voltage levels within desired limits, thereby improv-
ing voltage stability and ensuring efficient power transfer.

2. Voltage Regulation: By injecting or absorbing reactive power as needed, DSTAT-
COM helps regulate voltage levels, reducing voltage fluctuations and ensuring 
consistent voltage supply to critical loads.

3. Harmonics Mitigation: DSTATCOM can mitigate harmonics in the distribution 
system by injecting counteracting currents, thereby improving the quality of power 
and reducing the risk of equipment damage and inefficiencies caused by harmonics.

4. Power Factor Correction: DSTATCOM can correct power factor issues by supply-
ing or absorbing reactive power, helping utilities and industrial facilities comply 
with regulatory requirements and improve overall system efficiency.

5. Fast Response Time: DSTATCOM offers rapid response capabilities, allowing it 
to quickly compensate for voltage variations, harmonics, and other power qual-
ity issues, thereby minimizing disruptions and ensuring reliable operation of 
electrical systems.

6. Flexible Installation: DSTATCOM can be installed in various configurations 
(shunt, series, or combined) based on specific application requirements, allow-
ing for flexible integration into existing distribution systems.

7. Energy Savings: By improving power quality, reducing losses associated with 
poor power factor, and optimizing voltage levels, DSTATCOM can help reduce 
energy consumption and improve overall system efficiency.

8. Enhanced System Reliability: By addressing voltage fluctuations, harmonics, and 
other power quality issues, DSTATCOM helps enhance system reliability, reduce 
downtime, and extend the lifespan of electrical equipment and components.

Figure 14. 
Modes of operation.
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9. Scalability: DSTATCOM systems can be designed and scaled to meet specific 
application requirements, making them suitable for a wide range of distribution 
system configurations and load profiles.

10. Compliance with Standards: DSTATCOM solutions can help utilities, industrial 
facilities, and commercial establishments comply with various power quality 
standards, regulations, and guidelines related to voltage regulation, harmonics 
mitigation, and power factor correction.

In summary, DSTATCOM offers a range of benefits for improving power quality, 
enhancing system reliability, and ensuring efficient operation of electrical distri-
bution systems. By addressing voltage regulation, reactive power compensation, 
harmonics mitigation, and other power quality issues, DSTATCOM helps utilities 
and end-users maintain high-quality power supply, optimize energy efficiency, and 
reduce operational costs.

8.3 Dynamic voltage restorer (DVR)

In 1996, a 12.47 kV system in Anderson, South Carolina became the first DVR to be 
deployed in North America. DVRs have since been used to safeguard crucial loads in 
the utility, semiconductor, and food processing industries. One of the most efficient 
PQ devices for resolving voltage sag issues nowadays is the dynamic voltage restorer. 
However, cost and installation limitations have restricted its use to situations where a 
reliable power source is obviously needed.

DVR is a static var. device that has found use in a number of transmission and 
distribution systems. It is a series compensation device that protects sensitive electric 
loads from power quality issues such as voltage sags, swells, imbalance, and distortion 
using voltage source converters (VSC) (Figure 15).

8.3.1 Principle of operation

The Dynamic Voltage Restorer’s is to inject a voltage of the necessary size and 
frequency to enable it to restore the load side voltage to the proper amplitude and 
waveform, even when the source voltage is imbalanced or distorted [2, 4].

In general, it uses a pulse width modulated (PWM) inverter structure and Gate 
Turn Off Thyristor (GTO) solid-state power electronic switches. At the load side, the 
DVR has the ability to independently produce or absorb actual and reactive power. 
In other words, the DVR is built of a solid-state DC to AC switching power converter 

Figure 15. 
Symbol of DVR.
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that injects a sequence of three-phase AC output voltages into the transmission and 
distribution lines. The commutation mechanism for reactive power demand and an 
energy source for actual power need are the sources of the injected voltage.

Depending on the DVR’s manufacturer and design, the energy source may change. 
DC capacitors, batteries, and energy extracted from the line via a rectifier are a few 
types of energy sources that have been used.

The DVR system’s practical injection voltage capacity is 50% of nominal voltage. 
Due to this, DVRs may successfully defend against sags of up to 50% for periods of 
time as little as 0.1 seconds. Furthermore, the majority of voltage sags seldom ever go 
below 50%.

The destructive consequences of voltage swells, voltage imbalance, and other 
waveform distortions are also lessened by using the Dynamic Voltage Restorer.

There are different methods to control the DVR. They are

i. Distinguish the occurrence of sag or swell in the system.

ii. Compute the offset voltage.

iii. Pulse output of the PWM inverter and stopping it when the problem is resolved.

8.3.2 MATLAB/Simulink model of DSTATCOM

Let us consider a test system where a sudden RL-load is applied all of a sudden and 
the response of the output voltage is analyzed using the Simulink platform [8].

Due to the sudden application of the load, voltage sag is observed, and this should 
be compensated by using our Custom Power Devices to transfer constant voltage to 
the load (Figures 16–21).

8.4 MATLAB/Simulink design of DVR

A Dynamic Voltage Restorer (DVR) is a power electronic device primarily 
designed to mitigate voltage sags and interruptions in electrical distribution systems 
[8]. Here are some of the key advantages of using a DVR (Figures 19–21):

Figure 16. 
Simulation model of the test system with DSTATCOM in MATLAB/Simulink for RL load.
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1. Voltage sag mitigation: One of the primary advantages of a DVR is its ability 
to rapidly inject voltage to compensate for voltage sags, thereby restoring the 
voltage waveform and ensuring uninterrupted operation of sensitive equipment 
and processes [1].

2. Fast Response Time: DVRs offer very fast response times, typically within a few 
milliseconds, to detect voltage disturbances and inject compensating voltage, 
minimizing downtime and disruptions for critical loads [1].

3. Improved Power Quality: By mitigating voltage sags and interruptions, DVRs 
help improve overall power quality, reduce equipment downtime, and enhance 
the reliability of electrical distribution systems [1].

4. Protection for Sensitive Equipment: DVRs provide essential protection for sensi-
tive electronic equipment, such as computers, servers, industrial machinery, and 
other critical loads, by ensuring a stable and consistent power supply.

5. Flexible Installation: DVRs can be installed at critical points in the distribution 
system to protect specific loads or areas prone to voltage sags, allowing for 
targeted mitigation and optimization of power quality.

Figure 17. 
Voltage sag at the load side.

Figure 18. 
Compensated voltage through the introduction of DSTATCOM on the load side.
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6. Compatibility with Renewable Energy Sources: DVRs can be integrated with 
renewable energy sources, such as solar and wind power systems, to ensure 
stable and reliable power supply, especially in areas with fluctuating renewable 
energy output.

Figure 19. 
Simulation model of the test system with DVR in MATLAB/SIMULINK for RL-load.

Figure 20. 
Voltage at the load point without DVR in MATLAB/SIMULINK for 3-phase fault.
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7. Cost Savings: By reducing equipment downtime, preventing production losses, 
and protecting sensitive equipment from voltage sags and interruptions, DVRs 
can lead to significant cost savings for industrial facilities, commercial establish-
ments, and utilities [1].

8. Extended Equipment Lifespan: DVRs help extend the lifespan of electrical and 
electronic equipment by providing a stable and consistent power supply, reducing 
wear and tear, and minimizing the risk of damage from voltage disturbances [1].

9. Compliance with Standards: DVRs help utilities, industrial facilities, and com-
mercial establishments comply with various power quality standards, regula-
tions, and guidelines related to voltage sag mitigation, ensuring adherence to 
industry best practices and regulatory requirements [1].

10. Scalability and Modularity: DVRs can be designed and configured to meet spe-
cific application requirements, making them scalable and modular solutions for 
addressing voltage sags and interruptions in various distribution system configu-
rations and load profiles [1].

In summary, DVRs offer a range of benefits for improving power quality, protect-
ing sensitive equipment, reducing downtime, and ensuring reliable operation of 
electrical distribution systems. By providing fast and effective voltage sag mitigation, 
DVRs help utilities and end-users maintain high-quality power supply, optimize 
equipment performance, and minimize operational risks and costs.

8.5 Comparison of DVR and DSTATCOM

Dynamic Voltage Restorer (DVR) and Distributed Static Compensator 
(DSTATCOM), two different devices used in power systems to improve voltage stabil-
ity and power quality. Although both are designed to mitigate voltage disturbances, 
they operate in different ways and have distinct features. Let us compare them based 
on their characteristics (Table 1) [9].

Figure 21. 
Voltage at the load point with DVR in MATLAB/SIMULINK.
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9. Conclusion

The Power Quality issues, including voltage dips, swells, and interruptions, as 
well as mitigation strategies for specialized power electronic devices like DVR and 
D-STATCOM, have been covered in this chapter. Comprehensive findings are pro-
vided together with the design and implementations of DVR and DSTATCOM for 
voltage sags, interruptions, and swells. In order to operate the electronic valves in 
the VSI utilized in the DSTATCOM and DVR, a new PWM-based control system has 
been created. Unlike basic frequency switching strategies that are already included in 
MATLAB/Simulink, this PWM control system requires just voltage data. It is perfect 
for low-voltage bespoke power applications because of this feature. The simulation 
results of the simulations demonstrated that the DVR had comparatively superior 
voltage regulating capabilities [4]. It was also noted that the rating of the DC storage 
device affects DSTATCOM’s ability to regulate voltage and provide power compensa-
tion. The simulation results shown exhibit high accuracy.

Parameter DVR DSTATCOM

Operation A DVR is a power electronics-based 
device that is connected in series with 
the distribution line. It continuously 
monitors the voltage at its point of 
connection and injects a voltage in series 
with the line to compensate for voltage 
sags or swells.

A DSTATCOM is also a power electronics-
based device, but it is connected in parallel 
with the distribution line. It actively injects 
reactive power into the system to stabilize 
voltage, compensate for reactive power 
demand, and improve power factor.

Function The primary function of a DVR is to 
mitigate voltage sags and swells caused 
by various disturbances such as faults, 
sudden load changes, or system switching 
operations.

The main function of a DSTATCOM is to 
regulate voltage and maintain power factor 
at the point of connection, compensating 
for reactive power demand and improving 
voltage stability.

Compensation 
Time

DVRs are generally capable of providing 
rapid voltage compensation within a 
few milliseconds, as they are designed to 
quickly respond to voltage disturbances.

DSTATCOMs can also respond quickly 
to voltage fluctuations and provide 
compensation, but their response time 
might be slightly longer compared to DVRs 
due to their different configuration.

Installation 
Location

DVRs are typically installed close to 
critical loads to protect them from 
voltage variations and ensure continuous 
operation.

DSTATCOMs are often installed at 
distribution substations or near industrial 
loads to enhance voltage stability and power 
quality for the entire distribution network.

Application 
Scope

The DVR is specifically designed to 
address voltage quality issues such as 
voltage sags and swells in sensitive loads 
like data centers, industrial processes, and 
critical facilities.

DSTATCOMs are more versatile and can 
be applied to various scenarios, including 
voltage regulation in distribution systems, 
power factor correction, and reactive power 
compensation for individual loads or groups 
of loads.

Cost-effective DVRs can be more expensive due to 
their high-speed power electronics and 
sophisticated control systems.

DSTATCOMs are generally more cost-
effective and easier to implement, making 
them suitable for broader applications.

Table 1. 
Comparison of DVR and DSTATCOM.
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Chapter 4

Harmonics Emissions and
Power System Grid Resilience in
Electric Vehicle Charging
Makawi Diab Hraiz and Juan Andrés Martín García

Abstract

This chapter focuses on the harmonics emissions and power system grid resilience
in electric vehicle (EV) charging. With the increasing demand for EVs, understanding
the effects of harmonics on grid stability is critical. Converters in EV charging opera-
tions can contribute to high harmonics levels, causing disturbances and stressing the
power system. The scope of the chapter encompasses challenges related to harmonics
and emphasizes the need to ensure grid resilience. It also highlights the importance of
understanding the correlations between harmonics emissions, operational parameters,
and the increasing adoption of electric vehicle charging. This chapter also aims to
discuss and present various harmonic mitigation techniques that can enhance power
quality in electric vehicle integration.

Keywords: electric vehicle charging, harmonics emissions, power system grid
resilience, voltage distortion, fast charging

1. Introduction

The surge in carbon dioxide emissions and volatile oil prices have opened doors for
alternative technologies like electric vehicles (EVs). By harnessing sustainable green
energy, the electrification of transportation presents a viable solution to address the
goal of reducing greenhouse gas emissions. Electric vehicles offer the advantage of
zero emissions and high energy conversion efficiency, setting them apart from con-
ventional combustion engines. However, the rapid integration of EVs can pose a
significant challenge to existing electric distribution systems, compounded by the
current insufficiency of EV charging infrastructure.

The widespread adoption of electric vehicles globally has considerable momentum
as a key solution to addressing environmental issues and reducing fuel dependency in
the transport sector [1]. In 2022, Europe witnessed a significant growth in EV regis-
trations, reaching a total of 1,729,000 vehicles, marking a 7% increase compared to the
previous year [2]. European governments have implemented a range of incentives to
support and accelerate the expansion of EVs, aiming for high levels of penetration. For
instance, Spain has set an ambitious target of reaching 4 million electric vehicles by
2030 [3], which will contribute to a substantial surge in EV adoption in the coming
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years. The growing demand market for electric vehicles as a more environmentally
friendly transportation option has raised concerns about the impact of charging these
vehicles on electric grids.

In the near future, it is anticipated that the penetration of EVs into low-voltage
residential networks will rise significantly. Due to its ease and the lack of charging
infrastructure, overnight home charging is anticipated to be preferred by EV buyers.
Due to the high penetration rates of EV charging stations and the growing number of
EVs, the power infrastructure is currently facing enormous challenges. Consequently,
a technical analysis of how EV charging affects the distribution system is necessary.
EVs are becoming more and more popular every year, and they will soon supplant the
current transportation system. To effectively plan for and accommodate this growing
EV load while maintaining power quality, detailed technical studies of the impact of
EV charging on the distribution system become imperative [4, 5]. These plans and
research should include a precise evaluation of the EV load and its effects on power
quality indices to facilitate efficient infrastructure planning. Manufacturers, con-
sumers, and researchers all share a keen interest in the development of electric vehi-
cles and their relationship with grid infrastructure. The integration of electric cars into
distribution networks introduces several power quality concerns, with harmonic
emissions being a notable issue. These challenges become particularly pronounced in
scenarios with a high percentage of electric vehicle penetration, taking into account
the clustering effect during the charging process [6].

The current capacity of electrical distribution systems is not projected to suffi-
ciently accommodate such a rapid influx of EV penetration. Moreover, the integration
of EVs into the distribution network has adverse effects on power quality due to the
harmonics generated by these vehicles. In situations where loads exhibit non-linear
behavior, drawing current in non-sinusoidal and distorted waveforms while
connected to the network, has a detrimental impact on public networks designed to
operate with sinusoidal voltage at rated power. These non-linear loads result in the
creation of harmonics, leading to voltage distortion for customers, increased mechan-
ical stress, confusion among protection equipment, and decreased efficiency of system
components. EVs introduce harmonics into electrical systems through their non-linear
charging behavior. Despite efforts to improve power electronics circuits and power
factor correction, the harmonics generated by EV chargers are expected to be signif-
icant due to the high charging currents. Therefore, addressing harmonic emissions is
crucial for maintaining power quality in the context of increasing EV adoption.

2. The influence of electric vehicles on harmonic emissions

The influence of harmonics in EV charging systems is a significant consideration
due to its potential effects on power quality and the overall stability of the electrical
network. In this context, multiples of the AC power supply’s fundamental frequency
are referred to as harmonics. EV chargers have the potential to produce harmonics
with unwanted frequencies that vary from the typical sinusoidal waveform.

The problem of power quality in EV charging systems is one of the main effects of
harmonics. Increased distortion from harmonic currents and voltages can cause volt-
age waveform distortion and can cause electrical equipment to overheat. The effec-
tiveness of the power distribution network may be affected and other linked devices
may be impacted by this distortion. Furthermore, harmonics may increase the sys-
tem’s energy losses and lower its overall energy efficiency.
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Effective mitigation requires an understanding of the specifics of how harmonics
are created in EV charging systems. Harmonics are produced in part by the non-linear
design of EV chargers, especially those that use power electronics for rectification and
conversion procedures. Waveform distortion results from the sudden pulses of cur-
rent drawn by these nonlinear loads. Retaliators and converters used in the charging
process cause abrupt changes in current, which reintroduces harmonic currents into
the grid. The charging EV process involves rectifiers and converters that introduce
rapid changes in current, leading to harmonic currents being injected back into the
electrical network.

Most studies emphasized the significance of the issue of harmonics, especially with
traditional chargers. High harmonics could lead to decreased lifespans of distribution
network components, such as transformers and cables [7]. These harmonics can have
several consequences. Firstly, they can lead to voltage distortion within the electrical
system, affecting the quality of power supplied to other devices and appliances
connected to the grid. This distortion can cause disruptions and reduce efficiency in
the operation of various electrical equipment. Secondly, the presence of high-
frequency harmonics can result in increased losses within transformers and cables.
This is primarily because these harmonics cause a non-uniform distribution of current
and subsequently lead to additional heating in these components. Such losses can
impact the overall efficiency of the electrical system. Lastly, the integration of EVs
into the grid, with the associated harmonics, poses various challenges. These chal-
lenges include managing harmonic distortion levels, addressing imbalances in the
system, ensuring proper voltage regulation, and mitigating potential losses in trans-
formers. Addressing these issues is essential to maintain the reliability and stability of
the electrical grid in the face of increasing EV adoption. Harmonics are introduced
into the system by non-linear equipment, such as EV chargers, as illustrated in
Figure 1.

Two basic measures have been developed to estimate the amount of harmonic
distortion and develop mitigation solutions. Total harmonic distortion (THD),
which measures the percentage of the Root Mean Square (RMS) of the harmonic
frequency components concerning the fundamental frequency component for both
voltage V1 and current I1, is the first of these measures. Here, as shown in Eqs. (1) and
(2), Vh and Ih stand for the RMS values of various-order harmonics in voltage and
current [9].

Figure 1.
Harmonic distortion in which the waveform is made up of fundamental and 3rd harmonic [8].
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VTHD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

2 þ V2
3 þ … þ V2

h

q

V1
(1)

ITHD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I22 þ I23 þ … þ I2h

q

I1
(2)

Total Demand Distortion (TDD) is the second measure for evaluating harmonic
distortion [10]. The following formula is used to calculate TDD, where Iref stands for
the nominal current:

TDD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

h¼2I
2
h

q

Iref
(3)

International standards prescribe specific thresholds for current harmonics. For
example, the IEC 61000 standard establishes a 13% limit for THD, while the IEEE 519
standard specifies a 5% threshold for TDD. These standards serve as regulatory
benchmarks to ensure that levels of harmonic distortion in electrical systems remain
within acceptable ranges.

2.1 Voltage distortion

Harmonics can distort the voltage in the electrical system, affecting the quality of
power supplied to other devices and appliances connected to the grid.

Simultaneous fast charging of multiple electric vehicles will result in voltage dis-
tortion surpassing permissible limits. As per the EN 50160 standard, the total har-
monic distortion of the supply voltage, encompassing all harmonics up to the 40th,
should remain below 8% [11]. The substantial current demands of fast charging
significantly influence voltage quality, particularly at the connection point, empha-
sizing its critical role in ensuring voltage stability.

The modeling of the fundamental and hth harmonic currents from the nonlinear
load situated at bus i, which has real power P and reactive power Q, is expressed as
follows:

I1i ¼ Pi þ jQ ið Þ=V1
i

� �
(4)

In Eq. (5), R(h) represents the ratio of the hth harmonic current to its fundamental
counterpart

I1i ¼ R hð Þ I1i (5)

The harmonic voltages are determined by solving the following load-flow equation
and consequently [8], the voltage at bus i is defined as shown in Eq. (7)

Yh Vh ¼ Ih (6)

∣Vh
i ∣ ¼

XH

h¼1

jVh
i j2

 !½

(7)
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2.2 Transformer and cable losses

The presence of high-frequency harmonics can lead to increased losses in
transformers and cables. This is because these harmonics cause non-uniform current
distribution and result in additional heating.

One of the challenges associated with EV battery charging comes from the
potentially high harmonic currents associated with the conversion of AC power
system voltages to DC EV battery voltages. Improvements in EV battery technology
and government incentives will potentially contribute to higher EV penetration.
Despite the advantages of this green technology, battery charging current harmonics
injected into the grid incite an increase in transformer losses, followed by its
temperature rise and lifetime reduction. The performance and ability of distribution
transformers suffer under non-sinusoidal load operation, resulting in a lower power
factor and quality [12].

The level of current harmonics circulating in a transformer winding can affect its
operating temperature and lifetime. Although the existing standards mainly consider
the impact of harmonics up to 2 kHz, higher frequency harmonics generated by high-
power converters utilized in renewable energy sources can also contribute to the
temperature rise of a transformer. Pulse Width Modulated voltage generated by
power converters can generate significant high-frequency harmonics at its switching
frequency. The switching frequency of converters in high-power applications is
mainly between 2 and 9 kHz [13].

The transformer load PL including current harmonics is presented in PEC as the
eddy-current loss, and PS is the other stray loss. The harmonic loss factor, FL, is
applied to the winding eddy loss to indicate the heating due to harmonic load current
and determine the transformer capabilities when supplying power to a load.

The harmonic loss factor for other stray losses, FHS is employed to represent the
heating impact as a result of other stray losses in liquid-filled transformers I2 is the rms
current [14].

PL ¼ I2 1þ PEC FL þ PS FHSð Þ (8)

Table 1 summarizes the various studies and their findings related to the impact of
current harmonics on transformers, particularly in the context of EV chargers and
nonlinear loads.

It’s noteworthy that underground cables are more susceptible to the impacts of
EV-related harmonics compared to overhead transmission lines. Consequently, this area
necessitates more stringent requirements and standards for charging stations. During
the charging process, the maximum values of harmonics in cables consistently exceed
those in overhead transmission lines. This discrepancy primarily arises from the lower
surge impedance of cables compared to overhead lines, attributed to the closer proxim-
ity of conductors, which increases capacitance and reduces inductance [20].

2.3 Battery conditions

In order to carefully manage the energy transfer between various powertrain sub-
systems and guarantee the delivery of necessary torque and power to the vehicle’s
wheels, EV powertrains heavily rely on power electronic components and electric
machinery. Notably, along the powertrain’s direct current bus, these power subsys-
tems have the potential to produce unwanted electrical harmonics. As a result, in
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addition to the basic DC current, the battery of the EV may be subjected to unfavor-
able oscillations that appear as both high- and low-frequency current variations. On
the high voltage DC bus of EVs, empirical testing under real-world circumstances has
revealed significant current harmonic disturbances ranging from 50 Hz to 4 kHz.
Comprehensive studies have been conducted to understand the effects of these har-
monics on the degeneration of battery systems within the small body of available
literature [21].

3. Enhancing power system grid resilience

The overall relationship between power systems and grids takes center stage when
examining the integration of electric vehicles. The power system, includes the gener-
ation, transmission, and distribution of electricity, while the power grid specifically
refers to the interconnected equipment facilitating this energy transfer. The dynamic
interaction between these components becomes crucial as EV adoption picks up
speed. Aligning the grid with the changing EV landscape requires careful station
location, smart charging algorithms, and the incorporation of renewable energy
sources. Maintaining power quality and grid stability simultaneously requires tackling
harmonic issues brought about by nonlinear loads from EV chargers. In order to create

Electrical systems and
transformers studies

Harmonics findings Impact on transformer

Transformer losses and
heat [15]

Current harmonics induce heat, causing thermal
stress. 50% of transformer loss of life attributed to
nonlinear loads.

Reduced lifespan due to
heat stress.

Grid-connected
inverters [16]

Experiment: Inverters generate low-order current
harmonics (<2 kHz) leading to a 1.2°C insulation
temperature increases at the rated load.

8.3% reduction in
expected lifespan at
rated load.

EV charger harmonics
[17]

Assessment of EV chargers: harmonic loss factor
predicts a significant potential decrease in
transformer lifespan if the EV charger load exceeds
80% of the rated load.

Potential lifespan
reduction with high EV
charger load.

Industrial system load
currents [18]

Simulation results: with approximately 80%
nonlinear load, the transformer aging acceleration
factor reaches about 2.97, indicating a significant
reduction in its lifespan.

Notable lifespan
reduction with high
nonlinear load.

EV home chargers and
power quality [8]

Study of EV home chargers: quadratic relation found
between Total Harmonic Distortion (THDi) and
transformer life consumption. Recommended THDi
threshold of 25–30% for acceptable increase in life
consumption.

THDi impacts
transformer lifespan.

EV charger harmonics
and distribution
capacity [19]

Study on distribution system capacity: results
indicate the 10 kV cable overload at 27.25% EV
charger penetration due to harmonics, compared to
30.74% without harmonics. Suggested solution
involves adding filters to EV chargers.

Distribution capacity and
overload management.

Table 1.
Effects of harmonics on transformer performance and electrical system.
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an integrated framework that guarantees the smooth integration of EVs into current
power infrastructures, utilities, regulators, and technology developers must cooperate
together.

Harmonic losses in the grid system affect energy efficiency because they raise
resistive losses, which lower the total power factor. Higher generation capacity may be
required to meet demand if there is a decline in the effective power provided to the
loads as a result of a reduced power factor. As a result, the grid infrastructure is
strained and might need to be upgraded to handle the increasing demand for EV
charging.

Ensuring the reliability and dependability of energy infrastructure is critical, par-
ticularly concerning electric vehicles, requiring for enhancing the energy system grid’s
resilience. In the era of electric vehicles, improving grid resilience is a complex prob-
lem that needs a variety of technological, governmental, and policy solutions. These
techniques can be used to build a more enduring and efficient power supply that can
support the increasing number of electric vehicles while enduring interruptions and
disturbances.

To achieve this, it is crucial to take into account a variety of network reliability
techniques and strategies, the most crucial of which are:

1.Developing the current grid infrastructure: electrical network modernization by
integrating many advanced technologies such as sensors, smart meters, and
automation to monitor and control the network more effectively. This allows for
faster response times during outages and improve load management, even as
demand for electric vehicle charging increases. One of the pivotal aspects of
strengthening the electrical grid infrastructure is enhancing the cybersecurity of
the grid in order to protect against cyber threats that may disrupt the energy
system.

2.Solutions for power outages: ensuring continuous electric vehicle charging
during power outages requires the implementation of three strategies. Firstly, the
adoption of distributed energy resources, such as photovoltaic systems and
small-scale wind turbines, enables local energy generation and storage. Secondly,
by establishing small grids within communities, especially in areas exposed to
severe weather events, to generate, distribute and consume energy locally.
Electric vehicles can play a role in these microgrids by acting as mobile energy
storage units and energy sources. Thirdly, equipping charging stations with
backup power sources like batteries or generators, and integrating this with a
grid resilience strategy. These strategies ensure uninterrupted EV charging and
reduces reliance on the main grid during power outages, thus enhancing overall
resilience.

3.Government regulations and public awareness: grid resilience should be
prioritized while regulatory frameworks should support the seamless integration
of electric vehicles into the grid. This can be done by encouraging investments in
cutting-edge fast-charging station technologies and grid modernization. To
reduce grid stress, regulated and responsible charging behaviors must be
encouraged. Public awareness about the importance of proper charging behavior
during grid stress or power outages. Mobile applications that provide
information on grid stress times may be created by local authorities to help
educate electric vehicle owners.
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Moreover, when considering the grid’s size, the harmonics add complexity to the
process of figuring out the right capacity and layout. Harmonic currents have the
potential to overload transformers and conductors, which might affect sizing calcula-
tions that are typically based on linear load assumptions. Because harmonics are not
sinusoidal, the sizing parameters need to be reconsidered in order to ensure that the
grid infrastructure can accommodate the additional demand from EV charges without
affecting reliability.

4. Harmonics emissions with charging rate

Harmonic emissions are impacted by a number of charging-related issues for
electric vehicles. Various elements, including as charging rates, power distribution,
and usage patterns, might be considered operational parameters. The management of
harmonics in EVs is aided by the identification of probable correlations and their
implications through the analysis of these parameters. For the purpose of creating
management or mitigation methods for harmonics, investigating these relationships is
crucial. This section delves into a more detailed exploration of the influence of various
operational parameters within EVs on harmonics and explains why it’s crucial to
analyze these parameters for harmonics management.

The impact of charging rates, a critical operational parameter, on harmonics in
the context of EVs warrants thorough investigation. The swiftness of the
charging process, particularly in fast-charging scenarios, is a subject of notable
concern. While fast charging is instrumental in expediting the adoption of EVs, it
introduces rapid fluctuations in power demand, which may engender harmonics
and voltage variations. Fast charging, with its abrupt power demand shifts, can be
a source of harmonic distortions and may lead to substantial voltage perturbations
and losses [22].

The incorporation of electric vehicles primarily occurs within residential and com-
mercial settings, and the speed of charging can potentially pose challenges related to
harmonic distortion [6]. Several studies investigate both voltage and current har-
monics, placing specific emphasis on the fast-charging process, particularly when it
occurs within a cluster of chargers interconnected to the same electrical feeder [23].
The study cited in reference [24] observed a total harmonic distortion in the current
from fast charging stations, which reached 32%.

When compared to regular or slow charging, fast charging entails much faster
charging rates. This indicates that during the charging process, the power usage
changes quickly and significantly. The electrical system may be subjected to har-
monics as a result of these quick power shifts. While the low EV penetration levels
with typical charging rates will result in acceptable harmonic levels [25].

To improve these issues, the adoption of standard charging protocols or the
implementation of intelligent charging systems capable of adjusting charging
rates in alignment with the grid’s capacity have demonstrated efficacy in mitigating
harmonics. Moreover, a comprehensive analysis of the influence of these
fast-charging stations on both low and high-order harmonics becomes imperative.
This stems from the fact that the chargers utilized in these stations possess the
potential to introduce harmonics into distribution networks at varying
harmonic orders, necessitating a comprehensive analysis of the impact on the grid’s
harmonics.
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5. Managing harmonics and mitigation

Addressing higher harmonics, which are multiples of the fundamental
frequency, can be relatively straightforward. By using active or passive filters or by
incorporating suitable modulation techniques into the management of power elec-
tronics switches, these problems can be solved. These techniques work well to
decrease higher harmonics’ negative influences on the power system. In contrast,
extra complexity is introduced when dealing with lower harmonics, like the
third, fifth, seventh, eleventh, and comparable orders. It is a difficult task to filter
out these lower harmonics while preserving the integrity of the primary frequency
signal. Because of their close closeness within the frequency spectrum, it becomes
difficult to differentiate lower harmonics from the fundamental frequency. There
are methods for canceling out lower harmonics, but they often come with practical
and financial challenges. Harmonic cancellation methods, though available, tend to
be neither cost-effective nor straightforward to implement from a technical
standpoint [26].

Using an Active Power Filter APF to mitigate the harmonics produced by the EV
charging station is a practical approach, given the difficulties in lowering harmonics
from an EV charger that depends on passive power factor correction. Because they are
more widely used than series APFs, shunt APFs are the better alternative. This is
mainly because of their well-established, mature technology and ease of installation
[27]. Uncontrolled high-speed charging caused the THDv to increase to 11.4%, above
the recommended 8% limit, a solution to the harmonic problem was proposed by
using the control of PV inverter as an active filter [28].

In certain research studies, it was proposed that the utilization of a smart charger
can lead to a substantial reduction in THD when compared to conventional chargers.
For example, in a study referenced as [29], the smart charger was found to draw
sinusoidal current and maintain a unity power factor. Typically, ultra-high frequency
switching is used by some inverters to lower emissions of harmonic distortion. To
improve their chargers, manufacturers could include power factor correction circuits
in the rectification stage. These circuits could use filters and pulse width modulation
(PWM) techniques to handle harmonic issues [30].

Combining these approaches can result in a robust and effective system for EV
chargers that effectively reduces harmonic distortions and ensures the health of the
power distribution network as a whole. Additionally, smart grid solutions can further
enhance communication between chargers and the grid. This will allow for intelligent
charging scheduling. Research and development should be supported through educa-
tional programs, standards compliance, and regular system audits to ensure harmonic
health and encourage the development of innovative harmonically friendly charging
methods.

6. Conclusions

The integration of electric vehicles into the grid can pose challenges related to
harmonic distortion levels, imbalances, voltage regulation, and potential losses in
transformers. Harmonic distortion in electrical systems is a well-known concern, as it
results in waveforms that deviate from the ideal sinusoidal pattern. The increasing use
of non-linear power electronic devices and the proliferation of sensitive electronic
loads have raised significant issues related to the safety and the reliable operation of
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electronic equipment. EVs emit harmonics due to their non-linear charging behavior,
and these harmonics can impact the quality and efficiency of the electrical grid and
connected devices. Managing and mitigating these harmonics is a critical consider-
ation in the widespread adoption of electric vehicles.

Most investigations have shown that using normal EV chargers frequently results
in harmonic levels that are undesired. If these high harmonic values are not reduced, it
may be damaging to the lifespan of the transformers and cables that make up the
distribution network. However, the negative effects of charger-induced harmonics
can be greatly reduced by utilizing well-thought-out design practices for EV charger
circuits, efficient control strategies, and the integration of filters into the charger
circuit. More studies are necessary to address the issues raised by fast charging sta-
tions. These efforts ought to concentrate on removing harmonic distortion emissions
from chargers through the improvement of the filters that are integrated into these
charging systems, specifically for the purpose of preventing low-order and high-order
harmonics.

The infrastructure of EV charging stations needs to minimize harmonics strategi-
cally on a larger system size. In order to bring harmonic distortion into the permitted
range, this includes carefully placing harmonic mitigation devices, such as filters. This
proactive strategy is essential for maintaining the electrical grid’s stability and
dependability, particularly in view of the increasing number of electric vehicles on the
road and the harmonic issues they provide.
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Abstract

The widespread adoption of EVs can alleviate strain on power grids and enhance 
power quality in multiple ways. First, the integration of EVs enables better utilization 
of renewable energy sources by serving as mobile energy storage units. During peri-
ods of peak renewable energy generation, excess power can be stored in EV batteries, 
reducing curtailment and maximizing resource efficiency. Second, smart charging 
infrastructure and vehicle-to-grid (V2G) technology allow EVs to interact with the 
grid intelligently. Through V2G systems, EVs can supply power back to the grid during 
high-demand periods, effectively functioning as decentralized energy storage units. 
This bidirectional energy flow helps stabilize voltage and frequency fluctuations, 
ultimately improving overall power quality. Furthermore, EVs can facilitate load bal-
ancing by enabling charging during off-peak hours, spreading the electricity demand 
more evenly throughout the day. This approach minimizes the strain on the grid dur-
ing peak times and enhances system stability. In summary, electric vehicles not only 
reduce emissions and promote sustainability but also contribute to optimizing power 
generation, storage, and distribution, leading to a more resilient and higher-quality 
power supply. In this chapter, the impact of electric vehicles on improving the quality 
of power in the voltage and frequency sections has been investigated.

Keywords: electric vehicles, power quality, power system, frequency control,  
voltage stability, voltage unbalance

1. Introduction

Electric vehicles (EVs) represent a greener alternative to conventional vehicles as 
they do not emit CO2. Auto manufacturers are actively producing EVs and promoting 
their adoption over traditional vehicles. To charge EVs, charging stations are used. 
However, the amount of power EVs draw during charging varies due to factors like 
battery technology and charging methods (slow, fast, ultra-fast/flash charging). Flash 
charging, for instance, can fully charge an EV in under a minute by drawing a signifi-
cant amount of power from the grid. The diversity in EV charging behaviors poses 
challenges to the distribution grid, including overloading, stability issues, power 
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quality problems, voltage imbalances affecting other users on the same grid, etc. In 
the near future, EV adoption is set to surge, with annual sales projected to reach 23–43 
million by 2030. This will considerably strain the grid, potentially requiring a capacity 
increase of 640–1110 TWh by 2030 [1]. The widespread adoption of electric vehicles 
(EVs) brings both benefits and challenges to the electrical distribution network. The 
most important challenges are depicted in Figure 1.

a. Overloading: The sudden and simultaneous charging of multiple EVs, especially 
during peak periods, can lead to increased demand on the distribution network. 
If the infrastructure is not designed to handle this increased load, it can result 
in the overloading of transformers, feeders, and other components, potentially 
leading to equipment failures and service disruptions [2, 3].

b. Stability problems: Rapid changes in power demand caused by EV charging can 
lead to voltage fluctuations and frequency deviations. These variations can 
impact the overall stability of the distribution network, potentially causing 
voltage sags, swells, or even voltage collapses. Voltage instability can result in 
equipment damage and reduced system reliability.

c. Power quality problems: The introduction of EVs can cause power quality issues 
such as harmonic distortion and poor power factor. These issues can lead to 
increased losses, decreased efficiency, and potential interference with sensitive 
equipment connected to the same network.

Figure 1. 
EVs challenges to the electrical distribution network.
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d. Voltage profile issues: The dynamic nature of EV charging can lead to voltage fluc-
tuations that affect not only the charging stations but also other connected con-
sumers. Low-voltage conditions can hinder proper charging, while high-voltage 
conditions can stress and damage equipment. Maintaining a stable voltage profile 
becomes a challenge when dealing with the variable power demands of EVs.

e. Distribution network planning: The increased load due to EV charging might 
require costly upgrades to the distribution network’s infrastructure. Proper 
network planning and investment are necessary to accommodate the growing 
number of EVs without compromising the system’s reliability [4].

To address these challenges and minimize their adverse impacts, various strategies 
and solutions can be considered:

• Smart charging: Implementing smart charging solutions that consider the distri-
bution network’s capacity and load constraints can help distribute the charging 
load more evenly and reduce the likelihood of overloading [5].

• Demand response programs: Incentivizing EV owners to participate in demand 
response programs, where charging is scheduled during off-peak periods, can 
help mitigate peak load demands and reduce stress on the distribution network.

• Grid-integrated charging infrastructure: Developing charging stations that are 
integrated with the grid and can communicate with the utility can enable better 
load management and coordination, thus reducing the impact of EV charging on 
the network [6].

• Advanced metering and monitoring: Using advanced metering and monitoring 
systems, utilities can gain real-time insights into network conditions and adjust 
operations accordingly to maintain stability and power quality [7].

• Distribution network upgrades: In cases where demand from EVs is substantial, 
targeted distribution network upgrades may be necessary to accommodate the 
increased load safely and efficiently.

• Energy storage integration: Integrating energy storage systems into the distribu-
tion network can help smooth out load fluctuations caused by EV charging and 
provide additional stability.

• Regulatory and policy measures: Governments and regulatory bodies can play a 
role by implementing policies that incentivize responsible charging behaviors, 
promote smart charging infrastructure deployment, and ensure that the grid can 
handle the transition to EVs.

On the other hand, we can also mention the importance of power quality. Power 
quality is integral to the reliable and efficient operation of power systems and the 
equipment they serve. Addressing power quality issues requires a combination of 
monitoring, analysis, and corrective measures to ensure a stable and high-quality 
power supply for consumers, industries, and critical infrastructure. Here are some 
key reasons highlighting the importance of power quality in power systems:
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a. Equipment performance and reliability: Many modern devices and equipment are 
sensitive to variations in voltage, frequency, and waveform quality. Poor power 
quality, such as voltage sags, surges, harmonics, and flickers, can lead to equip-
ment malfunctions, downtime, and premature wear and tear. Maintaining good 
power quality ensures the reliable and optimal performance of a wide range of 
equipment, from industrial machinery to sensitive electronic devices [8].

b. Energy efficiency: Efficient operation of electrical equipment often requires a 
stable voltage supply at the rated frequency and waveform. Deviations from these 
parameters can result in increased energy consumption, reduced efficiency, and 
unnecessary heat losses in equipment.

c. Economic impact: Power quality issues can lead to production disruptions, equipment 
failures, and increased maintenance costs for industries. In commercial settings, 
poor power quality can impact transaction processing, data centers, and communi-
cation networks. These disruptions can result in significant financial losses [9].

d. Voltage stability and balance: Fluctuations in voltage levels can impact the stability 
of the power system and the voltage supplied to consumers. Unstable voltage levels 
can lead to equipment malfunction, flickering lights, and decreased equipment 
lifespan.

e. Harmonics and power factor: The presence of harmonics (nonlinear voltage and 
current components) and poor power factor (a measure of how effectively power 
is utilized) can lead to increased losses, lower system efficiency, and decreased 
system capacity.

f. Electromagnetic interference (EMI): Poor power quality can lead to electromag-
netic interference, which can affect the proper operation of electronic devices, 
communication systems, and other sensitive equipment [10].

g. Voltage profile and voltage regulation: Maintaining a stable voltage profile through-
out the distribution network is essential to ensure the proper functioning of 
equipment and minimize voltage-related issues, such as overvoltage or under-
voltage conditions.

h. Renewable energy integration: With the increasing integration of renewable energy 
sources like solar and wind, power quality becomes more critical. Fluctuating 
output from these sources can introduce voltage and frequency  variations, 
requiring grid management strategies to maintain overall power quality.

i. Customer satisfaction: Consistently providing reliable power with good quality is 
essential for customer satisfaction. Homeowners, businesses, and industries rely 
on uninterrupted power supply and consistent performance of their electrical 
equipment.

j. Regulatory compliance: Power utilities often have to adhere to regulations and 
standards that define acceptable levels of power quality. Failure to meet these 
standards can result in penalties and regulatory actions.
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k. Public safety: Poor power quality can pose safety risks, especially when it affects 
critical systems like emergency lighting, fire alarm systems, and medical 
equipment.

According to the mentioned things, it can be said that the purpose of writing 
this chapter of the book is to investigate the role of electric vehicles in improv-
ing power quality and how it affects them. The organization of this chapter is as 
follows. After the introduction in Section I, Section II deals with the concept and 
definition of power quality in the power system. In Section III, electric vehicles and 
their effects on important parts of power quality, including frequency and voltage, 
will be discussed. At the end and in Section IV, the findings will be categorized and 
summarized.

2. Power quality problem

The concept of ‘power quality’ pertains to ensuring that the power system main-
tains voltage and current waveforms that are nearly sinusoidal, with magnitudes 
and frequencies in line with specifications [11]. Power quality can be influenced by 
multiple factors, including deviations in voltage and frequency, imbalances, inter-
ruptions, flickering, and harmonics [12, 13]. Consequently, maintaining power 
quality holds significance in ensuring the dependable and secure functioning of smart 
grids, and this aspect is expected to be affected as the demand for EVs experiences 
imminent growth. The passage suggests that the increasing adoption of EVs could 
potentially impact power quality. The charging of EVs and their connection to the 
grid might introduce additional demands on the system, potentially leading to voltage 
and frequency variations or other PQ issues. Therefore, it is of great significance to 
investigate the PQ issues in smart grids while considering EVs [14–16]. Power quality 
issues in power systems can impact the reliability, efficiency, and overall performance 
of the electrical supply. The main power quality issues that power systems may 
encounter are shown in Figure 2.

• Voltage sags and dips: Also known as voltage drops, these are short-term reduc-
tions in voltage levels. They can be caused by faults, sudden changes in load, 
or other disturbances in the system. Voltage sags and dips can affect sensitive 
equipment and cause malfunctions or disruptions [17].Voltage swells: Voltage 
swells are short-term increases in voltage levels. They can be caused by sudden 
load reduction, switching operations, or other disturbances. Like sags, voltage 
swells can stress equipment and lead to malfunction or damage.

• Voltage fluctuations and flicker: Rapid variations in voltage levels can result in 
flickering lights. These fluctuations are often caused by changing loads, such as 
the starting of large motors or other dynamic equipment.

• Harmonic distortion: Non-sinusoidal waveforms can introduce harmonics into 
the system. Harmonics are integer multiples of the fundamental frequency 
(50 or 60 Hz) and are often produced by nonlinear loads like computers, variable 
frequency drives, and other electronic devices. Harmonics can cause overheating 
in equipment and interfere with other equipment operations [18].
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• Voltage unbalance: In three-phase systems, voltage unbalance occurs when there 
are significant differences in voltage levels among the three phases. This can lead 
to unequal distribution of power and increased losses.

• Frequency variations: Deviations from the standard frequency (50 or 60 Hz) can 
affect the operation of clocks, timers, and equipment that relies on precise timing.

• Voltage surges and transients: These are sudden and brief increases in voltage levels. 
They can be caused by lightning strikes, switching operations, or other disturbances. 
Voltage surges and transients can damage sensitive electronics and equipment.

• Interruptions: Power interruptions are complete losses of power supply and can 
be caused by faults, equipment failures, or maintenance activities. They can 
disrupt operations and cause inconvenience.

• Power factor issues: A low power factor indicates inefficient use of electrical 
power. It can result from reactive power consumption by devices like motors, 
leading to higher energy consumption and losses.

Figure 2. 
The main power quality issues.
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• Voltage regulation: Poor voltage regulation can lead to voltage levels that are 
outside the acceptable range, affecting equipment performance and potentially 
causing damage.

• Resonance: Resonance occurs when the natural frequency of a system matches the 
frequency of a disturbance, leading to excessive voltages or currents. Resonance 
can cause equipment failures.

• Electromagnetic interference (EMI): EMI involves the generation of electromag-
netic signals that can interfere with the proper functioning of sensitive electronic 
devices.

• Voltage flicker: Similar to fluctuations, voltage flicker is a repetitive variation in 
voltage levels, often caused by dynamic loads like arc furnaces.

• Voltage stability: Voltage stability issues can arise when the system is unable 
to maintain steady voltage levels, particularly during stressful conditions or 
extreme events.

• Poor grounding: Inadequate grounding can result in safety hazards, as well as 
introduce unwanted noise and distortions into the system [19].

Addressing these power quality issues requires a combination of proper design, 
equipment selection, maintenance practices, and monitoring tools to ensure the 
smooth and reliable operation of power systems. Pertaining to transient-based power 
quality (PQ ) concerns, their classification can be based on their highest magnitudes, 
frequency components, as well as their characteristics concerning rise time and 
duration. Issues are categorized into short-duration and long-duration types based 
on their time spans and are further differentiated by the extent of magnitude fluc-
tuations. The assessment of power system waveform distortion is often led by the 
analysis of total harmonic distortion (THD) and the harmonic spectrum. In terms of 
technical evaluation, the concept of intermittency serves as a valuable indicator for 
effectively identifying voltage fluctuations [20].

2.1 PQ issues in conventional power systems

Typically observed in conventional power systems characterized by sizeable 
centralized generators, overhead transmission and distribution lines, and passive user 
consumption, the primary instigators of power quality (PQ ) issues are the presence 
of nonlinearities within loads or predominant system equipment. The ramifications 
of PQ problems encompass a range of consequences, including motor overheating, 
transformer saturation, system resonance, capacitor overloading, impaired protection 
mechanisms, fluctuations in light intensity, mechanical harm to generators and tur-
bine shafts, production losses, and potential human health effects such as discomfort, 
irritation, and headaches [20].

2.2 PQ issues in modern power systems

Over recent decades, there has been a noticeable and continuous rise in the exten-
sive deployment of distributed energy resources (DERs). Alongside this trend, there 
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has been an increasing inclination toward employing power electronic-based inter-
faces. Unlike conventional power systems, where power electronic devices, acting as 
rigid nonlinear loads, have been used, their adoption has been more limited compared 
to contemporary power systems. The global drive to reduce emissions aligns with the 
growing adoption of electric vehicles (EVs), augmenting the significance of electri-
fied transportation. Consequently, a transformation in both generation technology 
and the nature of electrical loads has occurred. Modern power systems are now 
subject to increased nonlinearity from both the generation and demand perspectives. 
The proliferation of electronic smart home appliances further accentuates concerns 
for power quality (PQ ) issues among system operators.

Emerging factors such as adjustable speed drives (ASDs) and LED lamps introduce 
new elements that can adversely influence PQ metrics. The evolution of high-voltage 
direct current (HVDC) lines, the expansion of power line communications, and the 
ongoing shift from overhead lines to underground cables contribute to altering the 
traditional power system landscape. Additionally, the economic ramifications amplify 
the urgency for research that delves into the characteristics, origins, and techno-
economic as well as environmental consequences of PQ concerns [20].

2.3 PQ problems associated with EV charging infrastructure

An electric vehicle (EV) charging station, also known as electric vehicle supply 
equipment (EVSE), serves the purpose of delivering electrical power to recharge the 
batteries of plug-in electric vehicles (PEVs) and other EVs. These charging stations are 
categorized based on the characteristics of the charging current, the speed of charging, 
and their geographical placement. A typical public EV charging station encompasses 
components such as a grid power source, a dedicated transformer, power quality mea-
surement instruments, switchgear panels, chargers, and more. Compliance with IEC 
61000-4-30 necessitates the installation of power quality meters at the point of com-
mon coupling, equipped to assess parameters like harmonics (including supra harmon-
ics), voltage fluctuations such as sag and swell, as well as voltage flicker and disruptions 
[21]. Charging stations can be differentiated into AC charging and DC charging, 
contingent on the location of the AC/DC conversion process. AC charging occurs when 
the AC/DC conversion transpires within the vehicle itself. Conversely, if the AC/DC 
conversion occurs externally, within the EVSE, it is categorized as DC charging.

Charging stations can be categorized based on the charging speed or the duration 
required to attain a 100% state of charge (SoC) for the battery. These classifications 
include slow charging and fast charging. Slow charging refers to the method of 
charging that typically occurs overnight, spanning approximately 6–8 hours or more 
to fully charge an EV battery pack. In contrast, fast charging denotes a setup that 
expedites the charging process, requiring considerably less time. Fast charging setups 
are characterized by high-power output, enabling a vehicle to achieve an 80% charge 
within approximately 15 minutes. Currently, such charging stations are prevalent and 
typically possess power ratings within the range of 10–50 kW [22]. Charging solutions 
operating at the 100 kW level may become available in the medium-term timeframe. 
The rate of charging is contingent upon both the power rating of the EVSE and the 
capacity of the battery. A higher power rating results in a swifter charging rate. When 
the charging time is less than 30 minutes, the charger is commonly referred to as an 
ultrafast, superfast, flash charging, or rapid charger.

Charging stations can be categorized based on the location of the charging pro-
cess, differentiating between home/residential charging and public charging stations. 
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Home charging is a prevalent practice among EV owners due to its cost-effectiveness. 
This approach generally employs slow chargers, taking advantage of the flexibility 
in available charging time. EV owners often opt to charge their vehicles overnight at 
their home EVSE, capitalizing on lower electricity tariffs compared to the commercial 
or industrial rates applicable in public charging infrastructure. Approximately 80% of 
EV charging occurs within the confines of the owner’s home charging station.

Public charging stations, on the other hand, are facilities established and operated 
by utility companies or private entities with relevant licenses. These stations provide 
charging services for EVs beyond residential settings. The concept of vehicle to grid 
(V2G) involves EVs supplying power back to the grid during peak demand periods, 
effectively functioning as prosumers. Prosumers are entities that both consume electric 
power from the grid and contribute power back to the grid at the same point of connec-
tion (PoC) [21]. This practice of V2G has the potential to curtail peak power generation 
requirements and foster a balance between electricity demand and generation.

3. EVs for PQ improvement

Before we discuss the impact of EVs on power quality, it is necessary to know the 
different types of EVs. Nowadays, we can encounter different types of EVs, accord-
ing to their engine technology. In general, they are sorted into five types as shown in 
Figure 3.

Figure 3. 
EVs taxonomy.



Power Quality – New Insights

78

• Battery EVs (BEVs): BEVs exclusively rely on electric power for their propulsion. 
Unlike internal combustion engine vehicles, BEVs lack an internal combustion 
engine and do not utilize liquid fuels of any kind [23]. Typically, BEVs utilize 
sizeable battery packs to ensure a satisfactory driving range. A standard BEV can 
cover distances ranging from 160 to 250 kilometers on a single charge, although 
certain models can achieve up to 500 kilometers with a single charge. A notable 
illustration of this vehicle category is the Nissan Leaf [24], a fully electric vehicle 
equipped with a 62 kWh battery that provides a driving range of 360 kilometers.

• Plug-in hybrid electric vehicles (PHEVs): PHEVs operate on a hybrid propulsion 
system consisting of a conventional internal combustion engine and an elec-
tric motor. The electric motor can be charged from an external electric source 
via a plug connection. PHEVs are engineered to store a sufficient amount of 
grid-supplied electricity, thereby substantially reducing their reliance on con-
ventional fuels during typical driving scenarios. An instance of this category is 
the Mitsubishi Outlander PHEV [25], which is furnished with a 12 kWh battery 
enabling an electric-only range of approximately 50 kilometers. It’s important 
to note, however, that the fuel efficiency of PHEVs often surpasses the figures 
provided by manufacturers [26].

• Hybrid electric vehicles (HEVs): HEVs operate through a dual power system, 
combining a conventional internal combustion engine with an electric motor. 
Unlike plug-in hybrid electric vehicles (PHEVs), HEVs lack the capability to be 
connected to the electrical grid for recharging. Notably, the energy source for 
the electric motor in HEVs is the vehicle’s combustion engine. In more contem-
porary models, the batteries can also be charged through regenerative braking, 
where kinetic energy is transformed into electrical energy. A notable example 
is the fourth-generation hybrid model of the Toyota Prius [27], which features 
a 1.3 kWh battery. This battery theoretically grants the vehicle an electric-only 
driving range of up to 25 kilometers.

• Fuel cell electric vehicles (FCEVs): FCEVs are equipped with an electric motor 
that operates using a combination of compressed hydrogen and oxygen drawn 
from the air. The sole byproduct of this process is water [28]. While FCEVs 
are commonly regarded as vehicles with “zero emissions,” it is important to 
note that although some hydrogen is produced from environmentally friendly 
sources (green hydrogen), a substantial portion is extracted from natural gas. 
An illustrative instance of this vehicle category is the Hyundai Nexo FCEV 
[29], capable of covering a distance of 650 kilometers without the need for 
refueling.

• Extended-range EVs (ER-EVs): ER-EVs closely resemble those in the BEV cat-
egory. However, ER-EVs are additionally equipped with a supplementary com-
bustion engine capable of recharging the vehicle’s batteries if required. It is worth 
noting that unlike the engines found in PHEVs and HEVs, the combustion engine 
in ER-EVs serves solely for the purpose of battery charging and is not mechani-
cally connected to the vehicle’s wheels. An example of this vehicle type is the 
BMW i3 [30], furnished with a 42.2 kWh battery that allows an electric driving 
range of 260 kilometers. Additionally, users can access an extended-range mode, 
granting an extra 130 kilometers of travel distance.
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Electric Vehicles (EVs) have the potential to enhance power quality in power 
systems through their integration with smart charging and vehicle-to-grid (V2G) 
technologies. By leveraging EV batteries as distributed energy storage resources, 
power systems can benefit from load balancing, voltage regulation, and frequency 
stability. These capabilities enable EVs to absorb excess power during periods of low 
demand and inject it back into the grid during peak hours, effectively reducing grid 
stress and enhancing overall stability. Additionally, EVs can participate in demand 
response programs, allowing their charging rates to be adjusted based on grid condi-
tions. This assists utilities in managing peak loads and mitigating voltage fluctuations. 
The integration of EVs also incentivizes grid modernization efforts, fostering the 
deployment of advanced communication systems and grid management tools that 
further improve power quality. Overall, as EV adoption continues to grow, their 
intelligent interaction with the grid presents an opportunity to enhance power quality 
and reliability while supporting the integration of renewable energy sources. In this 
section, we will discuss the impact of EVs and the main components of power quality, 
i.e., voltage and frequency.

3.1 Role of EVs in voltage section

The dynamic charging behavior of electric vehicles (EVs) introduces a substantial 
stability challenge to power system networks. The substantial demand for EV charg-
ing places significant stress on utilities worldwide. For instance, in North America, 
power companies had to construct additional generating facilities to accommodate 
the augmented load from EVs [31]. The proliferation of EVs poses a notable challenge 
to voltage stability, particularly when they achieve high market penetration [32]. 
Previous research endeavors have consistently highlighted that EV charging exacer-
bates voltage instability. This issue is exacerbated by the presence of single-phase loads 
from EVs within distribution networks, leading to voltage imbalances. Moreover, 
the substantial inrush current triggered by EV charging gives rise to voltage dips for 
residential consumers, frequently coinciding with peak household load periods [33]. 
Investigations concerning the European Union’s low voltage network unveiled that 
controlled charging often led to voltage violations at the feeder endpoints [34].

In Ref. [35], researchers delved into the voltage imbalance issue stemming from 
suboptimal charging methods. The investigation explored two distinct charging 
approaches: uncontrolled charging and tariff-based charging. The findings underscored 
that uncontrolled charging results in voltage imbalances surpassing a critical threshold 
of 2%. To address this, a tariff-based charging strategy was implemented, aiming to 
incentivize EV owners to charge during off-peak hours when electricity tariffs are 
lower. This approach was primarily designed to alleviate congestion during peak 
periods. The introduction of a substantial number of EVs has led to voltage drops and 
power losses in distribution, exacerbated by traffic congestion on road networks [36].

An examination of the charging patterns of plug-in hybrid EVs (PHEVs) was 
conducted to assess their influence on load profiles due to EV integration. The stud-
ies indicated that charging at public locations led to a 24–29% rise in daily energy 
consumption compared to home charging [37]. An evaluation of the Canadian 
distribution system concluded that the impact of fast charging systems is more 
pronounced than that of slow chargers [38]. Research on the Chinese distribution 
system highlighted that uncoordinated charging of EVs at different penetration levels 
resulted in voltage stability issues and phase imbalances. A parallel study adopted a 
smart charging approach to optimize charging cycles and ensure uninterrupted power 
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flow within the system [39]. In Ref. [40], the analysis demonstrated that when EV 
penetration reached 0.28%, certain distribution networks encountered both low volt-
age stability concerns and transformer overload breaches. Although the present level 
of EV penetration did not forecast any issues, escalating penetration levels brought 
forth both low voltage instability and overload infractions for varying adoption rates. 
Particularly, at an EV penetration of 37.68%, the network faced complete collapse due 
to inadequate voltage regulation. Simulation results prominently identified voltage 
instability as the primary contributor to overall instability.

Charging electric vehicles (EVs) can induce voltage-related issues in the power 
network, encompassing voltage drops and fluctuations. A multitude of scholars have 
undertaken investigations into the repercussions of EV charging on network volt-
age. To account for the uncertainties surrounding EV availability, the Monte Carlo 
simulation method was employed in one study to scrutinize how EV charging impacts 
system voltage [41]. The extent of these impacts can either be substantial or negli-
gible, contingent on factors such as the quantity of EVs, network attributes, and the 
characteristics of EV charging [42].

Research endeavors have yielded divergent outcomes. For instance, a study [43] 
underscored that the effect of the charging power of these vehicles on an urban 
distribution network remains minor when EV penetration is low. Conversely, in 
contrast to the findings in Ref. [43], another investigation [39] established that with 
a 50% EV penetration rate, network voltage deviations surpass established stan-
dards. Furthermore, in Ref. [44], outcomes revealed that the deployment of six EVs 
equipped with fast charging technology leads to violations of the prescribed network 
voltage standard.

Various research studies have explored the utilization of voltage regulation tech-
niques and strategies to uphold network voltage within specified norms. Traditional 
methodologies, such as the strategic placement of optimal capacitor banks and the 
implementation of tap changers, can be employed to counteract voltage deviations 
within the network [45]. An alternative avenue involves managing the charging of 
electric vehicles (EVs) to enhance network voltage profiles. In this context, Masoum 
et al. [46] investigated a sophisticated control strategy for load management, focusing 
on the coordinated charging of EVs. The findings of this study highlighted that the 
synchronization of EV charging, facilitated by a practical tariff structure and a priori-
tized time zone scheme, effectively contributes to the voltage regulation of the system.

Furthermore, an effective strategy for managing electric vehicle (EV) chargers 
involves the decoupled control of active and reactive power, which proves instru-
mental in network voltage regulation. The active power control mechanism facilitates 
the manipulation of EV charging operations, while the reactive power control facet 
contributes by infusing reactive power into the grid to fortify network voltage levels. 
In Ref. [47], a prototype of a three-phase off-board EV charger was devised and put 
into operation. This charger not only maintains a steady DC-link voltage but also 
adeptly regulates network voltage within acceptable thresholds. This is achieved 
through the injection of reactive power, all the while ensuring no detrimental impact 
on the charging process. In the contemporary context, the management of EV charg-
ing to enhance voltage profiles stands as a viable consideration for both distribution 
and transmission service providers.

• LV distribution networks: Primary challenges include voltage drops during peak 
loads and voltage elevation caused by active power injection from photovoltaic 
(PV) systems. To address the voltage elevation issue, Marra et al. [48] introduced 
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a coordinated approach between electric vehicle (EV) loads and PV systems, 
illustrated through a simulation involving a residence with rooftop PV and an EV. 
The simulation outcomes underscored the effectiveness of this approach [48]. 
Furthermore, Alam et al. [49] assessed this coordination strategy on an actual 
Australian distribution system employing genuine PV and EV data. Conversely, 
Akhtar et al. [50] proposed an alternative solution involving smart loads 
equipped with back-to-back converters to mitigate voltage disturbances arising 
from EVs and PVs in LV networks. The findings revealed that the application of 
smart loads alongside such converters could adeptly regulate bus voltage, albeit 
necessitating the use of two converters [50].

• MV-level networks: In the context of MV-level networks, García-Triviño et al. 
[51] conducted a study focused on voltage regulation employing a rapid charg-
ing station alongside a decentralized energy management system (EMS). The 
findings highlighted the viability of this innovative approach in voltage control 
through decentralized methods, independent of a communication interface [51]. 
Additionally, Torreglosa et al. [52] delved into a similar area by investigating a 
decentralized EMS for a charging station. This study employed model predictive 
control (MPC) to effectively regulate bus voltage within MV networks.

• Transmission network: An investigation [53] explored the potential contribution 
of end-user devices, such as electric vehicles (EVs), in the voltage control of the 
grid. The study introduced an active support group for frequency regulation and 
a reactive support group to oversee voltage control at the transmission bus. In 
a separate study, Rana et al. [54] explored a modified droop control technique 
incorporating EV aggregators, wind and solar units, and diesel generators to 
manage the frequency within a microgrid. The EV aggregator, in this scenario, 
adjusts the charging and discharging rates to align with set points while consider-
ing EVs and state of charge (SoC) limits [54]. Additionally, EV converters can 
inject active and reactive power into the grid to provide support during voltage 
ride-through conditions. During instances of renewable energy-related tran-
sients, EVs can mitigate transient stress on the grid by injecting active power. A 
subsequent study [55, 56] underscored the ability of EVs to effectively regulate 
both reactive and active power during voltage ride-through scenarios.

3.2 Voltage unbalance mitigation in electric distribution system with EVs

A phase reconfiguration strategy offers a means to mitigate voltage imbalance 
concerns. In Ref. [57], the financial implications of adopting a phase reconfiguration 
approach to alleviate the adverse effects of unbalanced electric vehicles (EVs) on a low 
voltage (LV) distribution system were examined. The results affirmed that employing 
a phased reconfiguration strategy, in conjunction with a time-of-use tariff, could effec-
tively mitigate the imbalance impact of EVs. Furthermore, effective management of EV 
charging and discharging can contribute to alleviating phase unbalance issues [58]. The 
process of achieving voltage balance involves making optimal decisions regarding con-
nection points (phases a, b, or c), charging and discharging power rates, as well as the 
charging and discharging status. In the pursuit of coordinated smart charging for all 
EVs and boosting the load profile tied to the electrical grid network, a control mecha-
nism is under development [59]. This coordination relies on a communication infra-
structure enabling data collection and transmission between EVs and an aggregator. 
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To standardize voltage profiles, the load profile is smoothed. The implementation of 
voltage regulators can effectively reduce network imbalance indices. Improved power 
quality (PQ ) concerning voltage imbalances and variations can be attained through the 
use of energy storage devices, feeder capacitors, and D-STATCOM [60].

It’s noteworthy that some EVs may occasionally experience elevated peak voltages. 
Unlike a central controller, a decentralized controller charges EVs locally, thereby 
minimizing communication infrastructure costs [61]. The electric vehicle current 
charger does not consider the neutral current stemming from phase voltage imbal-
ances. Given the dynamic nature of input from distributed energy resources, both 
distributed energy resources and EVs necessitate coordination to address neutral 
current and voltage imbalance [62, 63]. An analysis of the merits and drawbacks of 
centralized and decentralized EV charging coordination models is presented. In the 
context of smart charging within the electrical distribution system, active power 
balance can be achieved through the implementation of the droop controller topology. 
Although power electronics devices like rectifiers and switching converters contribute 
reactive power into the distributed network, potentially burdening the distribution 
network, a droop controller-based mechanism was described in Ref. [64] to achieve a 
balanced system. Reactive power correction can be attained through auxiliary equip-
ment specified in Ref. [65]. To mitigate voltage imbalance, techniques for generating 
zero and negative sequence voltages are employed. In Table 1, various approaches to 
mitigate the impact of EVs on voltage quality are summarized.

3.3 Role of EVs in frequency section

In power systems, maintaining a real-time equilibrium between generation and 
load is crucial to prevent deviations in grid frequency from the established norm. 
When a substantial charging load from electric vehicles (EVs) is introduced to the 
grid, additional power generation becomes imperative to uphold grid frequency 

Impacts Mitigation techniques Description

Unbalanced 
voltage 
impact

Voltage regulators, phase 
reconfiguration technique, 
EV charging and discharging 
management.

Optimizing EV and phase reconfiguration techniques to 
mitigate voltage imbalances. Voltage unbalance can be 
reduced by utilizing flywheels, supercapacitors, battery 
storage systems, capacitive energy storage systems, 
superconducting magnetic storage systems, DVRs, and 
DSTATCOMs [66, 67].

Impact on 
voltage 
fluctuations

Control strategies for active 
and reactive power, voltage 
regulators, and charging 
management.

Voltage fluctuations can be reduced with transformer 
tap changes and capacitor banks. In order to reduce 
voltage fluctuations, EV charging is coordinated 
in a controlled manner to regulate network voltage 
[47, 66, 68].

Impacts 
on voltage 
profile

• Traditional voltage regulators.

• Charging management of EVs.

• Control strategy for active 
and reactive power that is 
decoupled.

Voltage regulation [46, 47]:
Feeder capacitor bank.
Tap changer.
A smart load management control [57]:
Coordinating EV charging.
EV charging provides active power control, and reactive 
power injection regulates network voltage by injecting 
reactive energy into the grid [67, 69].

Table 1. 
Approaches to mitigate impact of EVs on voltage quality.
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within acceptable limits [70]. Moreover, the unpredictability inherent in the depar-
ture and arrival times of EVs introduces uncertainty into power systems, amplifying 
uncertainty from the demand side [71]. To rectify this, strategies such as load curtail-
ment or demand-side management (DSM) initiatives can be implemented to align 
load and generation within the grid. Employing coordinated control of EVs serves 
to harmonize power distribution within the power system [70, 72]. Notably, EV 
aggregators possess the potential to play a significant role across energy and ancillary 
service markets. In terms of ramping capability, EVs outperform gas turbines, and 
they offer a more cost-effective alternative in comparison to traditional energy storage 
systems [70, 71, 73, 74].

As a subset of energy storage technology, electric vehicles (EVs) hold promising 
potential for active involvement in frequency regulation (FR) systems. This potential 
stems from the widespread proliferation of EVs and the continual advancements in 
vehicle-to-grid (V2G) technology. By adeptly adjusting their charging and discharg-
ing rates, EVs can effectively counteract frequency fluctuations originating from 
intermittent energy sources like wind and solar power. Research affirms that a smart 
grid can receive substantial frequency support through the utilization of EV fleets, 
harnessed as manageable loads. Employing a multiple model predictive control 
approach, Pahasa and Ngamroo [75] address EV charging/discharging and state-of-
charge (SOC) control to stabilize microgrid frequency fluctuations. This methodol-
ogy capitalizes on the expansive EV fleet, significantly enhancing the capabilities of 
V2G. Similarly, in Ref. [76], a virtual synchronous generator mechanism is integrated 
into an EV charging station, governing the bidirectional power flow to reinforce 
frequency stability. In Ref. [77], primary frequency control via V2G is accomplished 
by combining droop control and inertial response, facilitated by SOC management.

In the process of system frequency regulation (FR), electric vehicles (EVs) exhibit 
swift responsiveness to frequency deviations by adjusting their charging and discharg-
ing activities. However, it’s imperative to acknowledge that while EVs can play a role in 
FR, their fundamental purpose as modes of transportation introduces considerations 
related to traffic patterns and drivers’ demands. The manageable energy of EVs, influ-
enced by driving regulations, demonstrates temporal variability within a day, thereby 
impacting the efficacy of system FR. Addressing this, Janjic and Velimirovic [78] estab-
lishes day-ahead optimal EV allocation for FR utilizing queuing theory and a fuzzy 
multi-criteria approach, yet this scheduling approach overlooks the inherent driving 
regulations of EVs. Given the essential transportation function of EVs, achieving driv-
ing demands remains essential in participating in optimal scheduling or FR endeavors. 
An optimal scheduling strategy aimed at EV charging and discharging is devised using 
mixed integer linear programming [79] to regulate system frequency; however, specific 
EV driving rules are omitted from consideration. In Ref. [80], an aggregator computes 
the FR capacity and anticipated FR output of EVs, categorizing their charging behav-
iors into maintaining or adjusting the battery state of charge (SOC). Nonetheless, the 
timing of EVs’ grid connection is at odds with daily driving regulations.

Furthermore, certain existing research on frequency regulation (FR) strategies 
overlook the dynamic changes in electric vehicles’ (EVs) manageable energy, result-
ing in impractical distribution of FR demand power. Load frequency control (LFC) 
models, as presented in Refs. [81, 82], involve EVs in secondary FR via distinct control 
approaches. However, in these literature instances, conventional units and EVs are 
engaged in FR independently, without considering their coordination. In a coordi-
nated FR strategy involving both EVs and traditional units, the accurate calculation of 
EVs’ controllable energy profoundly influences the effectiveness of FR demand power 
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allocation. Many pertinent studies have either neglected or simplified factors such as 
traffic patterns and vehicle owners’ demands, leading to inaccurate estimations of EVs’ 
real-time manageable energy. Furthermore, due to the inherent variability in vehicle 
usage, EVs’ controllable energy fluctuates dynamically. When the distribution ratio of 
FR demand power between EVs and traditional unit’s remains fixed, the energy stor-
age potential of EVs remains underutilized, and the FR impact becomes suboptimal.

Zhang et al. [83] conduct a comprehensive analysis of state transition behaviors 
within the context of the FR process. Building upon this foundation, the study formu-
lates dynamic models for real-time controllable capacity and energy of electric vehicles 
(EVs). Subsequently, an adaptive scheme is introduced to dynamically adjust system 
FR coefficients in response to EVs’ controllable energy, thereby enhancing the rational-
ity of FR demand power allocation. Furthermore, a selection strategy is outlined for 
identifying specific EVs to partake in FR while accounting for driver preferences. The 
simulation outcomes affirm the viability and efficacy of the proposed methodologies.

The swift reactivity of electric vehicles (EVs) enhances the dynamic capabilities 
of the load frequency control (LFC) system. The engagement of EVs in frequency 
regulation services also opens avenues for supplementary economic gains within the 
frequency regulation markets. Consequently, the integration of EVs into frequency 
regulation services is poised for imminent encouragement. A novel concept, known as 
an “EV aggregator,” introduced in Ref. [84], addresses the minimal regulation capacity 
required in frequency regulation markets. However, the participation of EV aggregators 
in frequency regulation services can introduce time-varying delays to the LFC problem. 
Researchers in Ref. [85] investigate delay-dependent stability within LFC incorporat-
ing EV aggregator participation in frequency regulation services. The stability analysis 
of time-delayed LFC systems with EV aggregators is tackled in Ref. [86], leveraging 
Lyapunov theory and the linear matrix inequality (LMI) technique. Moreover, the rami-
fications of load sharing between EV aggregators and conventional generators on stabil-
ity delay margins are explored in [87, 88] within a multi-area power system context. In 
scenarios where a substantial number of EVs are aggregated within the EV aggregator, 
the latter must possess Automatic Generation Control (AGC) capabilities to adjust each 
EV’s power output in real time. This entails a communication network for control signal 
exchange between the EV aggregator and EVs in the AGC system. Ref. [89] outlines a 
model for the AGC system comprising multiple EV aggregators, accounting for time-
delay characteristics in response to control signals while considering the communication 
network within each area of the power system’s EV aggregator domain. This approach 
not only enhances dynamic performance but also significantly reduces communication 
overhead and computation expenses, all while maintaining control efficiency.

The literature offers several approaches related to electric vehicles (EVs) engagement 
in power frequency control (PFC). For instance, Floch et al. [90] delve into the optimal 
EV charging to shape the load. In Ref. [91], a model-free controller design strategy for 
EVs is proposed. Sun et al. [92] present a control strategy relying on filters for EVs. A 
risk-constrained decision tool is put forth in Ref. [93] to incorporate EV aggregators into 
frequency regulation and energy markets. Latif et al. [94] suggest fractional order con-
trollers for EVs’ participation in secondary frequency control (SFC) within microgrids. 
Investigating interconnected power systems with thermal and hydropower plants featur-
ing fuzzy fractional controllers, Arya [95] analyzes the influence of EVs on SFC. Arani 
and Mohamed [96] explore the cooperative provision of primary frequency control 
(PFC) by wind turbines and EVs. A state-space model facilitating real-time power con-
trol for aggregated EVs with minimal communication requirements is proposed in Ref. 
[97]. In Ref. [98], a stability margin-based strategy tunes the frequency-droop controllers 
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of EVs for PFC participation. Moghadam et al. [99] investigate the randomization of EVs 
for PFC contribution. While numerous strategies are suggested for EV participation in 
PFC, their impact on generating unit wear and tear has yet to be explored.

4. Discussion and conclusion

In this chapter, the role of EVs in improving the voltage and frequency of power 
systems was analyzed. In conclusion, we can say that EVs have the potential to con-
tribute to voltage stability in power systems by providing voltage regulation, reactive 
power support, and load management services. Strategic deployment and integra-
tion of EVs, along with appropriate technological and regulatory developments, can 
help enhance grid voltage stability and overall system reliability. Also, they have 
the potential to enhance frequency stability in power systems by providing demand 
response, energy storage, and ancillary services. However, their integration requires 
careful planning, technological development, and regulatory support to maximize 
their benefits while mitigating potential drawbacks. The classification of mechanisms 
affecting EVs in voltage stability is shown in Figure 4.

1. Voltage regulation: EVs with bidirectional charging capabilities, enabled by 
vehicle-to-grid (V2G) technology, can adjust their charging and discharging 
rates in response to grid voltage fluctuations. When the grid voltage is high, EVs 
can absorb excess electricity, thereby reducing the voltage. Conversely, when 
the grid voltage is low, EVs can inject stored energy back into the grid, helping 
to raise the voltage to appropriate levels.

2. Reactive power injection: EVs equipped with power electronics can provide 
reactive power support to the grid. Reactive power is essential for maintaining 
voltage levels within the desired range. EVs can inject or absorb reactive power 
as needed, helping to regulate voltage and improve grid stability.

Figure 4. 
Several mechanisms that EVs can contribute to voltage stability through them.
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3. Voltage support for weak grids: In areas with weak distribution infrastructure, 
voltage levels might drop significantly during peak demand periods. EVs con-
nected to these grids can provide local voltage support by discharging energy, 
thereby alleviating voltage drop issues and maintaining a stable supply.

4. Peak shaving and load flattening: Charging EVs during periods of low electricity 
demand and discharging them during peak demand periods can help flatten the 
load curve. This can contribute to maintaining more stable voltage profiles by 
reducing voltage variations associated with sudden load changes.

5. Integration of renewables: EVs can help integrate renewable energy sources by 
absorbing excess energy from intermittent sources during periods of high pro-
duction and releasing it when renewable generation is low. This helps stabilize 
voltage levels as well.

6. Avoiding overloading transformers and lines: By using EVs as controllable loads, grid 
operators can manage the loading on transformers and distribution lines more 
effectively, preventing overloads and maintaining proper voltage distribution.

However, there are considerations to keep in mind:

• Battery health: Frequent cycling of EV batteries for voltage support purposes 
might impact battery health and longevity.

• Coordination and control: Effective coordination and control mechanisms are 
essential to ensure that a large number of EVs can provide voltage support in a 
harmonized manner without causing operational issues.

• Standardization and infrastructure: Like with any grid interaction technology, 
standardization of communication protocols and necessary charging infrastruc-
ture are critical for successful integration.

Electric vehicles (EVs) can potentially participate in Frequency Regulation (FR) 
strategies through three distinct approaches:

1. Localized decision making: The first method involves individual chargers con-
figuring their charge/discharge power based on local information such as load 
variations, EV arrival schedules, and the local frequency of the area [100, 101].

2. Decentralized FR signals: In the second configuration, FR signals are generated 
according to operating voltage and power loss, and then transmitted to aggrega-
tors. These aggregators subsequently forward the signals to a control center in a 
decentralized manner [102, 103].

3. Centralized decision mechanism: The third approach commonly employed for 
FR involves a centralized decision mechanism. In this scenario, a control center 
manages the chargers by utilizing a communication system [104, 105].

Frequency fluctuations can lead to a range of problems, including equipment 
damage, blackouts, and overall instability of the power grid. Electric vehicles play a 
pivotal role in maintaining frequency stability, as depicted in Figure 5.
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1. Demand response and V2G technology: EVs can act as a flexible load or even a 
source of power by utilizing V2G technology. During periods of high electricity 
demand, EVs can reduce their charging rate or temporarily discharge electricity 
back into the grid. This demand response capability helps balance supply and 
demand, stabilizing grid frequency.

2. Frequency regulation: Grid operators need to continuously match electricity 
generation with demand to maintain a stable frequency. EVs, when aggregated 
and controlled, can provide a distributed source of regulation services. They can 
respond rapidly to grid frequency changes by adjusting their charging or discharg-
ing rates, helping to stabilize frequency variations caused by sudden changes in 
generation or load.

3. Integration of renewable energy: Renewable energy sources like solar and wind 
are variable in nature. Their output depends on weather conditions, which can 
lead to fluctuations in the power supply. EVs can absorb excess electricity during 
periods of high renewable energy production and release it during low produc-
tion periods, thereby helping to smooth out these fluctuations and maintain grid 
stability.

4. Energy storage: EVs effectively function as mobile energy storage units. When 
connected to the grid, their batteries can store excess electricity and inject it back 
into the grid when needed. This can mitigate frequency deviations caused by 
sudden changes in supply or demand.

Figure 5. 
Several mechanisms that EVs can contribute to frequency stability through them.
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5. Reduced need for conventional reserves: Traditional power plants often maintain 
spinning reserves to respond to sudden changes in demand. With a larger fleet of 
EVs equipped with V2G capabilities, these reserves could potentially be reduced 
as EVs can provide a distributed and responsive source of power.

6. Ancillary services: EVs can participate in providing ancillary services such as fre-
quency regulation, voltage control, and reactive power support. These services 
are essential for maintaining stable grid operations.

However, there are also challenges to consider:

• Battery degradation: Frequent charging and discharging of EV batteries for grid 
services could accelerate their degradation, impacting the overall lifespan of the 
batteries.

• Infrastructure and standardization: Widespread implementation of V2G technol-
ogy requires standardized communication protocols, infrastructure investment, 
and regulatory frameworks to ensure safe and efficient operation.

• User preferences: The ability to use an EV’s battery for grid services might be 
subject to user preferences and priorities. Some EV owners might prioritize their 
vehicle’s own battery life over grid services.

© 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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