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Abstract

The need for efficient and reliable power transmission and control in various electromechanical industrial and commercial settings
has driven the evolution of Alternating Current (AC) circuits in electromechanical applications. With the increasing demand for
automation and electrification in modern society, the development of AC circuits has become crucial for operating a wide range
of electromechanical systems. Critical challenges in the evolution of AC circuits are balancing the conflicting efficiency, reliability,
and cost-effectiveness requirements. As electromechanical systems become more complex and interconnected, the design and
implementation of AC circuits require astute optimization to ensure effective performance and safety. A detailed literature review
was conducted concerning relevant research articles, textbooks, and technical documents on the evolution of AC circuits in
electromechanical applications. The selected sources were analyzed to extract critical information on the advancements in AC
circuits and their implications in electromechanical industries. The literature review revealed significant developments in AC
circuits, including the introduction of solid-state devices, digital control systems, and advanced power electronics. These
advancements have improved efficiency, reliability, and performance in electromechanical systems. For example, using variable
frequency drives has enabled precise motor speed and torque control, resulting in energy savings and reduced maintenance costs.
Furthermore, integrating smart grid technologies has enhanced the monitoring and management of power distribution systems,
leading to improved reliability and stability. Hence, the evolution of AC circuits has profoundly impacted the design and operation
of electromechanical systems, paving the way for more efficient and sustainable technologies.

Keywords: AC circuits, Electromechanical industries, System stability, Power transmission.

1| Introduction

An electric circuit is a closed path or loop through which charges or electric current flow continuously. It is
a closed conducting path for electrons, also known as an electrical circuit or electrical network. In electricity,

circuits can be found in various types, such as open, closed, series, parallel, etc. An AC circuit is a type of
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electric circuit. Alternating Currents (ACs) and voltages are sinusoidal and vary with time. ACs produce
different responses in resistors, capacitors, and inductors than Direct Currents (DCs) do [1]. AC circuits are
a fundamental aspect of electrical engineering and play a crucial role in powering a wide range of devices and
systems. AC circuits are electrical circuits that utilize AC, a type of electrical current that periodically changes
direction. Unlike DC citcuits, which have a constant flow of current in one ditection, AC circuits have a flow
of current that alternates between positive and negative directions [2]. This AC flow is typically represented
by a sine wave, with the wave's frequency determining the rate at which the current changes direction. The
critical characteristic of AC circuits is their ability to change voltage levels using transformers easily. With
transformers, AC circuits can efficiently step up or down voltage levels, making them ideal for transmitting
electricity over long distances. This contrasts with DC circuits, which require more complex and less efficient

methods to change voltage levels.

AC circuits are used in a wide range of applications, including power distribution systems, electric motors,
and household appliances [3]. The ability of AC circuits to easily change voltage levels and transmit electricity
over long distances makes them essential for powering our modern society. Distributing electricity to homes,
businesses, and industries without AC circuits would be much more complex and costly. AC circuits is vital
to modern technology and crucial to powering our everyday lives [4]. Their ability to efficiently change voltage
levels and transmit electricity over long distances makes them essential for a wide range of applications. As
we continue to rely on electricity for our daily needs, the importance of AC circuits will only continue to

grow.
2| Early Experiments and Discoveries

Before the development of AC circuits, DC was the dominant form of electrical power transmission.
However, DC systems were limited in transmitting electricity over long distances, as the voltage drop over
the transmission lines was significant. This limitation led to the development of AC circuits, allowing
electricity transmission at higher voltages and lower currents, reducing energy losses over long distances. The
story of AC circuits begins in the eatly 19th century with the pioneering work of Michael Faraday [5]. Faraday's
experiments with electromagnetic induction laid the foundation for developing AC power systems. His
discovery that a changing magnetic field could induce an electric current in a wire paved the way for
developing AC generators and transformers. One of the key figures in the history of AC circuits is Nikola
Tesla, a Serbian-American inventor credited with developing the modern AC system [6]. Tesla's work on AC
circuits laid the foundation for the widespread adoption of AC as the standard for electrical power
distribution. Building on Faraday's work, Nikola Tesla significantly contributed to AC circuits in the late 19th
and early 20th centuries. Tesla's development of the polyphase AC system revolutionized the transmission
and distribution of electrical power [7]. His invention of the Tesla coil and the development of the first AC
motor were groundbreaking achievements that paved the way for the widespread adoption of AC power
systems. The development of AC circuits can be traced back to the late 19th century when inventors and
engineers explored ways to transmit electricity over long distances more efficiently. The battle between AC
and DC systems peaked during the War of Currents in the late 19th century, with Thomas Edison advocating
for DC systems and Nikola Tesla and George Westinghouse championing AC systems [8]. Ultimately, AC
circuits emerged as the superior technology due to their ability to transmit electricity over long distances more
efficiently. Today, AC circuits are the standard for electrical power distribution worldwide, powering
everything from homes and businesses to industrial machinery and transportation systems. The development
of AC circuits has profoundly impacted society, enabling the widespread adoption of electrical appliances and
devices that have transformed how we live and work.

3| Advancements in Power Distribution

The development of AC circuits also played a crucial role in the advancement of power distribution systems,
which include:
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I. The introduction of high-voltage transmission lines and the development of transformers allowed for the
efficient transmission of electricity over long distances. This led to the establishing of centralized power
plants and the widespread electrification of cities and towns [9].

II.  Adopting AC circuits also enabled the development of new technologies and industries. [10].

III. The availability of reliable and affordable electricity spurred the growth of the manufacturing sector and
fueled the rise of the consumer electronics industry. The development of AC circuits has profoundly

impacted society, transforming how we live, work, and communicate [11].

The history of AC circuits is a testament to the power of human ingenuity and innovation. From the early
experiments of Faraday and Tesla to the development of modern power distribution systems, the evolution
of AC circuits has been marked by significant advancements and breakthroughs. The development of AC
circuits by pioneers like Nikola Tesla has paved the way for efficient electricity transmission over long
distances, revolutionizing how humanity operates [12]. As the world continues to rely on AC circuits for its
electrical needs, it is essential to remember this groundbreaking technology's rich history and legacy.

4| Key Milestones and Dates

Some of the most significant milestones in the history of AC circuit technology are highlighted as follows:

I. The invention of the AC generator by Nikola Tesla in 1887 marked the beginning of the widespread use of
AC power systems, which are now the standard for electricity generation and distribution worldwide. Tesla's
AC generator was a significant breakthrough in eclectrical engineering, allowing for efficient electricity
transmission over long distances [13], [14].

II. The development of the first AC power transmission system by George Westinghouse in 1893, which used
high-voltage transmission lines to carry electricity over long distances, revolutionized how power was
distributed and made it possible to supply electricity to remote areas. The success of Westinghouse's AC
power transmission system paved the way for the widespread adoption of AC power systems in the following
years [15].

III. Another milestone during this period was the invention of the first practical AC motor by Charles Steinmetz
in 1902. This motor, which used a rotating magnetic field to produce mechanical energy, was a significant
breakthrough in electrical engineering and laid the foundation for the development of modern electric
motors. [10].

IV. Another key milestone was the development of solid-state devices such as transistors and diodes, which
revolutionized the design of AC circuits and made it possible to build more compact and efficient power
systems. These solid-state devices paved the way for the development of modern electronic devices and have
played a crucial role in shaping the modern wozld [17].

The advancements in AC circuit technology have profoundly impacted society, enabling the widespread
adoption of electricity and powering the modern world. Without these advancements, transmitting electricity
over long distances, powering our homes and businesses, or driving technological innovation would not be
possible. The advancements in AC circuit technology have also played a crucial role in shaping the modern
wortld and have revolutionized how electricity is generated, transmitted, and used.

5| Conventional Advancements in AC Circuit Technology

AC circuit technology has significantly improved efficiency, reliability and performance. These advancements
have been driven by the need for more efficient power distribution systems, increased demand for renewable
energy sources, and the development of new technologies. The key conventional advancements in AC circuit
technology and their impact on the industry are outlined as follows:

I. Advancements in power electronics: power electronics devices such as inverters, rectifiers, and converters
are crucial in converting and controlling electrical power in AC circuits. These devices have become more
efficient and reliable over the years, improving performance and reducing energy losses in power distribution
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II.

II1.

systems. For example, the development of Insulated Gate Bipolar Transistors (IGBT's) and Silicon Carbide
(SiC) devices has enabled higher switching frequencies and lower losses in power electronic converters [18].
This has improved efficiency and power density in AC circuits, making them more suitable for high-power

applications such as electric vehicles and renewable energy systems.

Advancements in grid integration: with the increasing demand for clean energy, there has been a growing
need to integrate solar, wind, and other renewable sources into existing AC power systems. This has led to
the developing of advanced grid-tied inverters and power management systems that can efficiently integrate
renewable enetrgy sources into the grid [19]. Grid-tied inverters are designed to convert DC power from solar
panels or wind turbines into AC power that can be fed back into the grid. These inverters use advanced
control algorithms to ensure stable and reliable operation, even with fluctuating renewable energy inputs.
This has enabled the widespread adoption of solar and wind power systems, leading to a more sustainable
and environmentally friendly energy mix [20].

Advancements in smart grid technologies: the development of smart grid technologies has also significantly
impacted AC circuit technology. Smart grids use advanced communication and control systems to monitor
and optimize power distribution in real-time, leading to improved efficiency and reliability in AC circuits
[21]. These technologies enable utilities to manage power flows better, reduce peak demand, and integrate
renewable energy sources into the grid. For example, Advanced Metering Infrastructure (AMI) systems allow
utilities to remotely monitor and control power consumption in real-time, leading to more efficient energy
management and reduced consumer costs. Similarly, grid automation technologies enable utilities to quickly

detect and respond to power outages, improving reliability and reducing customer downtime [13].

Conventional advancements in AC circuit technology have improved efficiency, reliability, and performance

in power distribution systems. The development of power electronics, grid integration technologies, and smart

grid systems has enabled the widespread adoption of renewable energy sources and the optimization of power

distribution networks. These advancements will continue to drive innovation in the industry, leading to a

more sustainable and efficient energy future [22], [23].

6 | Characteristics of AC Circuits

AC circuits are a fundamental component of electrical engineering and play a crucial role in powering a wide

range of devices and systems. Understanding the key distinguishing characteristics of AC circuits is essential

for engineers and technicians working in electrical engineering. This section deals with the significant

distinguishing characteristics of AC circuits and highlights their importance in electrical systems.

I

II.

111

IV.

Frequency: AC circuits operate at a specific frequency, measured in hertz (Hz). The frequency of an AC
circuit determines the rate at which the current alternates direction and it is a crucial parameter that must be
carefully controlled in electrical systems. Countries and regions may have different standard AC power grids,
with 50 Hz and 60 Hz being the most common frequencies used worldwide [24].

Voltage and current waveforms: in AC circuits, voltage and current vary sinusoidally with time, creating a
waveform oscillating between positive and negative values. The AC circuit's voltage and cutrent waveforms'
amplitude are typically measured in volts (V) and amperes (A), respectively. The sinusoidal nature of AC
waveforms allows for efficient transmission of electrical power over long distances and enables the operation

of a wide range of electrical devices [25].

Phase angle: in AC circuits, the phase angle between voltage and current waveforms is a critical parameter
that determines the power factor of the circuit. The phase angle represents the time delay between the voltage
and current waveforms and is measured in degrees. A phase angle of zero degrees indicates that the voltage
and current waveforms are in phase, while a phase angle of 90 degrees indicates that the voltage and current
waveforms are out of phase. Controlling the phase angle in AC circuits is essential for optimizing power

transfer and minimizing energy losses in electrical systems.

Impedance: impedance is another crucial characteristic of AC circuits that determines the resistance of the

circuit to the flow of AC. Impedance is a complex quantity that includes both resistance and reactance, which
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is the opposition of a circuit to the flow of AC due to inductance and capacitance. Impedance is measured
in ohms (€2) and plays a crucial role in determining the performance of AC circuits, including voltage
regulation, power factor correction, and efficiency [26].

Understanding the critical distinguishing characteristics of AC circuits is essential for engineers and

technicians working in electrical engineering. The frequency, voltage and current waveforms, phase angle, and

impedance are significant parameters that define the behaviour of AC circuits and play a crucial role in the

design and operation of electrical systems.

7| Types of AC Circuits

The various types of AC circuits (see Fig. 7) applicable to electromechanical components are highlighted as

follows:

L

1I.

II1.

IV.

Resistor capacitor AC circuit: the resistor-capacitor circuit comprises an AC generator, a resistor, and a
capacitor. A capacitor is a collection of conductive plates separated by an insulating material. Therefore, the
capacitor does not allow a consistent flow of electric current. An AC can either remove or introduce electric
charges to the plates of a capacitor.

Resistor Inductor (RI) AC circuit: the RI circuit consists of an AC generator, a resistor and an inductor.
When the circuit switch is turned on in an RLL AC circuit, a back Electromotive Force (EMF) is induced in
the inductor coil. It takes a certain amount of time for the current to reach its maximum value. This time

duration is referred to as the inductive time constant.

Resistive (R) AC circuit: resistors serve as regulators that control, hinder, or establish the current flow in a
particular direction or reduce voltage inside a circuit. Resistors possess an electrical property called
impedance, defined explicitly as resistance (R). The resistance of a resistor is measured in Ohms (). The

calculation can be done using either a fixed or variable value, such as potentiometers.

Resistor Inductor Capacitor (RIC) AC circuit: the RIC AC circuit consists of a resistor R, an inductor L, and
a capacitor C, connected in a series or parallel configuration. The voltage across the resistor aligns with the
current flowing through it. The voltage across the inductor causes the current to lag by 90o0. The voltage
across the capacitor lags behind the current flowing through it.
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Fig. 1. Types of AC circuits [27].

8| Types of AC Circuit Connection

AC circuits are an essential component of electrical engineering, providing power to a wide range of devices
and systems. There are several types and classifications of AC circuits, each with unique characteristics and

applications. The various types of AC circuit connections include series, parallel and series-parallel

connections (see Ijg. 2), highlighted as follows:

I

II.

II1.

Series: in a series AC circuit, the components are connected in a single loop, with the current flowing through
each component in sequence. This type of circuit is commonly used in applications where the components
need to be connected in a specific order, such as in a string of Christmas lights and the circuit is commonly
used in applications where the components need to share the same cutrent, such as in lighting systems or

heating elements [28].

Parallel: in a parallel AC circuit, the components are connected in multiple branches, each receiving the same
voltage. This type of circuit is often used in applications where the components need to operate
independently of each other, such as in a household electrical system, and the circuit is commonly used in
applications where components need to share the same voltage, such as in power distribution systems or

electronic devices [29].

A series-parallel AC circuit combines elements of both series and parallel circuits, with some components
connected in series and others connected in parallel. This type of circuit is commonly used in complex
electrical systems, where different components need to be connected in different configurations, depending
on the specific configuration of the circuit; this type of circuit is commonly used in applications where a
combination of series and parallel connections is required, such as in complex electronic systems or power

generation systems [30].
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Fig. 2. Types of AC Circuits connection diagram [31].

Several types of AC circuits are commonly used in electrical engineering applications, each with unique

properties and advantages. Series AC circuits are used when components need to share the same current,

parallel AC circuits are used when components need to share the same voltage and combination AC circuits

are used when a combination of series and parallel connections is required.

9| Classifications of AC Circuits

AC circuits can also be classified based on the following:

L.

II.

I11.

IV.

The frequency: the frequency of an AC circuit refers to the number of cycles per second that the current
alternates in direction. AC circuits with frequencies below 20 Hz are considered low frequency, while
those with frequencies above 20 kHz are considered high frequency [32].

Impedance: impedance is another vital classification of AC circuits, referring to the total opposition to
the current flow in a circuit. Impedance is measured in ohms and is influenced by the circuit's resistance,
inductance, and capacitance. AC circuits with high impedance are more resistant to the flow of current,

while those with low impedance allow current to flow more easily [33].

Power factor: power factor measures how efficiently a circuit converts electrical power into valuable
work. AC circuits with a power factor of 1 are considered perfectly efficient, while those with a power
factor below 1 are less efficient. Power factor is influenced by the phase relationship between the voltage

and current in a circuit, with circuits in phase having a power factor of 1 [34].

The type of current flow: in a purely resistive AC circuit, the current and voltage are in phase, meaning
that they reach their peak values simultaneously. This type of circuit is characterized by a power factor
of 1 and is commonly found in heating elements and incandescent light bulbs. On the other hand,
inductive AC circuits contain inductors that cause the current to lag behind the voltage, resulting in a
phase shift. On the other hand, capacitive AC circuits have capacitors that cause the current to lead to
the voltage. These types of circuits are commonly used in power factor correction applications [35].

The presence of reactive components: reactive components such as inductors and capacitors introduce
impedance into the circuit, affecting the current flow. In AC circuits, the impedance combines
resistance, inductive reactance, and capacitive reactance. The impedance of a circuit can be calculated
using the formula Z = \/(RAZ + (XL - XC)*2), where R is the resistance, XL is the inductive reactance,
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and XC is the capacitive reactance. By analyzing the impedance of a circuit, engineers can determine the
citcuit's behaviour and design appropriate solutions to optimize its performance [36].

VI. Based on their configuration, series AC circuits have components connected in a single path, where the
current flows through each component sequentially. In contrast, parallel AC circuits have components
connected in multiple paths, where the current splits and flows through each component simultaneously
(see Fig. 2). The behaviour of series and parallel AC circuits differs significantly, with series circuits
having higher total impedance and parallel circuits having lower total impedance [37].

AC circuits are classified into various categories based on different criteria, such as the type of current flow,
the presence of reactive components, and the configuration of the circuit. By considering factors such as the
type of current flow, the presence of reactive components, and the configuration of the circuit, engineers can
effectively design and optimize AC circuits for a wide range of applications.

10 | Operation Principles of AC Circuit

An AC circuit is a fundamental component of electrical systems, allowing for the transmission and distribution
of electrical power. Understanding the operation principles of an AC circuit is crucial for engineers and
technicians working in electrical engineering. This section will provide a detailed core description and explain
how an AC circuit works. At its core, an AC circuit consists of three main components: a voltage source, a
load, and connecting wires. The voltage source, typically an AC generator or power supply, produces an
alternating voltage that varies sinusoidally with time. This alternating voltage is then applied to the load, which
can be a resistor, capacitor, or inductor [38]. The load consumes electrical power and converts it into other
forms of energy, such as heat or mechanical work. The principles of the following laws govern the operation
of an AC circuit:

I. Ohm's law: it states that the cutrent flowing through a conductor is directly proportional to the voltage
applied across it and inversely proportional to the tesistance of the conductor. In an AC circuit, the load's

impedance, including resistance and reactance, determines the current flowing through the circuit.

II. Kirchhoff's laws, specifically Kirchhoff's voltage law and Kirchhoff's current law, are used to analyze the
flow of current and voltage in an AC circuit. Kirchhoff's voltage law states that the sum of the voltages
around a closed loop in a citrcuit is equal to zero, while Kirchhoff's current law states that the sum of currents

entering a node in a circuit is equal to the sum of cutrents leaving the node.

In an AC circuit, the voltage and current waveforms are out of phase due to reactive components such as
capacitors and inductors. The power factor describes the phase relationship between voltage and current,
indicating the power transfer efficiency in the circuit. Power factor correction techniques, such as adding
capacitors or inductors to the circuit, can improve the power factor and reduce energy losses. Understanding
the operation principles of an AC circuit is essential for designing and troubleshooting electrical systems [39].

11| Impedance in an AC Circuit

Impedance in an AC circuit is a crucial concept that plays a significant role in the analysis and design of
electrical systems. It is defined as the opposition that an electrical circuit presents to the flow of AC. In simple
terms, impedance is the AC equivalent of resistance in a DC circuit [40]. The critical differences between
impedance and resistance ate:

I. Impedance takes into account both resistance and reactance.
II. Reactance is the opposition to the flow of AC caused by inductance and capacitance in the circuit.

III. Inductors create inductive reactance, which is proportional to the frequency of the AC signal, while
capacitors create capacitive reactance, which is inversely proportional to the frequency.

The total impedance in an AC circuit is the vector sum of the resistance and reactance. It is represented by
the symbol Z and is measured in ohms. The relationship between voltage, current, and impedance in an AC
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circuit is described by Ohm's law for AC circuits, which states that the voltage across impedance is equal to
the product of the current flowing through it and the impedance. Additionally, Impedance plays a crucial role
in determining the behaviour of AC circuits. It affects the magnitude and phase of the current and voltage in
the circuit. By manipulating the impedance of different components in a circuit, engineers can control the
flow of current and voltage to achieve specific desired outcomes [41].

12| Resistance in an AC Circuit

Resistance in an AC circuit is a crucial concept in electrical engineering. It refers to the opposition an electrical
component or material offers to AC flow. This resistance is caused by the collisions of electrons with atoms
in the material, which converts electrical energy into heat. The key characteristics of resistance in an AC circuit
are highlighted as follows:

I. Itis frequency-dependent: this means that the resistance of a material or component can vary depending on
the frequency of the AC passing through it. This is because, at higher frequencies, the collisions between

electrons and atoms occur more frequently, leading to a higher resistance [42].

II. Its effect on the power dissipation in the circuit: the power dissipated in a resistor in an AC circuit is given
by the formula P = I"2R, whete P is the power dissipated, I is the current flowing through the resistor, and
R is the resistance of the resistor. This formula shows that the power dissipated in a resistor is directly
proportional to the square of the current flowing through it and the resistance of the resistor.

III. Resistance in an AC circuit also plays a crucial role in determining the impedance of the circuit. Impedance
is the total opposition that a circuit offers to the flow of AC and is a combination of resistance, inductance,
and capacitance. The impedance of a circuit is given by the formula Z = \/(R’\Z + XL - XC) "2), where Z is
the impedance, R is the resistance, XL is the inductive reactance, and XC is the capacitive reactance. This

formula shows that resistance is a fundamental component of the impedance of an AC circuit [43].

Resistance in an AC circuit is a fundamental concept in electrical engineering that plays a crucial role in
determining the circuit's behaviour. It is frequency-dependent, affects power dissipation, and is a critical

component of the impedance of the circuit.
13| Reactance in AC circuit

Reactance is a fundamental concept in analyzing AC circuits. It is a measure of the opposition that a circuit
clement presents to the flow of AC. In an AC circuit, reactance can be either capacitive or inductive,
depending on the type of circuit element involved.

I. Capacitive reactance is a capacitot's opposition to the flow of AC. Itis inversely proportional to the frequency
of the AC signal and the capacitance of the capacitor. The formula for capacitive reactance is Xc = 1 /
(2nfC), where Xc is the capacitive reactance, f is the frequency of the AC signal, and C is the capacitance of
the capacitor [41].

II. Inductive reactance, on the other hand, is the opposition that an inductor presents to the flow of AC. It is
directly proportional to the AC signal's frequency and the inductot's inductance. The formula for inductive
reactance is X1 = 2nfL, where Xl is the inductive reactance, f is the frequency of the AC signal, and L is the
inductance of the inductor.

In an AC circuit, reactance plays a crucial role in determining the overall impedance of the circuit. Impedance
is the total opposition that a circuit element presents to the flow of AC and is the combination of resistance
and reactance. The impedance of a circuit can be calculated using the formula Z = \ (R™2 + (X1 - X)™2),
where Z is the impedance, R is the resistance of the circuit, Xl is the inductive reactance, and Xc is the
capacitive reactance.
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14| Inductors in AC Circuit

Inductors are passive electrical components that store energy as a magnetic field when an AC flows through
them. They are commonly used in AC circuits to control the flow of current and voltage. Inductors are
typically made of a coil of wire wound around a core material, such as iron or ferrite. When an AC passes
through the coil, a magnetic field is generated around it [29]. This magnetic field stores energy and opposes
any changes in the current flowing through the inductor. This property is known as inductance, measured in
henries (H). In AC circuits, inductors are used to control the flow of current and voltage. They can filter out
unwanted frequencies, smooth out voltage fluctuations, and protect sensitive components from spikes.
Inductors are also used in transformers to step up or down the voltage in AC power distribution systems.
One of the critical characteristics of inductors in AC circuits is their ability to store energy and release it back
into the circuit. This property is known as reactance, which is an inductor's opposition to changes in current
flow. The reactance of an inductor is directly proportional to the frequency of the AC passing through it.
Inductors play a crucial role in AC circuits by controlling the flow of current and voltage [44]. They store
energy in a magnetic field and release it into the circuit.

15| Capacitors in an AC Circuit

Capacitors are essential components in AC circuits, which are crucial in storing and releasing electrical energy.
Some of the critical characteristics of capacitors in AC circuits are:

I. A capacitor is a passive electronic component that consists of two conductive plates separated by an
insulating material known as a dielectric. When connected to an AC power source, the capacitor charges and
discharges in response to the changing voltage and current in the circuit [45]. This ability to store and release
electrical energy makes capacitors worthwhile in various applications, including filtering, timing, and energy
storage.

II. In an AC circuit, capacitors exhibit unique behaviour due to their ability to store and release energy in
response to alternating voltage. When connected in series with a load, capacitors block DC while allowing
AC to pass through. This property makes capacitors ideal for coupling and decoupling signals in electronic
circuits [46].

III. Capacitors can also be used to create phase shifts in AC circuits. By connecting a capacitor in parallel with a
load, the voltage across the capacitor leads the current, creating a phase difference between the two. This
phase shift can control the power factor in AC circuits, improving efficiency and reducing energy
consumption [38].

Some circuits are characterized by only one capacitor and an AC power source (see Fig. 3), yet they still
perform optimally depending on the requirements. However, this attribute may differ in other circuit
configurations. Capacitors are essential components in AC circuits, providing energy storage, filtering, and
phase-shifting capabilities. Understanding the behaviour of capacitors in AC circuits is crucial for designing
efficient and reliable electronic systems. By harnessing the power of capacitors, engineers and designers can
create innovative solutions for a wide range of applications.



27 Rechard Ekanem et al. | Intell. Model. Electromech. Syst. 1(1) (2024) 17-38

Yoltage

Y Uiz ¢ 7 A Lime
Curmren

jo R

SN
| |

Fig. 3. Circuit with only one capacitor and an AC power source [47].

+ 1
+
+ 1
+ 1
+ 1

16 | Current in an AC Circuit

In an AC circuit, current flows in a constantly changing direction. This contrasts DC circuits, where current
flows in only one direction. Its amplitude, frequency and phase characterize the current flow in an AC circuit.
The amplitude of the current in an AC circuit refers to the maximum value of the current as it oscillates back
and forth. This value is typically measured in amperes (A) and can vary depending on the voltage and
resistance in the circuit [48]. The current frequency in an AC circuit refers to the number of complete current
cycles per second, measured in hertz (Hz). In most household circuits, the frequency is typically 60 Hz. The
phase of the current in an AC circuit refers to the relationship between the current and voltage waveforms.
In an ideal AC circuit, the current and voltage are said to be in phase, meaning they reach their maximum and
minimum values simultaneously. However, in real-world circuits, the current and voltage may be out of phase
due to inductance and capacitance. The key advantages of AC circuits are:

I. Its ability to easily change voltage levels using transformers. This allows for efficient transmission of

electricity over long distances and the ability to step up or down voltage levels as needed.
II. AC circuits are more versatile than DC circuits, as they can be easily converted to DC using rectifiers.

The current flow in an AC circuit is characterized by its amplitude, frequency, and phase. Understanding these
characteristics is essential for designing and analyzing AC circuits. By harnessing the power of AC circuits,
we can efficiently transmit electricity and power a wide range of devices and systems.

17| Voltage in an AC circuit

Voltage in an AC circuit is a crucial concept in electrical engineering. It is defined as the difference in electric
potential between two points in the circuit and is measured in volts. In an AC circuit, the voltage constantly
changes direction and magnitude, unlike in a DC circuit where the voltage remains constant. The critical

characteristics of voltage in an AC circuit are stated below:

I. Its sinusoidal waveform: the voltage varies sinusoidally with time, oscillating between positive and negative
values. The peak voltage, or amplitude, is the maximum value the voltage reaches during each cycle. The
frequency of the voltage waveform is the number of complete cycles that occur in one second and is
measured in hertz (Hz) [49].

II. The concept of phase: this is also important in understanding voltage in an AC circuit. Phase refers to the
relationship between the circuit's voltage waveform and cutrent waveform. When the voltage and cutrent
waveforms are in phase, they reach their peak values simultaneously. When they are out of phase, the peak

values occur at different times [50].
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III. Phasor diagrams: in an AC circuit, the voltage can be desctibed using phasor diagrams (see Fig. 4). Phasors
are vectors that represent the magnitude and phase of the voltage at a specific point in the circuit. By
analyzing the phasor diagrams, engineers can determine the relationship between voltage and current and
calculate essential parameters such as power and impedance [51].
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Fig. 4. Phasors diagram [52].

Overall, voltage in an AC circuit is a complex and dynamic concept that plays a crucial role in the functioning
of electrical systems. Understanding the voltage behaviour in an AC circuit is essential for designing and
analyzing electrical circuits and ensuring electrical devices' efficient and safe operation.

18 | Step-By-Step Description of the Design Procedure of an AC Circuit

Designing an AC circuit involves a systematic process that requires careful consideration of vatious factors
to ensure optimal performance and efficiency. This section will provide a step-by-step explanation and
description of the design procedure for an AC circuit. The steps are:

I. The first step in designing an AC circuit is determining its requirements and specifications. This includes
identifying the voltage and current ratings, frequency, power factor, and other relevant parameters. It is
essential to clearly understand the desired performance characteristics of the circuit before proceeding with

the design [53].

II. Once the requirements are established, the next step is to select the appropriate components for the circuit.
This includes choosing the right type of resistors, capacitors, inductors, and other components based on the
specifications of the circuit. It is crucial to consider factors such as component ratings, tolerances, and
compatibility to ensure the circuit operates as intended.

ITII. After selecting the components, the next step is calculating the components' values based on the circuit's
desired performance characteristics. This involves using mathematical formulas and equations to determine
the values of resistors, capacitors, and inductors that meet the circuit requirements. It is essential to perform
thorough calculations to ensure the circuit functions propetly and efficiently.

IV. Once the component values atre calculated, the next step is to create a schematic diagram of the circuit. This
involves drawing a detailed diagram showing the connections between the components and the current flow
in the circuit. The schematic diagram serves as a visual representation of the circuit design and helps ensure
all connections are correct and propetly configured.

V. After creating the schematic diagram, the next step is to build a circuit prototype. This involves assembling
the components on a breadboard or PCB and testing the circuit to ensure it functions as intended. It is
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important to carefully test the circuit and make necessary adjustments to meet the specifications and
requirements.

VI. Once the prototype is successfully tested, the final step is to finalize the design and create detailed circuit
documentation. This includes creating a bill of materials, a parts list, and a detailed circuit design description.
It is essential to document the design process thoroughly to ensure that the circuit can be replicated and
maintained in the future.

Designing an AC circuit requires a systematic and thorough approach to ensure optimal performance and
efficiency. By following the step-by-step procedure outlined in this paper, designers can create a well-designed
and functional AC circuit that meets the requirements and specifications of the application.

19| Power Dissipation in an AC Circuit

Power dissipation in an AC circuit is a crucial concept in electrical engineering that refers to converting
electrical energy into heat within the circuit components. This phenomenon occurs due to the resistance of
the components to the flow of AC, leading to the generation of heat as a byproduct [54]. Understanding
power dissipation is essential for designing and analyzing AC circuits to ensure efficient operation and prevent
overheating of components. The following are the critical functions of power dissipation in an AC circuit.

I. In an AC circuit, power dissipation is primarily caused by the resistance of the circuit elements, such as
resistors, wites, and other components. When an AC flows through a tesistor, the matetial's resistance causes
collisions between electrons and atoms, converting electrical energy into heat [55]. This heat generation is
proportional to the square of the current flowing through the resistor and the component's resistance, as
described by the formula P = I"2R, where P is the power dissipated, I is the current, and R is the resistance.

II. Power dissipation is crucial for determining the efficiency of an AC circuit and ensuring that the components
can handle the heat generated during operation. Excessive power dissipation can lead to overheating of
components, which can cause damage or even circuit failure. Therefore, engineers must carefully calculate

and manage power dissipation in AC circuits to prevent such issues [56].

Power dissipation in an AC circuit is a fundamental concept in electrical engineering that describes the
conversion of electrical energy into heat due to the resistance of circuit components.

20 | Heat Generation in an AC Circuit

Heat generation in an AC circuit is expected due to the current flow. Heat generation in an AC Circuit is

produced through:

I. When an AC flows through a circuit, it encounters resistance from the wires, components, and other
elements. This resistance causes the electrons in the current to collide with atoms in the material, converting

electrical energy into heat energy [57].

II. The amount of heat generated in an AC circuit can be calculated using the formula P = I"2R, where P is the
power dissipated as heat, I is the current flowing through the circuit, and R is the resistance of the circuit.
This formula shows that the heat generated is proportional to the current's square and the circuit's resistance.
Therefore, increasing the current or the resistance will generate more heat [58].

III. Excessive heat can lead to overheating, component failure, and fire hazards. To prevent these issues,
engineers and designers must carefully consider the heat dissipation capabilities of the components used in
the circuit, as well as the overall design of the system. This may involve using heat sinks, fans, or other cooling
mechanisms to dissipate the heat generated by the circuit [59].

Heat generation in an AC circuit is a natural consequence of current flow through a resistive medium.
Understanding the factors contributing to heat generation, such as current and resistance, is essential for
designing safe and efficient electrical systems. By taking appropriate measures to manage heat generation,
engineers can ensure the reliability and longevity of AC circuits.
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21| Impact of Overheating in AC Circuit

Overheating in an AC circuit can significantly impact the system's performance and longevity. An AC circuit
overheats can lead to various issues, including reduced efficiency, increased energy consumption, and
potential component damage [60]. Some of the primary impacts of overheating in an AC circuit are outlined

below:

I. Reduced efficiency: when components in the circuit become too hot, they may not function as effectively,
leading to a decrease in the system's overall efficiency. This can tesult in higher energy bills as the system has
to work harder to maintain the desired temperature.

II. Overheating can also cause the system to run less smoothly, leading to increased wear and tear on

components and potentially shortening the system's lifespan.

III. Potential for damage to components: when components become too hot, they can damage or even fail. This
can result in costly repairs or replacements and downtime for the system. Overheating can even pose a fire

hazard in extreme cases, putting the system and the building at risk.

Overheating in an AC circuit can have a range of negative impacts on the system, including reduced efficiency,
increased energy consumption, and potential damage to components. Proper maintenance and monitoring
are essential to prevent overheating and ensure the long-term performance of an AC circuit [61]. Taking
proactive steps to address overheating issues makes maintaining a safe and efficient AC system possible.

22 | Prevention Measures of Overheating in AC Circuits

Overheating in AC circuits is a common issue that can lead to equipment failure, downtime, and even safety
hazards. Businesses and individuals must implement preventive measures to ensure the proper functioning

of their AC circuits. Some of the most critical prevention measures are:

I. Ensure proper ventilation and airflow around the AC circuits: overheating can occur when the circuits are
enclosed in a tight space with limited airflow. By providing adequate ventilation, heat can dissipate more
effectively, reducing the risk of overheating [57].

II. Regularly inspect and maintain the AC circuits: loose connections, damaged components, and dust buildup
can all contribute to overheating. By conducting routine inspections and maintenance, potential issues can
be identified and addressed before they escalate into major problems.

III. Monitor the temperature of the AC circuits regularly: installing temperature sensors and alarms can help alert
users to any abnormal increases in temperature, allowing them to take prompt action to prevent overheating

[62].

IV. Use high-quality components and materials to construct AC circuits: this can also help prevent overheating.
Inferior components may be unable to handle the heat generated by the circuits, leading to overheating and
potential failure. Investing in quality components can help ensure the reliability and longevity of the AC

circuits.

Overheating in AC circuits can have serious consequences, but by implementing preventive measures such
as ensuring proper ventilation, conducting regular maintenance, monitoring temperature, and using high-
quality components, the risk of overheating can be significantly reduced [63]. Businesses and individuals need
to prioritize the prevention of overheating in AC circuits to ensure the efficient and safe operation of their
equipment.

23 | Different Components in an AC Circuit

An AC circuit consists of various components that work together to facilitate the flow of electrical energy.
These components play crucial roles in ensuring the efficiency and functionality of the circuit. This section
will enlist in detail the different components of an AC circuit.
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I. The voltage source provides the electrical energy needed to power the circuit. The voltage source can be
either a battery or a generator, which is responsible for creating the potential difference that drives the current
flow through the circuit. Without a voltage source, an AC circuit could not function.

II. The resistor: this is used to control the amount of current flowing through the circuit. Resistors are designed
to resist the flow of electrical current, and they are used to regulate the voltage and current levels in the
circuit. By adjusting the resistance of a resistor, the amount of current flowing through the circuit can be
controlled.

III. Inductors: these are also essential components in an AC citrcuit, as they store and release enetrgy in the form
of a magnetic field. When an AC flows through an inductor, it creates a magnetic field that stores energy.
This stored energy is then released into the circuit when the current changes direction. AC circuits commonly
use inductors to filter out unwanted signals and regulate current flow.

IV. Capacitors are another essential component in an AC circuit, as they store and release energy in an electric
field. When a voltage is applied to a capacitor, it stores energy as an electric field. This stored energy is
released back into the circuit when the voltage changes. AC circuits often use capacitors to smooth out

voltage fluctuations and store short-term energy.

The components in an AC circuit work together to facilitate the flow of electrical energy and regulate the
circuit's voltage and current levels. Each component plays a unique role in ensuring the efficiency and
functionality of the circuit [64].

24 | Electromechanical Applications of AC Circuit

AC circuits are widely used in various applications across different industries due to their versatility and
efficiency. The various applications of AC circuits and their importance in modern technology are as follows:

I. Power distribution systems: AC power is generated at power plants and transmitted over long distances
through power lines. The use of AC circuits in power distribution allows for efficient transmission of
electricity over long distances with minimal loss of power. This is due to the ability of AC circuits to quickly

step up or down the voltage using transformers, which helps reduce power losses duting transmission [65].

II. Electric motors: AC motors are widely used in various industrial applications, such as pumps, fans,
compressors, and conveyor systems. AC motors are preferred over DC motors due to their simplicity,
reliability, and cost-effectiveness. AC motors can be easily controlled using variable frequency drives,
allowing for precise motor speed and torque control.

III. Heating, Ventilation, and Air Conditioning (HVAC) systems: AC circuits power the compressors and fans
in HVAC systems, essential for maintaining comfortable indoor temperatures. AC circuits in HVAC systems
allow for efficient cooling and heating of buildings, resulting in energy savings and reduced operating costs

[66].

IV. In addition to power distribution, electric motors, and HVAC systems, AC circuits are used in various other
applications, such as lighting, telecommunications, and electronics. AC circuits are used in lighting systems
to power fluorescent and LED lights, energy-efficient alternatives to incandescent bulbs. AC circuits are also
used in telecommunications systems to transmit data over long distances using fibre optic cables. In
electronics, AC circuits are used in audio amplifiers, power supplies, and signal processing circuits [67].

AC circuits play a crucial role in modern technology and are essential for various applications in power
distribution, electric motors, HVAC systems, lighting, telecommunications, and electronics. The versatility
and efficiency of AC circuits make them indispensable in today's world, and their importance is likely to
continue growing as technology advances.

25| Materials Used in AC Circuits

In an AC circuit, various materials are utilized to facilitate the flow of electricity and ensure the efficient

operation of electrical devices. These materials play a crucial role in the functionality and performance of the
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citcuit, as they determine the electrical system's conductivity, insulation, and overall effectiveness [68]. This

section lists materials commonly used in an AC circuit, highlighting their properties and significance in

electrical engineering.

L

II.

II1.

IV.

Coppet: coppet is one of the most widely used materials in AC circuits due to its high conductivity and low
resistance. It is commonly used in wiring, cables, and busbars to carry electrical current efficiently and
effectively. Coppet's excellent conductivity allows for minimal energy loss and ensutes the smooth flow of
electricity in the circuit [69].

Aluminium: aluminium is another popular material used in AC circuits, particularly high-voltage
transmission lines. While not as conductive as copper, Aluminium is lightweight and cost-effective, making
it a suitable alternative for long-distance power transmission [70]. Aluminium's lower conductivity is
compensated by its larger cross-sectional area, allowing for the efficient transfer of electricity over long
distances.

Insulators: insulators are materials that prevent the flow of electricity and are essential for maintaining the
integrity and safety of an AC circuit. Typical insulating materials include rubber, plastic, and ceramic, which
coat wires, cables, and electrical components to prevent short circuits and electrical hazards. Insulators play
a critical role in isolating conductive materials and ensuring the proper functioning of the circuit [71].

Semiconductors: semiconductors are materials with intermediate conductivity between conductors and
insulators, such as silicon and germanium. In AC circuits, semiconductors are used in electronic devices
like diodes and transistors to control the flow of electricity and regulate voltage levels. Semiconductors are
essential for signal processing, amplification, and switching in AC circuits, making them indispensable in
modern electronics [72].

Magnetic materials: magnetic materials like iron, nickel, and cobalt are used in AC circuits for their magnetic
properties, such as permeability and hysteresis. These materials are commonly found in transformers,
inductors, and motors, where they help convert electrical energy into magnetic energy and vice versa.
Magnetic materials play a crucial role in the operation of electromagnetic devices and are essential for power
generation and distribution in AC circuits [73].

The materials listed above are essential components of an AC circuit, each serving a specific purpose in

ensuring the efficient and reliable flow of electricity. From conductors like copper and Aluminium to

insulators, semiconductors, and magnetic materials, each material plays a critical role in the functionality and

performance of electrical systems [74]. Understanding the properties and significance of these materials is

essential for designing and maintaining AC circuits that meet the demands of modern electrical engineering,.

26 | Advantages of AC Circuits

AC circuits, or AC circuits, have numerous advantages that make them essential in various applications. Some

of the critical advantages of AC circuits and why they are preferred over DC circuits in many situations are

stated as follows:

I. Their ability to easily change voltage levels using transformers: this allows for efficient transmission of

II.

II1.

electricity over long distances, as the voltage can be stepped up for transmission and then stepped down for
use in homes and businesses. This contrasts with DC circuits, which require more complex and less efficient
methods for changing voltage levels [75].

Their ability to easily control power levels using resistors, capacitors, and inductors makes AC circuits more
versatile and adaptable to different applications, as power levels can be adjusted as needed. In contrast, DC
circuits have more limited options for power control, making them less flexible in certain situations [70].

AC circuits are generally safer than DC circuits As the voltage in an AC circuit periodically reverses direction,
reducing the risk of electric shock. This is why AC power is used in most homes and businesses, as it poses
less danger to individuals working with electrical systems [77].
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IV. AC circuits are more efficient for powering large appliances and machinery: They can handle higher power
levels without bulky and expensive components. This is why AC power is used in industrial settings, where
high power requirements are standard [78].

AC circuits offer numerous advantages over DC circuits, including quickly changing voltage levels, controlling
power levels, and providing a safer and more efficient power source. These advantages make AC circuits
essential in a wide range of applications, from powering homes and businesses to running industrial
machinery.

27 | Disadvantages of AC Circuits

AC circuits are widely used in electrical systems for their ability to transmit power over long distances
efficiently. However, despite their advantages, AC circuits also have several disadvantages that can impact
their performance and reliability—some of the demerits of AC circuits and the reasons consideration when

designing electrical systems.

I.  Power losses due to resistance in the conductors: as current flows through the wires, it encounters
resistance, generating heat. This heat not only wastes energy but also reduces the efficiency of the circuit.

In contrast, DC circuits have lower resistance losses, making them more efficient for specific applications
[79]-

II.  The skin effect phenomenon: the current tends to flow more towards the conductor's surface than through
its entire cross-section. This results in increased resistance and power losses, especially at high frequencies.
In contrast, DC circuits do not exhibit skin effects, making them more suitable for high-frequency
applications [80].

III.  AC circuits are more susceptible to Electromagnetic Interference (EMI) and Radio Frequency Interference
(RFI) than DC circuits. The changing magnetic fields in AC circuits can induce unwanted currents in nearby
conductors, leading to signal distortion and reduced performance. This is particularly problematic in

sensitive electronic devices where signal integrity is crucial [81].

IV.  AC circuits require more complex components, such as transformers, capacitors, and inductors, to regulate
voltage and current levels. These components add cost and complexity to the system, making AC circuits

less attractive for specific applications where simplicity and cost-effectiveness are vital [82].

Overall, while AC circuits have many advantages, it is essential to consider their disadvantages when designing
electrical systems. By understanding the limitations of AC circuits and weighing them against their benefits,

engineers can make informed decisions to ensure optimal performance and reliability in their designs.
28 | Conclusion and Recommendations

The findings from this study on AC circuits have provided valuable insights into the behaviour and
characteristics of Acs in electrical systems. It has uncovered the complex dynamics of AC circuits, including
the effects of resistance, capacitance, and inductance on voltage and current. Some of the key findings from
the study include the importance of impedance in AC circuits, which is a measure of the opposition to the
flow of current. By understanding how impedance affects the current flow in a circuit, engineers and
technicians can design more efficient and reliable electrical systems. This study has also shed light on the
phenomenon of resonance in AC circuits, where the impedance of a circuit is minimized at a specific
frequency. This knowledge has practical applications in the design of filters and tuning circuits for various
electronic devices. The findings obtained from this study have laid the foundation for the development of
modern electrical engineering principles and practices. By building upon this knowledge, researchers can
continue to advance the field of AC circuit analysis and design, leading to more innovative and efficient
electrical systems in the future. In light of the aforementioned views on AC circuits, the following
recommendations are suggested:
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I. Proper grounding: one of the most critical recommendations based on AC circuits is to ensure proper
grounding of electrical systems. Grounding helps prevent electrical shocks and ensures the safety of
individuals and equipment. It also helps reduce EMI and improve the system's overall performance.

II. Protective devices: another essential recommendation is to use protective devices such as circuit breakers,
fuses, and surge protectors in AC circuits. These devices help to protect the system from overloads, short

circuits, and voltage spikes, which can cause damage to equipment and pose a safety hazard.

III. Regular maintenance: it is essential to conduct regular maintenance of AC circuits to ensure their proper
functioning and longevity. This includes checking for loose connections, inspecting insulation, and testing
the performance of components such as capacitors and inductors. Regular maintenance can help to prevent

unexpected failures and downtime.

IV. Proper sizing of components: this study has shown that proper sizing of components such as wires,
transformers, and capacitors is crucial for the efficient operation of AC circuits. Undersized components can
lead to ovetheating and voltage drops, while oversized components can incur unnecessary costs and
inefficiencies. It is important to carefully calculate components' required ratings and capacities based on the

system's specific requirements.

V. Consideration of harmonics: this study has also highlighted the importance of harmonics in AC circuits.
Harmonics are unwanted frequencies that can distort the waveform of the AC signal and cause issues such
as overheating, equipment malfunctions, and power quality problems. It is crucial to design AC circuits with
proper filtering and mitigation techniques to reduce the impact of harmonics.

By following these recommendations, engineers and technicians can design, install, and maintain AC circuits
that meet the required standard of performance and reliability, ensuring the safe and efficient operation of
electrical systems. Proper grounding, use of protective devices, regular maintenance, proper sizing of
components and consideration of harmonics are vital factors when working with AC circuits. By
implementing these recommendations, AC technology's continued success and advancement in various

applications can be ensured.
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