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CHAPTER 1

Electrical distribution network:
An introduction
Baseem Khan
Department of Electrical and Computer Engineering, Hawassa University, Hawassa, Ethiopia
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1 Introduction

Distribution carries energy from the transmission point and supplies it to

users. It is the last step in the supply of electricity. Low-voltage substations

(distribution substations) link to the transmission lines through transformers

and lower the voltage of the transmission to a medium level, which ranges

from 2 to 35kV. Fig. 1 shows a circuit diagram of the electrical power system

[1,2].

The primary goal of distribution is to supply energy to customers after

obtaining large amounts of power through a transmission substation. Pri-

mary and secondary (customer) substations are the two main types of

3
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distribution substations. The customer substation communicates with the

low-voltage (LV) network, whereas the major substation serves as a load

center. A customer substation is a distribution room that is often provided

by the client. The transformer and a number of high-voltage switchgear

panels can be accommodated in the distribution room to permit LV connec-

tion to the customer’s incoming switchboard [3].

Transmission and distribution meet at a power substation, which has

many functions. The transmission grid can be disconnected from the substa-

tion, and distribution lines can be terminated with circuit breakers and

switches. Transformers convert high-voltage transmission lines (35kV or

more) to low-voltage main distribution lines. This is a medium-voltage line

with a voltage range of 600–35,000V. The transformer delivers electricity to

the bus-bar, which can divide the power for distribution in many ways. The

bus transports energy to distribution lines, which subsequently deliver it to

customers [4].

The distribution network might take the shape of overhead wires or

underground cables, depending on the geographical area. In metropolitan

areas, cables are often employed, but in rural regions, overhead lines are

used. In order to meet the required supply reliability, various network

designs are conceivable. To ensure that the distribution network runs

smoothly, protection, control, and monitoring equipment is installed.

2 History

When electricity began to be created at power stations in the 1880s, electric

power distribution became necessary. Previously, power was typically gen-

erated onsite. The first power distribution systems built in European and

American towns were with arc lighting (approximately 3000V) alternating

current (AC) or direct current (DC) and incandescent lighting (100V) DC.

G RS SS

Central
Station

Step-up
Transformer

Step-Down
Transformer

Primary
Transmission

Receiving
Station

Secondary
Transmission

Step-Down
Transformer

Sub-station

Primary
Distribution

Secondary
Distribution

Consumer’s
connection

440/230V

3.3kV
33/3.3kV132/11kV11/132kV

Distribution
Transformer

Fig. 1 Electrical power system.

4 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



For street lighting, arc lighting is used while gas is replaced by incandescent

lighting for household and commercial illumination [3].

As high voltage is utilized in arc lighting, a single generating station may

power circuits that are up to 11-km long [4]. For transporting four times the

power, the voltage is doubled with the same size conductor and power

losses. In 1882, the Edison Pearl Street Station was built, but it had trouble

reaching consumers more than a mile distant. This was because of the use of

a 110V LV system. This system required conductor lines (thick copper) and

generating facilities within 2.4km of the furthest consumer to prevent cables

that were too large and costly.

3 Structure of power distribution network

A power system developed near or within a city or industrial zone is known

as a distribution system. It receives electricity through transmission lines.

A step-down transformer is used to reduce the high transmission voltage

to low distribution voltage [5–8]. Generally, electricity distribution is per-

formed at 11kV. It can vary from 2.4 to 33kV, depending upon the demand

and type of customer. The structure of the electricity distribution network is

depicted in Fig. 2.

3.1 Distribution system components
Generally, an electric distribution system consists of [9]:

• Low-voltage substation

• Feeder lines

From
Transmission

Distributor

Feeder Feeder

Distribution Sub-Station

Distributor

Fig. 2 Structure of a power distribution network.
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• Transformers (distribution)

• Distributors

• Service mains

Switches, protection devices, measuring devices, and other components are

included in a distribution system.

A. Feeder lines

The voltage, which is stepped down, is carried via feeder cables after

the substation through the distribution transformers. No tappings are

taken from the feeders in the majority of situations, ensuring that the

current remains constant. The current-carrying capacity is the most

essential aspect to consider while constructing a feeder (Fig. 3).

B. Transformer (distribution level)

A transformer at the distribution level, sometimes known as a service

transformer, is the last transformer in the power network. Generally, it is

a three-phase step-down transformer. It steps down the input supply to

400Y/230V. The phase voltage (the voltage between any phase and the

neutral) is 230V while the line voltage is 400V.

C. Distributors

The transformer’s output is passed through the distributor. The

distributor’s tappings are used to distribute electricity to users. In a

distributor, the flow of current is not continuous because tappings are

performed at different locations along its distance. As a result, the drop

in voltage over the distance of a distributor is the most essential element

to consider.

D. Service main

This is a tiny cable that runs from the nearest pole’s distributor con-

ductor to the customer’s premises.

Circuit Breakers

Sub station Bus

Circuit Breakers

Radial Feeders

Fig. 3 Feeders.
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4 Classification of distribution network

Distribution systems can be classified as follows [10].

4.1 Type of nature of current
Based on the type of the current, distribution systems may be divided into

the following categories:

• Direct current (DC)

• Alternative current (AC)

4.1.1 DC distribution system
DC technology was used to build the first electrical distribution networks,

which were built by Edison near the end of the 19th century. AC systems,

on the other hand, proved to be considerably better than DC systems at the

time, and AC systems were widely employed for power production, trans-

mission, and distribution. The fact that electricity is nearly entirely pro-

duced, transferred, and supplied as AC is general information. Some

industrial systems, however, necessitate the use of DC power. Electrical

machines such as DCmachines and industrial processes such as electrochem-

ical processes demand DC power.

The DC supply from the substation might have the following forms:

• Two-wire

• Three-wire

A. Two-wire

This distribution system is made up of two wires (+ and �), as the

name suggests. The positive (+) wire is the outgoing conductor while

the negative conductor provides the return path. Between these two

wires, loads are interconnected. The two-wire system is shown in Fig. 4.

B. Three-wire

As shown in Fig. 5, this is made up of two outside wires and a neutral

conductor in the middle, which is earthed at the substation. The differ-

ence in voltage between the outer and neutral conductors is two times

the voltage difference between the outer and neutral wires.

High-voltage loads (such as motors) are linked in parallel to the outside

conductors while low-voltage loads are linked among the outer and the

neutral.

4.1.2 AC distribution system
Electricity is basically generated, transmitted, and distributed in AC form.

A distribution system normally starts at a substation from which a

7Electrical distribution network: An introduction
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transmission network delivers power. The distribution system may start at

the generating station in some cases, such as loads available near the gener-

ating system. The terms primary and secondary distribution are used for large

areas and industrial locations. The detailed description of these two types of

distribution systems is as follows:

• Primary

• Secondary

A. Primary

This operates at slightly higher voltages than normal and can handle

larger amounts of electricity than a regular low-voltage consumer.

Because of the expense, primary distribution is done with a three-phase,

three-conductor network.

The energy from the generator is sent to a substation at a high poten-

tial. Afterward, the potential is lowered to 11kV using a step-down trans-

former. Fig. 1 shows the basic principle of a main distribution system.

DC/AC
Inverter

DC/DC
Converter

AC
Transmission

Load 1

Load 2

AC/DC Sub station

Fig. 4 Two-wire system for distribution.

DC/AC
Inverter

DC/DC
Converter

AC
Transmission

Load 1

Load 2

AC/DC Sub station

Fig. 5 Three-wire system for distribution.
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B. Secondary

The rating of secondary AC distribution is 400/230V. It is a three-

phase, four-conductor network. Electricity is distributed to a number

of distribution substations via the major distribution circuit. As illus-

trated in Fig. 1, the line potential is 400V while the phase potential

is 230V. Domestic loads that are normally one-phase are linked to

the neutral via any one phase. On the other hand, commercial loads,

which are generally three-phase, are linked directly to the three-phase

lines. The AC method is currently extensively utilized for distributing

electricity due to its simplicity and cost effectiveness compared to the

DC system.

4.2 Based on the types of connection
Based on the scheme of connection, distribution networks can be catego-

rized into the following categories:

• Radial

• Ring main

• Interconnected

A. Radial

This system utilizes distinct feeder lines extending from a substation

and serve the distributor conductors from just one end. A radial distri-

bution system is depicted as a single line diagram in Fig. 6. This type of

distribution is useful when the supply voltage is low and the substation is

within the city. The advantages of this system are its simplicity and low

initial cost.

It does, however, contain the shortcomings listed below.

(1) The distributor’s end near the supply point will be severely loaded.

(2) All the customers are served by a lone distributor and feeder.

Source

Main Feeder
Laterals

Load

Load

Load

Load

Load

Load

Load

Load

Fig. 6 Electricity distribution in a radial way.
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(3) As a result, outages in any feeder or distributor lines cut power to

customers on the fault’s side.

(4) Considerable voltage deviations are faced by the consumers at the far

end due to fluctuations in the load on the distributor.

Because of these drawbacks, this technique is only employed over

small lengths. For further expansion of the radial network, more laterals

and sublaterals are required.

B. Ring main

As the name indicates, in this system the distribution transformer’s

primary winding creates a ring. It is initiated from the bus-bars of the

substation, loops over the service area, and then returns to the substa-

tion. Fig. 7 shows the ring main system.

Some of the advantages of the ring main system include:

(1) The distribution quality is good as there are fewer voltage deviations

at the consumer end.

(2) The reliability of the system is increased compared to the radial sys-

tem as each distributor is supplied by two feeder lines. Therefore,

with an outage in any part of the feeder, the supply will be contin-

uously available.

Load

Load
Load

Load

Main Feeder

Source

Fig. 7 Ring main system.
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C. Interconnected network

The ring of the feeder of an interconnected system is electrified by

two or more sources. Fig. 8 depicts a single line representation of an

interconnected system.

The following are some of the benefits of an interconnected system:

(1) It improves service dependability.

(2) Any region served by one producing station can be fed by other gen-

erating stations during peak demand hours. This diminishes the sys-

tem’s backup power capacity while increasing its efficiency.

5 Features of ideal distribution system

It requires a lot of effort to keep energy distribution that fulfills the demands

of numerous categories of customers. For adequate distribution of electric-

ity, different criteria include:

• Proper voltage

• Energy availability on demand

• Reliable system

Source 1
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Source 2

Laterals

Main Feeder

Fig. 8 Interconnected systems.
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5.1 Proper voltage
Voltage deviation at the user’s end must be as low as possible. It is a critical

criterion. Load variation on the system typically causes variations in voltage.

Low voltage results in revenue loss, inadequate lighting, and the risk of

motor burnout. High voltage can permanently burn out bulbs and cause

other equipment to fail.

5.2 Energy availability on demand
Consumers must be able to obtain power in any amount they demand at any

time. Without notifying the electric utility, motors and lights can be started

or stopped, and lights can be switched on or off. The distribution system

must be able to satisfy customer load needs because electrical energy cannot

be stored. This requires that operation staff research load trends on a regular

basis to anticipate big load fluctuations that follow established schedules.

5.3 Reliable supply
The operation of modern industry is nearly entirely reliant on electric

power. Electric power is used to light, heat, chill, and ventilate homes

and office buildings. This necessitates dependable service. Electric power,

like everything else created by humans, can never be completely trustwor-

thy. However, there are a number of things that may be done to improve

reliability:

• System interconnection.

• Automatic control system.

• Reserve facility incorporation.

6 Design requirements

A distribution network’s voltage control is most likely the most significant

aspect in providing good service to customers. Feeder and distributor design

must be carefully considered for this reason.

6.1 Feeders
The current carrying capacity of a feeder is the most essential feature because

the voltage drop is very negligible in it. This is the case because voltage-

regulating technology at the substation can compensate for voltage drops

in a feeder.
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6.2 Distributors
When constructing a distributor, the voltage drop is taken into account. This

is because consumers are serviced by a distributor, and potential fluctuations

at the consumer’s terminals are restricted by law (6% of rated value).

6.3 Earthing
It is critical that distribution systems are properly earthed so that high volt-

ages do not occur on individual customer connections.

The points connected to the earth are the transformer secondary output,

the load point with a local meter and protection fuse, the neutral conductor

of the four-wire system, and the star point of the low voltage winding on the

step-down transformer. Fig. 9 shows the protective multiple earth system.

The protective multiple earth (PME) system protects the metallic cov-

erings and equipment from the supply. This system prevents dangerously

high voltages that could jeopardize people’s lives.

7 Conclusion

A brief overview of the electrical distribution system is presented in this

chapter. The chapter discusses the background and history of the distribu-

tion system. The structure of the network and its types are also discussed in

detail. Moreover, the features and design requirements of the electrical dis-

tribution network are also discussed.

Substation

Load 1 Load 2

Transformer

Fig. 9 Protective multiple earth system.
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1 Introduction

Power is generated at the generating plant and transmitted at a higher voltage

through transmission lines. Distribution substation transformers scale down

the transmission system voltage to lower levels. The part of the power net-

work between the distribution substation and the usage transformers is

known as the primary distribution system. The primary distribution system

is made up of circuits known as primary or distribution feeders that begin at

the distribution substation’s secondary bus. In big industrial or commercial

applications, the distribution substation is generally the point of electric

power supply [1].
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Distribution networks provide a critical and often challenging role in

ensuring that we, the customers, receive dependable and safe power. Com-

pared to their transmission counterparts, they often have lower budgets and

considerably broader service regions. As a result, network management is a

major endeavor. Obviously, each network region and the difficulties it faces

are distinct. However, it is thought that there are a number of common

points that impact the majority of operators [2].

Customers must call to report an issue because the network, particularly

at lower power levels, has little or no real-time monitoring. Although some

automatic control actions are available, remote control is only available to a

limited extent. At lower voltage levels, an “automated” reaction may consist

of merely removing a load, generator, or network segment until an engineer

arrives.

2 Problems associated with distribution system

The traditional distribution network faces various problems [2]. Some of

these issues are presented in Fig. 1.

2.1 Inadequacy of the existing grid
The traditional sustainability of the large-scale power grid (generation and

transmission) has already been deteriorating for more than a decade and is

anticipated to continue to do so at an increasing rate [2].

Traditional power
system is

experiencing Stress
and Strain

Power
System Adequacy is
further Deteriorated
by Climate Change

Reliability of the
Distribution System

seems to be
Insufficient

Inadequacy of the existing grid

Fig. 1 Inadequacy issues in the existing grid.
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A. The traditional power system is experiencing stress and strain

The large-scale power grid is just failing. The cost of depreciation

surpasses the cost of fresh investment. Because of the following reasons,

economic expansion is not catching up with network degradation [3]:

(1) The rate of continuous exponential rise in power consumption

has slowed.

(2) Environmental and sustainability-related legislative and regulatory

hurdles obstruct, if not outright impede, the siting, building, and

operation of new grid infrastructure.

(3) In a more competitive economy, the costs of new generating, trans-

mission, and distribution plants is rising, and any major new con-

struction means increased rates for customers.

(4) Utilities stand a substantial danger of not recouping all their

expenses, much alone receiving a sufficient return on new infra-

structure investments.

As a consequence, the traditional large energy grid is starting to show

its age, and it is progressively being maintained in “run to fail” mode. As

a result, significant disruptions have almost quadrupled each 5years over

the last 20years.

B. Power system adequacy is further deteriorated by climate change

Climate change puts grid adequacy at jeopardy. Apart from the con-

tentious relationship between climate change and the use of carbon-based

fuels in utilities, the frequency, length, and intensity of weather events

have been progressively increasing. Even though the ultimate causes

are debatable, the negative impact on grid dependability is obvious [2].

In the meantime, when it comes to climate change, society is

increasing opposed to the use of carbon-based fuels, believing that they

are partly responsible for climate change. Moreover, the use of “dirty”

or hazardous fuels pollutes our air, land, and water more and more.

“Perception is reality,” as the old adage goes. If users start believing

this or accepting it, you are impacted by it. It not only restricts the

deployment of new power generation, but also the operation of cur-

rent generation [4].

C. The reliability of the distribution system seems to be insufficient

Distribution network breakdowns generate more customer support

disruptions than large electric grid breakdowns. Although the electric

grid’s capability is deteriorating, flawless large electric utility depend-

ability does not imply perfect distribution grid reliability. However,

as in the digital world, it will become extremely relevant.

19Electrical distribution network: Existing problems

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



2.2 Physical and cyber security issues of the conventional grid
The power network architecture is vulnerable, as if there weren’t already

sufficient risks to system sufficiency and dependability. Although data pro-

tection has received a lot of attention in the business, it is not the sole or even

the most significant issue. Information security may ultimately pose as awe-

some a danger to power system reliability as it does to utility company and

consumer data protection, as the power system is becomingmore virtual and

automated. But even more alarming, the grid is incredibly vulnerable in

terms of physical security [2,5].

There isn’t a vital component in the network (e.g., production, transmit-

ting, or distributing) that can’t be accessed by almost anyone, generally with-

out even being observed or screened by the company or any other agency.

Even if they don’t reach or cut through the barrier, they may certainly get

close enough to deliver a punch and surely close enough to fire a rifle or

rocket-propelled grenade. Direct assaults on the network, including the

main electric grid and energy distribution systems, are now on the increase.

Identifying and reacting to direct assaults as well as predicting and avoiding

them will become especially critical.

One of the most serious cybersecurity concerns of the day may be the

grid’s physical vulnerability. Even so, the web is reliant on consistent energy.

There can be no web without power. The only way to assure a dependable

web in the present state of things, with the electric grid’s deteriorating reli-

ability and worrying physical insecurity, is to discover solutions to traditional

network connectivity.

2.3 Traditional vs future grid
Customers are looking for options to traditional grid service as costs go up,

dependability falls, and sustainability has become more essential. They come

up with a growing number of methods to spend less money with their dom-

inant cost-plus monopolistic utilities. Companies often seek sustainability

and energy economy, which are the most straightforward and reliable

options [2,6].

With demand response and crucial peak pricing efforts, utilities have

helped customers become more aware of their energy consumption and

alternatives. Those were all designed to alter consumer habits to keep the

traditional system alive. Consumers, on the other hand, are not driven to

modify their habits to help their electric company stay afloat. However,

people are much more concerned with more practical and cost-effective
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methods to get, control, and consume electricity with their own life quality,

company productivity, and investment goals.

Consumers are prepared to give up only so much in terms of comfort to

reduce consumption, even during periods when they need electricity the

most. They generally seek to restrict consumer usage at peak hours when

providers are looking to buy electricity. Consumers are discovering new

options on their side of the system, including distributed generation (DG)

units such as traditional emergency power, solar rooftop panels, combined

heat and power (CHP) plants, or even microgrids. With the introduction of

electric vehicles, battery banks, smart homes and buildings, and other tech-

nologies, even the way customers use and manage their electric energy is

changing dramatically.

2.4 Integration of distributed generation, energy storage with
management systems
The traditional power system is supplied by company-owned generating

facilities. These are deployed from a centralized spot to transfer electricity

through power lines that transport it to load centers, where it is distributed

to users via utility meters. Distributed generation, storage, and administra-

tion are turning this centralized, one-way approach on its head. At the grid’s

distribution edges, there are currently hundreds of thousands of energy gen-

eration units on the consumer sides of the meters [2,7].

Self-generation is seen in about half of all major enterprises. Between

now and 2030, it is anticipated that nearly all new generation capacity in

the electric grid will be customer-owned and operated, accounting for

30% of total capacity.

The use of distributed energy is increasing at an exponential rate. Con-

sider the rapidly expanding market for distributed solar PV production.

Every 3–4min, a new rooftop solar array is installed.

2.5 Incorporation of novel disruptive enabling techniques
This is a sort of innovation that fundamentally alters the way consumers,

businesses, and organizations operate. Disruptive technology washes away

the institutions or practices it substitutes because it has plainly superior

features.

A fast expanding variety of new power, electrical, information, and tele-

communications technologies, gadgets, and applications underpins the

advances mentioned above. For the same reasons that Moore’s Law holds
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true for integrated circuits, their performance vs. cost improves rapidly. That

is, their prices are constantly decreasing while their worth is steadily increas-

ing. This hastens the demise of traditional energy production, transmission,

distribution, sales, administration, and usage methods, which have all hit the

limit of their usefulness while continuing to rise in price [2,8].

Technological advances are nonetheless changing the power system

from the boundaries inside, but they are also addressing the problems they

provide as well as taking advantage of totally novel opportunities. Electricity

companies should keep on top of who they are, what they are doing, and

how they might effectively use existing resource scheduling to run and gov-

ern their growing, difficult, and complex operations.

2.6 Enhance complexities
The cost-plus monopolistic business model, which is fairly simple, vertically

integrated, centrally monitored, and regulated, will be on its way out. Inside

its replacement, a novel, decentralized paradigmwith more elements is gain-

ing traction. Power companies are unlikely to control and supervise these

from a centralized location. Consumers will still own and run them auton-

omously to their own advantage. They’ll be tiny, irregular, and perhaps

unpredictable. These would not be run solely to preserve the old grid’s

dependability and efficacy [2,9].

By adding, the ever-increasing number of electric cars that constitute

roaming electricity utilization are also equivalent to a household’s

demand. The electric energy industry defies conventional centralized

supervision and control. In the presence of probabilistic rather than

deterministic factors, new techniques of detecting, assessing, and oper-

ating electric distribution networks will be required. A really smart dis-

tribution grid, not simply so-called “smart” meters and time-of-use

pricing systems, will be required to accommodate more autonomous

moving parts.

The “grid edge” is the term used to describe this area. The much

more significant and far-reaching changes in the electricity company sec-

tor in the near future will occur at the grid’s distribution edges, rather

than in the bulk power grid. The majority, if not all, of these changes

will occur on the consumer side of the devices. This presents utilities (dis-

tribution) with significant difficulties as well as wonderful possibilities to

provide new and improved goods and services to their customers and

localities.
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Not only is complexity linked to planning, operations, andmanagement,

but it’s also linked to data management, or “big data,” data that must be per-

ceived, evaluated, and acted upon in real time.

2.7 Revamping of generation cost and revenue computation
Generation costs, both variable and constant, are continuously increasing.

Transmission and distribution costs are also increasing. Doing business is

becoming more expensive. Utility earnings from electricity services, on

the other hand, are falling owing to savings, efficacy, microgrids, and market

competitiveness. The usual method of raising prices to achieve financial sus-

tainability with a profit simply encourages consumers to explore other

options [2,10].

Energy sector companies typically earn the bulk of their income from

payments for electricity consumption, which is a variable amount, while

most of their expenditures are related to capability, which is a set amount

that does not reduce when energy demand decreases. Alternatively, in the

presence of a grid edge, their expenses do not fall as often as their

earnings.

Energy is delivered in varying volumes from moment to moment, and

the price of delivering it varies according to the time duration. It is made up

of the result of several types of fuel-burning power plants. Consumers, on

the other hand, are charged in a single amount or in advance. Commodities,

fuel, appliances, and most other items are not purchased in this manner.

Conventional price and cost determination techniques aren’t adequate.

As well, the main goal couldn’t be to ensure revenue recovery and a fair

return. This type of assurance is not available to any other entity. Companies

should charge a premium that is commensurate with both the perceived

worth of their products and services in contrast to rival options. Quite often

the cost will be higher than the cost, and other times it may be lower.

A successful business’s brilliance is earning greater profits, despite the

high danger associated. Companies will be expected to deliver products

and services based on what consumers would spend in the electricity indus-

try, even while considering how to preserve the company’s current eco-

nomic health via best organizational processes.

2.8 Digital reevaluation
Utilities, like any other corporation, should change into completely digital

companies in order to remain competitive. This only enables the continuous
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operation of business while maintaining the flexibility, personalization, and

availability that consumers have come to expect from other organizations

[2,11].

The creation of a website for energy utility enterprises is a transition into

the digital business. It entails becoming able to transact virtually in the same

way that you would in reality, if not faster. It entails a significant presence on

social media as well as being larger in cyberspace than in the real world. New

rivals will emerge as digital businesses, free of the constraints of having to

mitigate an existing, nonvirtual corporate culture and structure.

A contemporary, smart power grid will be a digital grid in addition to the

company being virtual. The fields of information technology and operations

technology must grow and combine. In reality, the contemporary distribu-

tion system will bring the power system and the Internet of Things together.

To reiterate, not only would the web be impossible without power, but so

would a modern, intelligent grid.

2.9 Information and communication technologies
The widespread presence of high speed, two-way communication channels

is the foundation for a digital company. It refers to high-speed Internet.

Without it, becoming a digital company or having a contemporary smart

power network will be difficult. All equipment, applications, information,

and actions will be unable to integrate and interoperate until they are all

immediately connected to the web [12].

The grid edge’s diversity and complexity will necessitate the surveillance,

analytics, and automating of the distribution network as well as grid edge

elements. Closed corporate divisions of equipment, telecommunications

networks, datasets, and software will not be able to do this. It necessitates

three-dimensional interconnection. Each piece of equipment, software,

and communication method should communicate with others in a consis-

tent way. This is independent of manufacturer standards. It all has to run

within the same system. That framework, of course, must be broadband

Internet.

It is feasible that a distribution system will be able to accomplish what-

ever it requires on the open network in the future if it is commonly acces-

sible. If it isn’t already, it should be the beginning for a utility’s

technological system in order to support a good strategy. To reiterate,

not only will the web be unfeasible without power, but so will a sophis-

ticated, smart network.

24 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



2.10 Requirement and development of trained manpower
There are three aspects to the manpower problem. For starters, the power

sector’s long-term consistency has resulted in job longevity that is

unmatched in many other industries. Therefore, companies are dealing with

an elderly staff that is quickly dwindling. The outgoing employees have years

of organizational experience and knowledge. As a result, companies are

faced with the task of attracting, hiring, retraining, and keeping new staff.

At the very same moment, companies will require totally new skills and

experiences to cope with the new power system elements and complexity.

This necessitates the hiring of new types of personnel as well as the emer-

gence of new communication and information technology (ICT) skills [13].

3 Impact on electrical power utilities

Innovative, advanced techniques will dramatically enhance the overall per-

formance cost. There will also be innovative and disruptive techniques and

business practices from time to time that constitute great leaps rather than

constant though exponential progress. To cope with a rapidly evolving

and mostly unpredictable future, companies will need extraordinary flexibil-

ity and creativity. The best approach to decrease uncertainty and risk is to

accept and influence the future rather than resisting it. The much more

effective distribution network will be the one that initiates radical transfor-

mation rather than the one that overlooks or fights it [14].

To address the problems outlined above and the many more that will

develop as well as capitalize on the possibilities that they provide, they must

be acknowledged, recognized, and embraced. Power companies cannot

thrive by preserving the past in a back room while attempting to exclude

recruits.

4 Conclusion

At the other end of the line, the distribution network links the transmission

system with its customers. Due to the direct connectivity of the distribution

system with customers, so many challenges are faced by this system. The

inadequacy of the system, physical and cyber security, the integration of dis-

tributed resources, disruptive enabling techniques, and information and

communication technologies are creating the recent challenges facing the

future electrical distribution sector.
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1 Introduction

Electricity distribution systems are responsible for transferring electricity

between both the power grid and end consumers and also performing volt-

age conversions. This component of the power grid is also in charge of inte-

grating dispersed generating power and keeping voltage levels and power

quality in prescribed limits. As a result, this part of the electricity system

has the greatest impact on consumer perceptions of power quality [1].

The system has lately taken on a more active role, and it is now in charge

of incorporating power generation from distributed units deployed

throughout the system.

Furthermore, additional advancements are predicted, such as automated

voltage regulation, significant integration of distributed energy sources, stor-

age devices, electric cars, and, especially, bidirectional power flow.

The evolution of electric distribution networks is also described as a

“smart grid.” While the names are interchangeable, active distribution net-

works (ADNs) are concerned with the incorporation, deployment, and
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monitoring of large-scale deployments of distributed generators with energy

storage systems in distribution system (DS). The phrase “smart grid” is fre-

quently attributed to a broader area that includes bulk production, transmit-

ting, and the use of improved measurement techniques enabling earlier fault

identification and self-healing capacities to reduce interruptions.

2 Various components of ADN

An active distribution network (ADN) has different elements that can be

classified as follows.

2.1 Components with existing system
• Substations

• Distribution feeder

• Transformers

• Cabling

• Metering and control equipment.

2.2 Added components with ADN
• Distributed generators

• Microgrid

• Demand side management (DSM) techniques

• Electricity markets

• Smart metering

• Variable electricity pricing

• Heat pumps

• Electric vehicles

• Information and communication technologies (ICT)

The distribution power station needs to connect the primary transmission

line to the subtransmission system, converting high tension to medium ten-

sion voltage levels. These voltage levels are used on the main distribution

system, in which many transformers are linked together to transform

medium-tension to low-tension voltage levels. It is appropriate to meet

the domestic and business category customers’ demands in the supply system

at the secondary level. As per the needed topology and operating current and

voltage, this system is linked with a set of four-wire, three-phase overhead

and subterranean cables.
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Most of the electric factors such as current, voltage, and maximum

power are monitored regularly in the power station. It has become frequent

to also observe the distribution transformers, distribution feeder lines, and

terminating nodes to facilitate power failure identification and track the

quality of power on the network.

Furthermore, modifications to the energy metering system are necessary

to effectively implement the electricity regulatory frameworks. It enhanced

flexibility and lowered the prices of microcontrollers and information and

communication technologies. These technologies have enabled the deploy-

ment of automated metering systems that measure and record power and

energy usage in a dynamic manner. Fig. 1 shows the transition of the power

industry.

2.2.1 Distributed generation
Distributed generation (DG) generates electricity on a local level, whether

using traditional or renewable energy methods. Numerous factors contrib-

ute to its mass acceptance: DG improves delivery performance by shortening

the length and power conversions among consumption and production; it

can also delay grid improvements by boosting locally accessible energy

capacity. However, the ability of large DGs to effectually incorporate green

energy sources is strongly motivated by their numerous environmental and

technical advantages [2].

A. Photovoltaic solar

The photovoltaic solar (PV) technique turns light into power directly.

The solar cell, which is constructed of semiconductor materials, is the

individual photovoltaic element. Photovoltaic technology deployments

are categorized as:

(1) Large scale (utility)

(2) Small scale (commercial/residential)

These classifications are based on their power production capacity.

The former are centralized and have significant power production capac-

ity (>1MWp).Moreover, they are frequently linked to a utility network.

The second category has a lower output of electrical power (typically

ranges from 20kWp to 1MWp). They are also dispersed, and are directly

linked to a low-voltage system.

B. Microgas-based turbine system

These are tiny power producers that operate on the freestanding joule

cycle [3]. They typically range in size from 15 to 300kWe. Microgas
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generators are widely employed as emergency energy production sys-

tems, and have an overall system efficacy around 22%–30%. However,

many types are used in a combined heat and power (CHP) system that

simultaneously produce heat and electricity, thus enhancing efficacy to

more than 80%. This property makes them especially appealing for appli-

cations that require both power and heat, such as residential areas, hos-

pitals, and business buildings. Microgas turbines, in general, have a

number of benefits such as great dependability, fast operation, and little

maintenance [4].

C. Wind

Distributed wind energy sources can be placed at domestic, business,

industrial, or community sites. The capacities of such systems can vary

from 5kW tomultimegawatts for different locations at a production plant

or linked to a regional supply grid.

The following characteristics are used to classify the distributed wind

energy system:

• Wind turbines (WTs) erected at the load point for supplying

onsite power requirements or auxiliary support for system opera-

tion of a distribution system are known as proximity to end-use

wind turbines.

• WTs linked to the consumer end of the meter and connected straight

to the low-voltage supply network or off-grid in a distant area are

referred to as point of interconnection.

Households, schools, farms, ranches, companies, cities, villages, and

rural places all benefit from distributed wind energy systems, which pro-

vide reliable electricity generation.

D. Fuel cells

These have a remarkable ability to turn a large percentage of the

chemical energy in a fuel into electricity. Fuel cell power facilities are

approximately twice as efficient as traditional power plants, even without

cogeneration, with efficiencies nearing 60%. Fuel cells contribute consid-

erably to a cleaner environment by emitting significantly fewer pollutants

and producing mostly hot water and tiny quantities of carbon dioxide as

byproducts. Fuel cells can also be installed at or near load centers because

of their modular design, saving money on transmission network expan-

sion. The commercial usefulness of fuel cells is progressively being rec-

ognized by the industry.
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E. CHP

Cogeneration (combined heat and power) is a term used to describe

the process of combining energy and heat generation. It is the process of

concurrent generation in which working heat and electrical energy are

generated by using the same production process. Different from the con-

ventional energy production process, combined heat and power plants

can be placed near energy users. Fig. 2 shows the process of a CHP plant.

F. Energy storage

These systems enable power to be saved and delivered in bright and

breezy seasons. Although it may appear to be a simple idea, energy storage

may be accomplished in a variety of ways.

• Compressed air

• Pumped-storage hydroelectricity

• Flywheel

• Lithium-ion battery

• Liquid air

• Pumped heat electrical storage

2.2.2 Microgrid
This is a local energy power grid with monitoring and control capabilities

allowing it to function independently of the regular grid.

Boilers

Generation Plants

Fuel Fuel

CHP

Heat

Power

Conventional system
(Efficiency 40% to 50% approx.)

Combined Heat and Power system
(Efficiency 65% to 75% Approx.)

Fig. 2 Combined heat and power plant.
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It is a network of interrelated demands and power sources in a distributed

manner that works like a unified controlled system, connected to the utility

grid through circuit breakers. Different energy sources produce electricity

within their mentioned technical constraint limits. It can be worked as

grid-linked and islanded modes of operation based on the operating require-

ments. Fig. 3 shows a schematic diagram of the microgrid system.

2.2.3 DSM techniques
These techniques are related to the adjustments made to the network’s

energy demand with respect to the information sent by the independent sys-

tem operators, such as load shedding of the nonessential loads at the peak

energy consumption periods. Customers can, though, use recently estab-

lished variable pricing rates to deliberately adjust their power consumption

patterns in reaction to market changes by moving heavy demand burdens to

low-cost hours.

A. Demand-side management strategies

DSM techniques are used to improve the various load characteristics

such as load duration curve, load factor, and demand factor along with

minimizing the losses and overall cost. Basic DSM techniques consist

of load shifting, peak clipping, valley filling, etc. For that purpose, numer-

ous optimization methods such mathematical, metaheuristic, and artificial

intelligent are used.

In a DSM strategy, voltage is maintained in the distribution by

reducing the losses and load. This action is performed by utilizing a

home energy management system with an intelligent controller, which

responds to the varying energy rates on an hourly basis.

2.2.4 Electricity markets
To keep the load and supply balanced at all times, different power sources

must be deployed based on demand variations. Different energy genera-

tors have exclusive structures of generation costs, as these generators oper-

ate under specific operating scenarios. Utility companies determine which

energy generator to put in the system at any given moment depending on

a number of factors, including operating costs, energy demand forecasts,

weather conditions, and reservoir capacity. Different options available to

effectively charge customers for energy use are extremely changeable in

nature.
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2.2.5 Smart metering
These are devices that monitor and report energy usage for invoicing. Often,

these intelligent meters have two-way communication capabilities, allowing

them to send information about energy usage and generation (for example,

to deployed PV systems) back to the utility, and also other parameters (such

as quality, supply, and so on) that are used to monitor the network.

2.2.6 Variable electricity pricing
These methods are used to incentivize customers to move their electricity

usage from peak to off-peak hours, therefore stabilizing the demand on

the grid. This is done through the use of dynamic pricing techniques that

are more closely aligned with the true cost of power [5].

These techniques are as follows:

1. Monthly variable pricing

2. Time-of-use (TOU)

3. Critical peak pricing (CPP)

4. Critical peak rebate (CPR)

5. Real-time pricing (RTP)

2.2.7 Heat pumps
These pumps are used to transfer thermal energy from a low-temperature

node to a high-temperature node through heating and compressing the

refrigerant to the boiling point of the lower temperature. To transfer the ther-

mal energy from the refrigerantmaterial to the thermal sink, a heat exchanger

is used.The ground-supplied heat pump is a heat pump that converts one unit

of electricity into three thermal energyunits.As a result, its expansionmakes it

easier to reducenot just fossil fuel-dependent heating.Thedirect heatingused

in the heat pumps enhances the overall efficacy of the system.

2.2.8 Electric vehicles
In traditional cars, high energy-density fuels (mostly petroleum) are burned

to provide the necessary force for propulsion. An electric motor provides the

needed propulsion in an electric vehicle, and the required energy is obtained

through the battery system [6].

Different types of available electric vehicles (EV) are:

1. EV based on a battery.

2. EV based on an extended range battery system.

3. Hybrid EV.

4. Plug-in hybrid EV.
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The battery systems normally used in EV technology are:

1. Lithium ion (Li-ion).

2. Metal hydride (NiMH).

2.2.9 ICT for ADN
ICT is a term frequently used to describe the elements brought together via

telecommunication services, Internet technology, and audio-video

systems [7].

Basically, an ADN uses two-way communication with a real-time con-

trol system to integrate the renewable energy-based distributed generation

sources to increase system dependability and operation efficacy.

A distribution management system is used to integrate the distributed energy

into the whole energy market to control the load and voltage.

The ADN requires a wide area communication system to transfer the

data with control instructions between the onsite smart devices or master

and distribution points. The following are the features of the communica-

tion network used in ADN:

1. Because a DN has so many substations, switches, transformers, and com-

pensation devices, a high number of communication terminals is

necessary.

2. The communication network in the ADN uses a mix of the commu-

nication main channel and the cell branch communication network

because the distance between communication nodes is quite small.

3. The data flow in the ADN is significantly lower than in a transmission

substation.

Based on the above characteristics, the types of communication techniques

in the ADN are:

1. Power line carrier (PLC).

2. Fiberoptic communications.

3. Wireless public network communication.

4. Micropower wireless technology.

5. Fieldbus technology.

3 Active distribution network operation and control

The supply network is developed for working as a 3-Φ network with perfect

balance. This indicates that each phase’s voltage is the same magnitude with

120° phase displacement. Unbalanced demands, high capacity DG
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integration, and different network-related components create disturbances

in the system, necessitating the placement of elements (active and passive)

for operating the network near its operating limits.

There will be power quality issues when the operating limits are not met.

Voltage is the important parameter that should be kept within the limit.

Generally, the allowable voltage deviation in a distribution network is

10% [8,9]. Various voltage control methods are often employed. At the dis-

tribution substation, the primary voltage is regulated while the feeder linked

to the customers uses tap changers of transformers to maintain the voltage

level. Manually (for seasonal load fluctuations) or automatically, these tap

changers can be adjusted by utilizing automatic voltage regulators.

For example, a high level of distribution generation penetration and the

rising load of electric cars forces automatic voltage regulators to change over

many times every day, rather than just a few times as they were built for, in

systems needed to handle voltage operation utilizing automatic voltage reg-

ulators (AVRs). As a result, several of these systems’ operational lifetimes

have been significantly reduced [10]. As a result, in huge distribution systems

with higher integration of distributed generation and electric vehicles, an

automatic voltage regulator with capacitor banks can’t provide adequate

performance and voltage deviation is sometimes beyond the permissible

ranges.

However, the similar technology that caused these annoyances can also

assist in alleviating them. Several writers have looked into the possibility of

using the ability of photovoltaic system inverters to supply VARs (voltage

ampere reactive) for the necessary assistance to keep the system operating

within its limits [11–13]. As a result, future active distribution networks must

employ these characteristics to preserve network stability while also allowing

for greater integration of the distributed generation. At the load point,

emerging techniques could help sustain voltage levels by managing the load

response to system conditions. Fig. 4 shows the controlling of the active dis-

tribution network.

4 Problems associated with ADN

ADN is very useful for implementation of a smart grid as well as to improve

the operating efficiency of a system. But there are several issues that should

be addressed for the adequate implementation of the ADN in the existing

system:
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• Flexibility.

• Controllability.

• Adequate monitoring of the system state (state estimation).

• Placement of the monitoring devices.

• Microgrid optimization.

• Integration of EV technology.

• Power quality issues.

• Reactive power compensation problem.

• Integration of adequate demand response techniques.

Most of the issues discussed here are further explored and addressed in the

next chapters of this book.

5 Conclusion

This chapter provided a brief overview of the active distribution network.

Different components of the ADN such as distributed generations, micro-

grids, DSM techniques, electricity markets, smart metering, variable elec-

tricity pricing, heat pumps, electric vehicles, and information and

communication technologies were discussed in this chapter. Further, the

operation and control of the ADN is also presented. Different issues associ-

ated with the ADN are also discussed.

Distribution System
Management

Combined Heat
Power

Storage

Wind
Turbine

Photo Voltaic

DC/AC
converter

Fig. 4 Controlling of the active distribution network.
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1 Introduction

Distribution system state estimation (DSSE) is the method of finding the

state variable of a system by using some known measured data at a definite

place within the system. DSSE is typically a mathematical method that uses

measurements of data for computing state variables. However, state
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estimation (SE) is an intense and commonly utilized idea in the electrical grid

but isn’t widely applicable in DSSE and may show the way toward future

research. A distribution system (DS) is planned to transfer power from

the substation to the load. SE is the procedure of conveying significance

to a new system variable based on conformation and measurements attained

from the system. A variety of methods have been used to achieve an SE solu-

tion. New technological progress in distribution system automation

improves checking the system state to enhance the controllability of the sys-

tem. Using distributed generation (DG), microgrids and real-time measure-

ments lead to the development of a state estimator at the distribution

operation. Therefore, advanced measurement and monitoring devices such

as a flexible alternate current (AC) transmission system (FACTS), a phasor

measurement unit, and an intelligent electronic device are used to attain

dynamic real-time measurements. Fig. 1 shows a flow chart of the conven-

tional state estimator.

2 Distribution system state estimation

This is utilized to get the representation of the distribution system status at a

given time constant. The state of the system is the minimum set of variables

Input Data

Processing of Topology

Bad data
identification

Analysis of Observability

Program of State Estimation

Detection of
bad data?

State vector
estimation

No

Yes

Fig. 1 Conventional state estimator.
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that completely defines the power system by using transmission line topol-

ogy and line parameters. SE is a way of shaping the state of the system using

network measurement by minimizing definite parameters [1–5].
The main objectives of state estimation are:

• Detecting of measured bad data.

• Minimizing small errors.

• Topology error detection.

• Stipulation of estimates for the unmonitored part of the system.

• Estimating distribution system parameters using redundancy in

measurements.

3 Techniques and application of DSSE

3.1 Conventional DSSE
Fig. 2 shown below is an overview of the major process information flow of

SE. First, the topology processor proves that the network parameters are

correct, guaranteeing the distribution networkmodel is exact and up to date.

An observability study creates adequate measurement data of the existing

state estimation. Observability could be rapidly decided by testing the empty

space of the Jacobian matrix [6]. Lastly, bad data are processed to detect and

Inputs

e.g bus/branch data analog (Pf, Pl), digital(CB)

Processing of Network Topology

Observability Study

SE Technique

Identification and
processing of bad data

Interfacing
Human/machine

e.g load estimate and forecast

Network parameter System measurements Pseudomeasurements

Fig. 2 State estimation overview function.
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eliminate the information influenced by gross errors and noises, such as mea-

surement or communication failure [7–11].

3.2 Challenges associated with distribution system state
estimation
DSSE presents many challenges because distribution network characteristics

are different from transmission network ones, including [12–20]:
• Construction: Many distribution systems have radial construction

while transmission networks are interconnected with a high

resistance-to-reactance ratio.

• Redundancy: In a distribution system for economic and technical fea-

sibility, the number of measurement points is less compared to the trans-

mission grid. Therefore, the system is underdetermined.

• Measurement types: Measurements or pseudomeasurements of

power/current injections are now used as input data in the distribution

system, although the actual measurements of voltage and power are only

used on rare occasions.

• Scale and complexity: DSs are varied and have a huge number of

components.

• Phase imbalance: The conventional SE method assumes that the dis-

tribution system is a balanced system.

4 Measurement model

The measurement model used in DSSE can be described as follows [21–32]:

z¼ h xð Þ+ e (1)

where, z¼ (m�1) measurement vector,

x¼ (n�1) is the true state variable vector,

h(.) ¼ a (m�1) nonlinear vector function,

e¼ (m�1) measurement error vector, m¼number of measurements and

n¼number of state variables.

The standard options of the state variable are the bus voltage magnitude

and the phase angle. However, the data to be measured are the real and reac-

tive power flow, the node injections, and the magnitude of voltage.

4.1 Weighted least square (WLS)
Residual (r) is the difference between the measurement (z) and model

value (h(x)).
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r¼ z�h xð Þ (2)

In WLS,

J xð Þ¼
XM

i¼1

Wi zi�hi xð Þ½ �2 (3)

where wi is the weight to the ith measurement andM is the total number of

available measurements

J xð Þ¼ z�h xð Þ½ �TW z�h xð Þ½ � (4)

5 DSSE problem formulation

The distribution system SE problem formulation differs from the standard

state estimate because of the major distinction between transmission net-

works and distribution systems. The key distinction is that in DSSE, the

measurement function is modeled. As a result, this chapter examines two

important issue formulations for estimating the state of a distribution system:

5.1 Voltage-based DSSE
In this example, the magnitude and angle of the bus voltage in the transmis-

sion system are utilized as state variables [33]. This usual method has also

been engaged in DSSE.

5.2 Branch current-based SE (BCSE)
In this situation, a prominent set of branch currents are utilized as state

variables, which provide a significant path in the distribution system SE

formulation.

6 Types of state estimation

There are three main categories of state estimation based on the time variant

and time invariant of the measurement and the static dynamic model of the

power system state.

(i) Dynamic

(ii) Static

(iii) Tracking
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6.1 Dynamic
This also utilizes the current states and the previous estimates of the states.

Due to economic dispatching, security evaluation, and other activities that

may be performed in addition to the state estimate, system operators have

more time to make decisions.

6.2 Static
In this case, the data processing technique is utilized for metered data and

other information is processed into a vector estimator. The measured data

is time-invariant.

6.3 Tracking
The methods in this approach rely on the simple inclusion of a static state

estimate methodology. They provide current existing results of the system

state to renew their estimated results.

7 DSSE algorithm

DSSE is a numerical approach that uses a series of measurements from the

power system to calculate the best estimate of node voltage and phase angle

for each node. Although transmission system SE methods are superior in

terms of their straights, they can’t be used in DS because it has different fea-

tures as compared to the transmission system. Table 1 shows the character-

istics of a distribution and transmission network.

Many techniques that require minimum input data are implemented for

DSSE because it is not common or nonvariable to get sufficient measure-

ment in DS. Table 2 shows the DSSE algorithm comparison results.

Table 1 Characteristics of a distribution and transmission network.

Distribution system Transmission system

Radial topology Meshed topology

Power flows in both direction Power flows only in one direction

Lines and loads are variable Loads and transmission lines are constant

Observability isn’t accomplished Observable

High resistance-to-reactance ratio Low resistance-to-reactance ratio

50 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



8 Error classification

The observability study determines if the quantity of measurements supplied

is sufficient to predict the state vector. The state estimator estimates the volt-

age magnitude and phase angle at each bus using real-time data that include

both active and reactive power. Errors can be categorized into three different

classifications according to the severity of errors introduced into the teleme-

tered measurement.

8.1 Extreme error
This is the error in which the difference between the measured and actual

value exceeds 20σ, where σ is the measurement’s standard deviation.

8.2 Gross error (bad data)
When the absolute magnitude of the difference between the measured and

real value is between 5σ and 20σ, it is said to be an error.

Table 2 DSSE algorithm comparison results.

Type of
estimation Pros Disadvantages

Bus voltage

(Polar

form)

Estimating of amplitude and

angle of voltage directly

Nonlinear measurement

functions

More appropriate for

interconnected system

Computational loads are high

Rectangular

node

voltage

Many measurement

functions are linear

Measurement of current

magnitude has different

managementComputational speed is high

Appropriate to

interconnected network

Polar branch

current

Easy managing of

measurements of current

magnitude

More nonlinear measurement

functions

Computation burdens are high

Used for only interconnected

networks

Rectangular

branch

current

Measurement functions are

linear

For radial meshed networks

only

Very sparse system matrix

Computational speed is high
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8.3 Normal error
This error takes place when the absolute difference between the measured

and actual values is smaller than 5σ. Prefiltering the measurements eliminates

a large amount of erroneous data. Performing a simple check on the incom-

ing raw measurement data prevents further errors.

9 Detection and identification of bad data

SE senses and recognizes errors in measurement and tries to reduce it. Mea-

surements may comprise errors because of the erroneousness of meters or

communication media. Therefore, the estimator filters such kinds of

expected errors if measurements are suitably redundant. First, bad data pro-

cessing is achieved by computing the estimates several times. Every time one

measurement is detached from the measured data, it is a less effective tech-

nique and impractical as well. Therefore, the weighted least-square perfor-

mance index test J(x) is used to identify the bad data. To validate the

measures impacted by the main error, the standardized residual recognition

test is utilized. Bad data can be recognized by normalized residuals.

The capacity to recognize and classify faulty data and system configura-

tion errors is determined by a set of measures. The detection of incorrect data

is challenging because measurement redundancy is poor and load models are

ambiguous. In the weighted least square method, it is introduced after the

estimation process. When utilizing load profile data to detect faults in feeder

line flow measurements, the commonly used 3σ poor data identification

minimum is inadequate.

10 Observability of network

Different types of measurements in state estimation are:

(i) Analog measurement: bus voltage, active and reactive power

injection.

(ii) Logic measurements: the status of the switch and circuit breaker.

(iii) Pseudo measurement: forecasted bus loads and generators and pas-

sive node zero injections.

The state estimator processes the above measurements to predict the state.

The system is visible if the measurement state is sufficient and purely well

distributed for a precise state estimate. Extra measurements should be
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placed intentionally for the case of unobservability such as the inclusion of

pseudomeasurements.

11 Conclusion

This chapter provides a detailed analysis of different methods related to

DSSE in power systems. DSSE includes the forecasting capability in which

the future state of the system should be predicted. It is based on current vari-

ables that have been measured. Its capacity to forecast events is critical for

power system security and emergency controls. Due to the unobservable

nature of distribution systems, such as three-phase unbalanced systems, radial

topology, restricted real-time measurement, high resistance-to-reaction

ratio, and others, power system state estimation methods cannot be directly

applied to DSSE. DSSE research has been performed in past years and is

being unceasingly developed to satisfy the ever-evolving distribution sys-

tem. In recent years, research works on various standards of distribution sys-

tem state estimation methodologies have been introduced, taking specific

improvements and characteristics of distribution networks into account.

Many existing methods give an effective process for constructing online net-

work models. New methods and accurate data sources to eliminate the flat

race for extensive applications of DSSE are required. In spite of the high

interest of researchers in the past two decades, DSSE hasn’t been mostly

developed in distribution systems to date. In this paper, an overview of

the critical aspects of DSSE is presented. Active studies such as DSSE prob-

lem formulation, DSSE measurement model, bad data recognition identifi-

cation, system topology, network observability, and DSSE algorithms are

reviewed.

References
[1] J.F. Dopazo, State estimation for power systems: detection and identification of gross

measurement errors, in: Proceeding of the 8th IEEE PICA Conference, June 1973,
1973.

[2] W.-H. Liu, F.Wu, S.-M. Lun, Estimation of parameter errors frommeasurement resid-
uals in state estimation [power systems], Power Syst. IEEE Trans. 7 (1) (1992) 81–89.

[3] I. Costa, J. Leao, Identification of topology errors in power system state estimation,
Power Syst. IEEE Trans. 8 (4) (1993) 1531–1538.

[4] W.-H. Liu, S.-L. Lim, Parameter error identification and estimation in power system
state estimation, Power Syst. IEEE Trans. 10 (1) (1995) 200–209.

[5] O. Alsac, N. Vempati, B. Stott, A. Monticelli, Generalized state estimation, Power Syst.
IEEE Trans. 13 (3) (1998) 1069–1075.

53Smart distribution system state estimation

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



[6] E. Castillo, A. Conejo, R. Pruneda, C. Solares, State estimation observability based on
the null space of the measurement Jacobian matrix, Power Syst. IEEE Trans.
20 (3) (2005) 1656–1658.

[7] X. Nian-de, W. Shi-ying, Y. Er-keng, A new approach for detection and identification
of multiple bad data in power system state estimation, Power Appar. Syst. IEEE Trans.
101 (2) (1982) 454–462.

[8] A. Monticelli, A. Garcia, Reliable bad data processing for real-time state estimation,
Power Appar. Syst. IEEE Trans. 102 (5) (1983) 1126–1139.

[9] H.-J. Koglin, T. Neisius, G. Beiler, K. Schmitt, Bad data detection and identification,
Int. J. Electr. Power Energy Syst. 12 (2) (1990) 94–103.

[10] J. Chen, A. Abur, Placement of PMUs to enable bad data detection in state estimation,
Power Syst. IEEE Trans. 21 (4) (2006) 1608–1615.

[11] D. Singh, R. Misra, V. Singh, R. Pandey, Bad data pre-filter for state estimation, Int.
J. Electr. Power Energy Syst. 32 (10) (2010) 1165–1174.

[12] H. Liao, J.V. Milanovic, Pathway to cost-efficient state estimation of future distribution
networks, in: Proceeding of IEEE PES General Meeting, Boston, MA, USA,
2016, pp. 1–5.

[13] J. Peppanen, M.J. Reno, R.J. Broderick, S. Grijalva, Distribution system model
calibration with big data from AMI and PV inverters, IEEE Trans. Smart Grid
7 (5) (2016) 2497–2506.

[14] P.A. Pegoraro, A. Meloni, L. Atzori, P. Castello, S. Sulis, Adaptive PMU-based distri-
bution system state estimation exploiting the cloud based IoT paradigm, Proc. IEEE Int.
Instrum. Meas. Technol. Conf. (2016) 1–6.

[15] F. Magnago, L. Zhang, R. Nagarkar, Three phase distribution system state estimation
utilizing common information model, in: Proc. IEEE PowerTech, Eindhoven, The
Netherlands, 2015, pp. 1–6.

[16] F. Castanedo, A review of data fusion techniques, Sci. World J. 2013 (2013), 704504.
[17] L. Xie, D.H. Choi, S. Kar, H.V. Poor, Fully distributed state estimation for wide-area

monitoring systems, IEEE Trans. Smart Grid 3 (3) (2012) 1154–1169.
[18] Cisco Systems, Inc., Smart grid reference architecture, vol. 1, using information and

communication services to support a smarter grid, in: International Business Machines
Corporation, Edison Company, San Jose, CA, 2016. [Online]. Available: www.
pointview.com/data/files/1/636/2181.pdf.

[19] A. Gomez-Exposito, A. Abur, A. de la Villa Jaen, C. Gomez-Quiles, A multilevel state
estimation paradigm for smart grids, Proc. IEEE 99 (6) (2011) 952–976.

[20] S. Deshmukh, B. Natarajan, A. Pahwa, State estimation and voltage/VAR control
in distribution network with intermittent measurements, IEEE Trans. Smart Grid
5 (1) (2013) 200–209.

[21] F. Meng, D. Haughton, B. Chowdhury, M.L. Crow, G.T. Heydt, Distributed gener-
ation and storage optimal control with state estimation, IEEE Trans. Smart Grid
4 (4) (2013) 2266–2273.

[22] A. Zegers, H. Brunner, TSO-DSO interaction: an overview of current interaction
between transmission and distribution system operators and an assessment of their coop-
eration in smart grids, in: ISGAN, Seoul, South Korea, Discussion paper Annex
6 Power T D Syst. Task 5, Sep. 2014.

[23] E. Handschin, et al., Bad data analysis for power system state estimation, IEEE Trans.
Power Syst. 94 (2) (1975) 329–337.

[24] J. Souza, A.L. Da Silva, A.A. de Silva, Online topology determination and bad data sup-
pression in power system operation using artificial neural networks, IEEE Trans. Power
Syst. 13 (3) (1998) 796–803.

[25] D.C. Filho, M. Brown, J.C.S. de Souza, Forecasting-aided state estimation part I:
panorama, IEEE Trans. Power Syst. 24 (4) (2009) 1667–1677.

54 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



[26] M.B. Do Coutto Filho, J.C. Stacchini de Souza, R.S. Freund, Forecasting-aided
state estimation—part II: implementation, IEEE Trans. Power Syst. 24 (4)
(2009) 1678–1685, https://doi.org/10.1109/TPWRS.2009.2030297.

[27] Y. Gu, et al., Bad data detection method for smart grids based on distributed state esti-
mation, in: 2013 IEEE International Conference On Communications (ICC), 2013.

[28] Y. Liu, P. Ning,M.K. Reiter, False data injection attacks against state estimation in elec-
tric power grids, ACM Trans. Inf. Syst. Secur. 14 (1) (2011), https://doi.org/
10.1145/1952982.1952995. Article 13.

[29] A. Monticelli, F.F. Wu, Network observability: identification of observable islands and
measurement placement, IEEE Trans. Power Appar. Syst. PAS-104 (5) (1985)
1035–1041, https://doi.org/10.1109/TPAS.1985.323453.

[30] B. Gou, A. Abur, A direct numerical method for observability analysis, IEEE Trans.
Power Syst. 15 (2) (2000) 625–630.

[31] B. Gou, A. Abur, An improved measurement placement algorithm for network observ-
ability, IEEE Trans. Power Syst. 16 (4) (2001) 819–824.

[32] A. Jain, et al., Network observability: a solution technique using neural networks, in:
TENCON 2003. Conference on Convergent Technologies for the Asia-Pacific
Region, 2003.

[33] A. Monticelli, State Estimation in Electric Power Systems: A Generalized Approach,
Springer Science & Business Media, 1999.

55Smart distribution system state estimation

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



This page intentionally left blank

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



SECTION 5

Micro phasor
measurement units’
placement

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



This page intentionally left blank

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



CHAPTER 5

Microphasor measurement
unit placement
Mulusew Ayalew and Issaias Gidey Hagos
Department of Electrical and Computer Engineering, Hawassa University, Hawassa, Ethiopia

Contents

1 Introduction 60
2 Integration of micro-PMU (μPMU) into the grid 60
3 Literature review 60
4 Microphasor measurement units 62

4.1 Phasor diagram of a power system 62
4.2 Phasor and its representation 63
4.3 Schematic diagram of μPMU 63
4.4 Advantages of phasor measurement units 64

5 Optimal placement methods of μPMU 64
5.1 Methods for observability 65
5.2 State estimation methods 66
5.3 Programming based methods 67
5.4 Applications of genetic algorithms for PMU placement 67
5.5 Simulated annealing method 68
5.6 Minimum spanning tree method 68
5.7 Particle swarm optimization method 71
5.8 Methods for voltage stability 71

6 Application of μPMU 72
6.1 State estimation 72
6.2 Fault recognition and site identification 73
6.3 Voltage stability monitoring 73
6.4 Reverse power flow 73
6.5 Monitoring of renewable generation in the distribution system 73
6.6 Microgrid coordination 74
6.7 FACTS controllers 74

7 Conclusion 74
References 74

59
Active Electrical Distribution Network Copyright © 2022 Elsevier Inc.
https://doi.org/10.1016/B978-0-323-85169-5.00011-3 All rights reserved.

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



1 Introduction

A phasor measuring unit (PMU) is a power system device used to monitor

synchronized current and voltage in a power system. PMU synchronization

is achieved by sampling the voltage and current waveforms at the same sam-

ple rate [1]. A PMU is one of the most important measuring devices in

power system monitoring, control, and protection because it can find cur-

rent synchronized readings [2]. PMUs have an intriguing use in state estima-

tion (SE), which is an important function in energy management systems

(EMS) because it provides voltage phasors at all network nodes. Due to

the high cost, until now PMUs were used in transmission networks and thus

the electric distribution networks are enormous in number [3].

The fitting of PMUs in every power system bus is neither cost-effective

nor essential. However, valuable and appropriate PMU sites with a mini-

mum number of accessible PMUs must be established. The different

PMU site methods are reviewed in detail in the following subsection.

The Electric Power Research Institute (EPRI) considers two main factors

for the optimal placement of PMUs. This is based on characteristics of

the power system and the applications of PMUs [1].

Scholars have advanced topological or arithmetical methods to decide

the best placement of PMUs to reduce the price of fitting in the power sys-

tem. These approaches achieve an optimization procedure, taking into con-

sideration all power system network buses.

2 Integration of micro-PMU (μPMU) into the grid

Integrating a microphasor measurement unit (μPMU) into the power system

network plays a vital role in power system synchronization, as shown in

Fig. 1.To collect real-time data, a large number of μPMUs are linked to a

central GPS server. All μPMUs that are subject to time signal accuracy con-

straints utilize their ESP 8266 WiFi device to collect time evidence from a

main GPS server at the power distribution substation.

3 Literature review

Different scholars have done work on μPMU placement by applying their

own different methods. Some of them are reviewed next.

According to the authors in [4], the PMU location can be found through

theoretical and graphical methods. These methods were studied to compute
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the observability of the system, so as to determine the sufficient number of

PMUs in the electrical network. This procedure applies spanning tree illus-

trations of the power system to catch the optimal PMU placement.

The authors in [5] proposed a fast investigation technique for electrical

power system topological observability. In this paper, a linear power system

model and an incident matrix were investigated for the state estimator. The

target of the work is to reduce the number of PMUS while selecting the

minimum number of PMUS involved in the network. A Tabu search opti-

mization algorithm was proposed to solve the optimization problem.

The authors in [6] proposed the synchronized optimal placement of

PMUs to monitor the power system network current and phasors. The

authors also reviewed previous research about PMU placement.

In [7], the authors introduced the idea of sensitivity-constrained best

PMU placements for the whole power system parameters of sensitivity

and observability. In this paper, a simulated annealing procedure was pro-

posed for PMU optimal placement and for full system observability. Also,

the objective functions were introduced to increase the observability and

measurement sensitivity.

Distribution Substation
33 kv

PMU

GPS

Central GPS
Server

11 KV

PV
Load

Load

Wind
Energy

Fig. 1 Installation of PMUs into the power system.
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The authors in [8] presented a site program to increase electrical system

observability. In this work, the problem formulation was analyzed for PMU

optimal placement to monitor in real-time power system measurements.

The branch and bound were involved for optimal placement.

The authors in [9] proposed PMU placement based on two steps; the

selection of the minimum number of PMUs was analyzed in the first step,

and the second stage is suggested to check if the outcome of PMU location

in step one leads to a complete ranked Jacobian measurement.

The authors in [10] proposed the binary optimization of a particle swarm

(BPSO)metaheuristic algorithm for the best PMUplacements. In this paper,

the PMU best location problem formulations were done.

The author in [11] proposes the behavior of the PMUs in wide area mea-

surement system (WAMS) based on experimental analysis for the best PMU

locations. Also in this paper, the connected power positive sequence voltage

and currents are connected to the PMUs for optimal location.

Numerous review papers on μPMUs have mostly regarded the monitor-

ing, diagnostic, and control application areas of electrical power distribution

networks [12–14].
The authors in [15] reviewed μPMUs for emerging active distribution

networks. They also discussed state awareness and event detection.

The aim of this research is to deliver a wide-ranging review of different

μPMU location approaches for diverse application areas.

4 Microphasor measurement units

μPMU equipment delivers phasor information (both magnitude and phase

angle) in actual time. Also, the information delivered by PMUs is precise and

allows the power system engineer to measure during blackout/failures. The

features of PMU technology are that they focus on measurements that are

time-framed power system parameters.

4.1 Phasor diagram of a power system
The power system state variables such as voltage magnitude and phase angles

need to be known [16]. The basic needs of these values are active and reac-

tive power flow calculations. Synchronized phasor measurements are capa-

ble of measuring power system variables from a far distance. By using a

phasor measurement unit, an electrical grid can have a time-synchronized

voltage magnitude and phase angle [16].
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Synchronized phasor measurements refer to the precise time-

synchronized measurements of the magnitude and phase angle of the sine

waves found in the electric grid. Subsequently, the phasormeasurement units

are integrated with GPS; each phasor measurement is timely synchronized.

4.2 Phasor and its representation
Let Eq. (1) be a pure sinusoidal component and given as

X tð Þ¼
ffiffiffi
2

p
X

� �
∗ sin ωt+φð Þ (1)

Where

ω ¼ is the angular frequency in radian per second.

φ ¼ is the phase angle in the radians.

Expressing Eq. (1) again is given in Eq. (2) below

X tð Þ¼ Re Xej ωt+φð Þ
h i

¼ Re ej ωtð Þ
n o

Xejφ
h i

(2)

Eq. (3) is the phasor representation of a complex number X*

X∗¼Xejφ¼X cosφ+ j sinφ½ � (3)

4.3 Schematic diagram of μPMU
μPMU equipment delivers phasor data, and its general block diagram is

given in Fig. 2. The PMU measures the analog voltage and current

GPS
Receiver

Phase
Locked

Oscillator

Anti-Alizing
Filter

A/D
converter

Phasor-
Micro

Processor

Second of
century
counter

Modem

Fig. 2 Block diagram of the μPMU.
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inputs from the secondary sides of the voltage and current transformers,

respectively. The measured analog voltage and current measurements are

then sent to the analog-to-digital converters.

4.4 Advantages of phasor measurement units
• Real-time operation applications.

• Wide area situational awareness.

• Frequency stability monitoring.

• Oscillation monitoring for damage control.

• Voltage monitoring.

• Alarm.

• Manage big data.

• Capturing various types of data for analysis.

• Potential backup to system or supervisory control and data acquisition

(SCADA) system.

• Provide data to improve accuracy.

• Operations planning.

• Wide area controls.

5 Optimal placement methods of μPMU

Optimal PMU placement (OPP) can be defined as the minimum number of

PMU placements in a given power system network. OPP has the ability to

measure all timely synchronized data of a power system. OPP is a combina-

torial problem. Let’sK represents power system substation or amount of net-

work buses and N is quantity of PMUs placed in a power system network.

To select the minimum quantity of PMUs, the combinations for a bus

K are given by:

Combinations size for bus Kð Þ¼
Xk
i¼1

K

i

� �
¼

Xk
i¼1

K !

K� ið Þ!� i!
� �

(4)

The number of combinations given in Eq. (4) is very large, even for small

systems. Let’s consider a 14-bus test system; its number of possible combi-

nations becomes 16,000. For a grid-connected power system with hundreds

of buses, it is difficult to check all arrangements of optimal results, so the least

optimal results have been established in a diverse way. Iterative search algo-

rithms are the best solution for the minimum number of PMU optimal

placement problems. In this paper, Tabu search, simulated annealing and

genetic algorithms and particle swarm optimization methods are reviewed.
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In Section 5.1, different iterative algorithms are reviewed for optimal

PMU placements. In almost all methods, the basic aim is system observabil-

ity. The observability of the topology constraint is conceivable to perceive

the topology of the power network. The observability of power system

parameters is different if the power system is under different contingencies.

The authors in [17–19] reviewed and classified works on PMU location

in power networks. In those papers, the arrangements were based on seeing

the application of PMUs. The application areas considered in this paper were

observability of state estimation and monitoring of power system voltage

stability.

5.1 Methods for observability
The power system is observable if power flow across the system circuits can

be determined from the given power system network topology and its acces-

sible measurements [20].

The author in [1] proposed power system partitioning using a metaheur-

istic algorithm and a spanning tree. The two numerical and topological

observability approaches were considered. In this paper, optimal PMU loca-

tions were selected to minimize the installation cost.

In [4], PMU locations based on incomplete observability were proposed

by using theoretical and graphical methods. In this paper, the spanning tree

graphics methods was proposed to find the PMU optimal placement. For

PMU placement problems and the communication system, a simulated

annealing algorithm was proposed as a solution. The new and basic finding

of this work considers the systematic method of the PMU optimal location

in the power system network.

The authors in [5] proposed power system parameter observability based

on the linearized power system state estimator model and the augmented

incidencematrix of the power system network. This paper focuses on reduc-

ing the number of PMU installations by considering full network parameter

observability and avoiding sufficient redundancy. A Tabu search algorithm

was used to solve the optimal PMU placement problems.

The authors in [6,7] proposed optimal PMU placements based on the

sensitivity constraint of the measurement parameters and the most appreci-

ated data of a power system network were considered. Also, a simulated

annealing algorithm was proposed for optimal PMU placement and observ-

abilities of measurement variables. In addition, the author calculates the sen-

sitivities of buses and PMUs are placed based on the sensitivity orders of

distribution network buses.
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The authors in [8] discussed improving the performance of voltage con-

trol in a power system by monitoring the real-time voltages at all buses of a

power system network. For the full observability of voltages, a problem for-

mulation was done to select the minimum number of PMUs. The author

proposed the branch and bound optimization algorithm to solve the optimal

PMU placement problem.

The authors in [9] proposed that optimal PMU placement was based on

two steps: the selection of the minimum numbers of PMUs was analyzed in

the first step, and then the location results of the PMU are checked.

The author in [10] proposed the BPSO metaheuristic algorithm for the

best PMU placements. In this paper, the PMU optimal placement problem

formulations were done. Also, the full observability minimizing measure-

ment redundancy and selecting and installing the minimum number of

PMUs were discussed in detail.

The author in [11] proposed the behavior of PMUs in WAMS based on

an experimental analysis for the best locations of PMUs. Also, the connected

power positive sequence voltage and currents are connected to the PMUs

for optimal location.

5.2 State estimation methods
The concept of state estimation is applied for the best locations of PMUs.

The nonlinear state estimation equations are introduced in Eq. (5) below.

z¼ h xð Þ+� (5)

Where

z (z � Rm): Measurement vector.

x (x � Rn): State vector.

� (E � Rm): Measurement vector error.

h (h: Rm!Rm): Relationship between measurement vector and

state vector.

The Newton-Raphson method is used to solve Eq. (5). The state vari-

ables and the measurement variables (i.e., current and voltage) are given by

PMUs; this is shown in Eq. (6) below.

z¼Hx+� (6)

Where H (H � Rm Xn) is the matrix of the “state” of the system.

The author in [21] proposed computing the quality of phasor estima-

tions. In this paper, two procedures were introduced: the first is to enable
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PMUs to report the measurement variables of the power system, and the

second is to determine the quality of the estimated phasor.

The author in [22] presented the observability of variables based on opti-

mal placements of PMUs. In this paper, a graph theorem analysis and sim-

ulated annealing algorithm were investigated to solve the PMU optimal

placement problem.

The author in [23] proposed a genetic algorithm to resolve PMU unit

optimal location problems. In addition, a graph theory procedure and

genetic algorithm were involved for PMU optimal placement.

The author in [24] proposed integrating and the use of PMUs in power

system protection control and monitoring. In this paper, binary integer lin-

ear programming (BILP) was investigated to solve PMU optimal locations

and to obtain the observabilities of the intended state variables. The binary

decision variables (0,1) are used to determine whether to install a PMU at

each bus while providing full system observability and determining the min-

imum number of PMUs to reduce the investment costs.

5.3 Programming based methods
The author in [25] proposed an integer linear programming algorithm for

optimal PMU placement. In this paper, the optimal placement problems

were solved by integer linear programming and its advantage based on min-

imizing computing time was discussed in detail. The proposed algorithm

was easier, efficient, and can be used in practice for optimal placement.

In [26,27], the authors presented integer programming for the PMU

location. In this paper, the problem formulations were based on measure-

ments such as injections and power flows. The integer programming is

intended to obtain current and voltage measurements by selecting the min-

imum number of PMUs.

5.4 Applications of genetic algorithms for PMU placement
The authors in [23] discussed optimal PMU placement based on two con-

flicting ideas. The first is minimizing the number of PMUs and the second is

the redundant measurement maximization. In this paper, a genetic algo-

rithm (GA) was proposed to solve the PMU optimal placement problems.

The authors in [28] proposed a GA for the best PMU location problem of

a power system. In this paper, an immunity GAwas incorporated to increase

the efficiency of the GA. This method improves the immobilization of

degenerative phenomena during the evolution of the GA.
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In [29], the authors selected the minimum number of PMUs and an

appropriate site for the applications of failure in the power network.

A GA was used to solve the optimization problems. This method was more

economical and can be implemented in an interconnected power system. In

this paper, two methods were introduced: the first is to determine the opti-

mal number of PMUs and the second is the appropriate placement in a given

bus of a power system network.

The authors in [30,31] proposed using GA to solve the best PMU loca-

tion problems. In this paper, the applications of PMUs were investigated in

an active distribution network. The PMU measurements were also used to

measure the effects of the power flow while integrating distributed gener-

ators with an active distribution network. In addition to GA, the Monte

Carlo method was used for PMU optimal placements.

5.5 Simulated annealing method
The Simulated Annealing (SA) method was introduced by Metropolis in

1953. It is an algorithm that is capable of resolving optimization problems

[19]. SA solves a problem by combining the physical annealing process with

solid matters.

SA methods for the PMU best location in an electrical power system are

given in [32]. The SA flow chart is given in Fig. 3.

The author in [32] proposed that the optimal placement problems of

PMU and remote terminal units (RTU) were resolved by using a hybrid

genetic algorithm and simulated annealing (HGS). The proposed methods

were used for multiarea power system state estimation. In this paper, a power

system controller was investigated by using PMU and RTU.

5.6 Minimum spanning tree method
The minimum spanning tree method (MST) has three main steps, as inves-

tigated by the author in [33]:

(1) Spanning tree (N) generation: The generation of a spanning tree

algorithm is illustrated as shown in Fig. 4.

As shown in the flow chart above, for N number of buses of a power

system, the algorithm is also executed N times. The algorithm finds the

optimal location of the PMUs when full observability is achieved.

(2) AlternativeMSTpattern searches: Theminimum number of PMU

locations gained in step one is processed again as follows: each

PMU location is replaced by the node connected with its
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corresponding bus. The full observability location/nodes of PMUs are

illustrated as shown in Fig. 5 below.

(3) Reducing PMU number in case of pure transit nodes: This is the

verification step when the PMU location gives full observability. If

there is no temporary bus, the spinning tree procedures can end up

at step two. Step three illustrates increasing the convergence of existing

PMU locations and to set a selected bus, as shown in Fig. 6.

Start

Initiate search range
upper and lower limits

Is the lower
limit=0?

Select test point at the
midpoint of interval

Select test point
at the 85% of

interval

Set new upper limit
at test point

Select randomly a
placement net

Execute SA

Is the system
observable?

Set new lower limit at test
point

Search
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End

Yes

Yes

Yes

No

No

No

Fig. 3 Flow chart of the SA method.
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The author in [34] proposed a solution for optimal PMU location to

enhance the whole observability of the power system network. Also, the

integer linear programmingwas investigated to divide the power system net-

works into subnetworks of a power system. The main objective of this

research was to enhance the installation and investment cost of the PMUs.

The objective was achieved using integer linear programming and by plac-

ing the PMUs on the subnetworks of the power system.

5.7 Particle swarm optimization method
PSO is an inspired movement of a group of birds or fish. When the particle

swarms flow through their hunt space, the location of each particle is

arranged based on its skill and the neighbors. Initially, PSO was advanced

as an optimization problem [35]. Also, a discrete binary kind of PSO

(BPSO) was advanced to resolve distinct optimization problems [36].

The author in [37] presented a discrete binary version of PSO (BPSO)

and applied it to increase particle diversity. The initial locations of the PMUs

are reassigned again so the possibilities of the particles getting trapped in local

minima can beminimized. BPSO has the ability to filter out similar locations

of PMUs at each iteration.

The author in [11] proposed BPSO to solve optimal PMU location

problems. In this paper, power flow measurements, zero injection bus,

and measurement redundancy at normal power flow were considered as

constraint equations.

The authors in [38,39] proposed an improved PSO method of optimal

PMUplacement. The core aim of this paper was the feasibility of the optimal

PMU placement solution.

5.8 Methods for voltage stability
The authors of [40] presented a voltage stability load index (VSLI) approach

for optimal PMUplacement. An echo state network (ESN)was used to eval-

uate the VSLI in this research. The process was carried out considering an

islanding mode of operation of a power system. The key role of this research

was to monitor voltage stability by placing the PMU at its optimal location

to enhance the observability of the state variables.

The author in [41] discussed the optimal PMU location for different

power system application areas. In this paper, the PMUs are intended to

monitor the dynamics of the power system dynamics of generators, transmis-

sion lines, and load characteristics. A detailed discussion of measuring syn-

chronized measurement values of voltage and current by using PMUs was

presented.
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The author in [42] proposed using the optimal PMU location to monitor

voltage collapses of a power system. A voltage collapse is a critical problem in

power system contingency analysis. For security assessment, the normal

operation and the postcontingency timely synchronized power system pha-

sor measurements can be measured by using PMUs.

6 Application of μPMU

In this section, different μPMU application areas are presented. The authors

in [12,13] discussed the diverse applications areas of μPMUs for distribution

network measurement as well as to monitor and control applications. The

growth of μPMU trends for a power system network are discussed in the

works. In [15], the author reviewed in detail μPMU for active distribution

networks. Also in [14,43,44], the authors wrote a detailed review on μPMU

so as to use it at the distribution level. The author in [45] discussed μPMU

applications. In this paper, the author gives a detailed summary for the

μPMU of the power system monitoring, diagnostics, planning, and opera-

tion and control applications.

Some of the diagnostic and monitoring applications areas of μPMU on

distribution networks are:

• Incident recognition.

• High impedance fault recognition.

• Fault location.

• State estimation.

• Reverse power flow recognition.

• Power quality monitoring.

• Phase identification.

μPMU control applications on a distribution network include:

• Volt-Amps Reactive (VAR) optimization.

• Adaptive protection.

• Distribution network reconfiguration.

• Microgrid coordination.

• Flexible alternating current transmission system (FACTS) controller.

6.1 State estimation
This is computing the amplitude and phase angle of the voltage of a power

system network. Measuring those values at the steady state conditions are

better at the transmission line than at the distribution system. Due to the

complexity, the calculation of the state estimation of a distribution network

is more complex than a transmission line.
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6.2 Fault recognition and site identification
Protective devices of power systems are rated based on the magnitude and

duration of the current. Detecting and identifying the rated current and the

fault currents are very difficult issues of power system protection. When the

fault occurs, the circuit breaker and fuses can isolate a particular location at a

power system. The typical method of fault detection is to physically look for

damaged equipment and identify the faulted line section by inspection. This

is a time-consuming process, and it is especially unreliable for underground

cables. There are a number of algorithms to locate the fault, but they are

limited in accessing accurate fault measurement. The magnitude of the fault

impedance is used to locate the PMU at its optimal location.

6.3 Voltage stability monitoring
A synchronized phasor measurement has a great role in voltage stability

monitoring issues. In transmission systems, the transmission line load can

be monitored by using PMUmeasurements. There are no distinct transmis-

sion corridors in distribution networks. The reactive power is calculated by

monitoring the dynamic voltages of the power system.

6.4 Reverse power flow
Reverse power flow is an important effect in a distribution network. In a

given power system network, reverse power flow is used for the coordina-

tion of protective devices. Thus, due to the bidirectional protections, cir-

cuits can be protected from back power flow. Therefore, integrating

PMU at an optimal location in a distribution network provides full informa-

tion about the system and is more economical than conventional voltage and

current transformers.

6.5 Monitoring of renewable generation in the
distribution system
Monitoring distribution system network needs more information on line

flows, existing load values, and required generation powers. Connecting

large distributed generation (DG) will damage the measuring meter. Thus,

it is important that the PMU’s measured data are helpful for distribution sys-

tem planning and operation.
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6.6 Microgrid coordination
Due to the advancement of using distributed energy resources, PMUs have

an adverse effect on the coordination of distributed energy resources. Thus,

PMU measurement uses renewable energy resources to control and syn-

chronize the distributed energy resource into an isolated or grid-connected

power supply.

6.7 FACTS controllers
The author in [46] stated that flexible alternating current transmission

systems (FACTS) have the capacity to enhance the transmission line and dis-

tribution network capability. Thus, PMUs can be used for large intercon-

nected power systems to measure the synchronization parameters.

FACTS is a compensation device based on the measurements of voltage,

current, and powers of an interconnected system. As discussed in this paper,

accurate reading can be done by using PMU units.

The author in [47] introduced using FACTS controllers to compensate

for the nonlinear damping interarea oscillations of power systems. The com-

pensation was achieved by controlling the bus angle and the frequencies of

the oscillations were effectively minimized. Also, the nonlinearity dynamics

of the power system were controlled by the PMU, and effective results were

investigated.

7 Conclusion

μPMUs are used at the power system for measuring the voltage and current

phasors for the monitoring, diagnostic, and control areas of the electrical

power system. Due to the high installation cost of μPMU, in this chapter,

a number of methods were reviewed for the best locations of μPMUs for full

system observability of measurements in electrical power system networks.
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1 Introduction

Sustainable and continuous electric power supply is a key component of

developing a nation. The power of the nation can be taken from a national

grid or from local microgrids. Nowadays, a microgrid is preferred to the

national main grid. A microgrid contains renewable energy sources at the

distributed level as well as, energy storage systems and controllable demand.

Microgrid operation benefits consumers and electric companies through

enhancing generation efficacy and reliability, minimizing losses and envi-

ronmental impacts, and providing more cost-efficient electricity.

A microgrid is typically a network of demands with renewable energy gen-

erators (DER) that is integrated into the main grid but with the ability to

operate reliably in autonomous mode.

The ability of the entire system to produce and provide electrical power

to end consumers is measured by microgrid system reliability (MSR). The

adequacy of power production and supply by a microgrid system for a
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particular combination of distributed generation (DG) units in the system as

well as the subsystems contained in a DG unit are determined by this capac-

ity. As a result, the most essential element for system designers to consider is

dependability. The ability of the system to function or supply an adequate

and desired amount of electric power to the associated load over an extended

period of time is critical to any project’s success.

Many scholars provide a definition as well as an analysis of the reliability

of a microgrid, considering various techniques and methods. The potential

that a system, product, or service functions well for a certain amount of time

under continuous operating circumstances was outlined by the author in [1].

In [2], the researcher proposed a correlation between size, location, and the

reliability of wind energy production. In [3], the research was carried out by

adding storage in the microgrid modeling, which affect the reliability of the

system. In [4,5], the researchers proposed the method of discrete wind speed

analyses of the reliability of microgrids. In [6,7], the authors carried out a

reliability analysis of grid -connected microgrids consisting of wind turbine

energy production. In [8], the researcher investigated the estimated capacity

as well as the charging and discharging behavior of a storage system on

microgrid reliability. In [9,10], a reliability analysis of solar energy microgrid

systems in a standalone mode was done. Further studies in [11,12], on

microgrid reliability analysis development include an analysis of energy cost

economic and reliability indices. In [13], a revised capacity outage probabil-

ity table was used in the reliability analysis of a hybrid microgrid. [14]

described the parallel operation of wind and solar energy sources that

improved the reliability of hybrid energy microgrids. Also, a hybrid tech-

nique for a reliability evaluation of a hybrid renewable energy microgrid

consisting of a wind, solar, and battery storage system was proposed. Further

studies in [15,16] used a Monte Carlo simulation technique as well as the

effect of load and generation on the reliability of themicrogrid. Additionally,

a similar analysis was carried out in [15] in which solid oxide fuel cell (SOFC)

was added to the microgrid and the reliability of the system was analyzed. In

[17], the author investigated the relationship between energy production

charge and reliability analysis of a hybrid photovoltaic and wind microgrid.

In [18], the researcher proposed a hybrid technique to investigate the effects

of weather and battery storage on the availability of a hybrid renewable

energy microgrid. In [19], the minimum path method was applied to

explore the effects of operation mode and load types on the reliability of

renewable energy microgrids. In [20], the reliability of a renewable energy

microgrid considering the customer interruptions cost was considered.
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In the same vein, studies on microgrid reliability include the development of

a load model, which increased the degree to which microgrids satisfy load

efficiently [21]. Ref. [22] describes how capacity outage probability is used

to calculate the loss of load expectation, the energy index of reliability,

renewable energy penetration, and conventional energy penetration reli-

ability indices for microgrids. Almost all the studies on microgrid control

looked at either photovoltaic or wind as a stand-alone power source, or both

with or without batteries. In this paper, the optimal placing and sizing of a

battery energy storage system (BESS) on an alternating current (AC) micro-

grid system is studied, and it explains the effects on the reliability indices in

different scenarios.

This paper is organized as follows: Section 2 is problem formulation,

Section 3 is a proposed methodology for the reliability assessment of a

microgrid, Section 4 includes results and discussions, and Section 5 is the

conclusion.

2 Problem formulation

Nowadays, radical increases in demands on the power system sector (micro-

grid) lead to mismatches between the output power and demand. Due to

these mismatches, overloading (i.e., demand is greater than output power)

and system component failure occur on the microgrid. For such reasons, the

microgrid was unreliable for power delivery to the connected loads. Reli-

able microgrids with renewable energy resources are preferable due to

greenhouse emissions and the fuel price [23–27].

3 Proposed methodology

The objective of this paper is to study the effect of reliability due to the oper-

ation of a microgrid integrating with BESS. To grasp the objective, to cal-

culate the optimal placing and size of the BESS on a microgrid is performed

by utilizing a weighted sum harmony search algorithm [28]. Reliability indi-

ces are calculated after the above objective functions are performed. Then, a

BESS is integrated on a microgrid and all the aforementioned calculations

are executed again.

A weighted sum harmony search algorithm (HSA) is an optimization

algorithmic technique obtained from searching for perfect harmonious

sound in music [29]. The weighted sum HSA is simple to program, gives

a quicker convergence, and is efficient in searching for an optimal solution
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among other heuristic algorithms. The procedural steps of the proposed

weighted sum HSA for the optimal placing and sizing of BESSs on a typical

microgrid are shown in the flow chart in Fig. 1.

Fig. 1 Proposed weighted sum HSA flow chart for optimal placing and sizing of BESS on
a typical microgrid.
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Calculating the reliability indices on any given power system should be

done by the following formulas. Unavailability is computed by the following

formula:

U ¼ 1�A (1)

Where U is unavailability and A is availability.

A¼MTTF

MTBF
and U ¼MTTR

MTBF
(2)

where MTTR is mean time to repair, MTTF is mean time to failure, and

MTBF is mean time between failures.

Where MTBF is calculated as:

MTBF ¼MTTR+MTTF (3)

Also, calculating the failure rate (λ) and repair rates (μ), which are used to
calculate the A and U because:

λ¼ 1

MTTF
and μ¼ 1

MTTR
(4)

These equations give:

A¼ μ

λ+ μ
and U ¼ λ

λ+ μ
(5)

For the system that has more than two generation sources, the compo-

nents are connected in parallel. Therefore, their equivalent unavailability is

as follows:

Usys¼U1U2 (6)

Therefore,

Asys¼ 1�Usys (7)

In more detail:

Asys¼ 1�U1U2 (8)

Asys¼ 1� MTTR1

MTTF1 +MTTR1

� MTTR2

MTTF2 +MTTR2

(9)

Further,

Usys¼ λ1λ2
λ1 + μ1ð Þ� λ2 + μ2ð Þ (10)
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Asys¼ 1� λ1λ2
λ1 + μ1ð Þ� λ2 + μ2ð Þ (11)

To compute the whole repair and failure rates:

μsys¼ μ1 + μ2 (12)

Usys¼ λ1λ2
λ1 + μ1ð Þ� λ2 + μ2ð Þ (13)

λsys
λsys + μsys

¼ λ1λ2
λ1 + μ1ð Þ� λ2 + μ2ð Þ (14)

λsys¼
μsysλ1λ2

μ1μ2 + λ1μ2 + λ2μ1
(15)

which yields to:

λsys¼ μ1 + μ2ð Þλ1λ2
μ1μ2 + λ1μ2 + λ2μ1

(16)

Moreover,

MTTF sys¼ 1

λsys
and MTTRsys¼ 1

μsys
(17)

Calculating the reliability indices is done as follows:

SAIDI ¼ Total duration of all interruptions

Total number of customers connected
(18)

SAIDI ¼

Xn

i¼1

riNi

NT

(19)

Where SAIDI is the system average interruption duration index

SAIFI ¼ Total number of all interruptions

Total number of customers connected
(20)

SAIFI ¼

Xn

i¼1

Ni

NT

¼

Xn

i¼1

λLPNLP

NT

(21)
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Where SAIFI is the system average interruption frequency index

CAIDI ¼Total duration of all interruptions

Total number of all interruptions
(22)

CAIDI ¼

Xn

i¼1

riNi

NT

¼ SAIDI

SAIFI
(23)

Where CAIDI is the customer average interruption duration index.

The above formulas from Eq. (1)–(23) are utilized for computing analyt-

ical reliability factors [30].

4 Result and discussion

In this paper, we have studied two scenarios: (1) a microgrid without a

BESS, and (2) a microgrid with a BESS. By using these two scenarios of reli-

ability, indices are calculated and tabulated in these sections. Table 1 presents

the load profile of the existing microgrid at a typical day.

The above shown in Fig. 2 and tabulated in Table 2 are the existing or

base case of the microgrid system. The indention in Fig. 3 is the load profile

and energy production of each generation unit of the system. The tabulated

values of the reliability indices of the microgrid are not reliable to deliver the

connected load for a long period without failure. Therefore, the system

needs a mechanism to improve the reliability of the given typical microgrid.

In this paper, the proposed solution is the optimal place and size of the bat-

tery energy storage system on the existing microgrid by utilizing the

weighted sum harmony search algorithm optimization technique. Table 3

presents the existing case reliability indices of the microgrid.

Themicrogrid is integrated with BESS in optimal sizing and location uti-

lizing weighted sum harmony search algorithm optimization approaches, as

shown in Fig. 4, and the load profile and profile of each generation unit in

the system are also displayed in Fig. 5. The microgrid’s dependability indices

were improved as a result of the proper integration of the battery energy

storage technology. In Table 4, the dependability indices are listed.

According to Table 4, the values of the reliability indices of the microgrid

are improved and are within the limit of the standard. The overall system

comparison is shown in Table 5.
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Table 1 Load profile of the existing microgrid at a typical day.

Time (h) 0:00–1:00 1:00–2:00 2:00–3:00 3:00–4:00 4:00–5:00 5:00–6:00 6:00–7:00 7:00–8:00 8:00–9:00 9:00–10:00 10:00–11:00 11:00–12:00
Load (MW) 218.9 200.6 200.6 200.6 207.6 208.6 219.6 228.6 230.3 250.3 250.3 240.3

Time (h) 12:00–13:00 13:00–14:00 14:00–15:00 15:00–16:00 16:00–17:00 17:00–18:00 18:00–19:00 19:00–20:00 20:00–21:00 21:00–22:00 22:00–23:00 23:00–00:00
Load (MW) 240.3 237.3 232.3 237.3 255.3 257.3 257.3 250.3 228.7 219.4 210.3 208.6
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The IEEE reliability test system (RTS) data are utilized in this work [31].

Further, the techniques developed in references [28,29,32] are utilized to

optimally size and place the BESS on the microgrid. This work utilized

DigSilent.

In this study, the BESS is utilized as a generator with adequate charging

and discharging rates and enough storage to supply demand. The main goal

of this study was to investigate the effect of optimally integrated BESS on a

microgrid’s operation cost. The presence of BESS enhances the reliability of

the microgrid system as various reliability factors are available within the

IEEE standard limits.

Main Grid
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Solar Energy
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Fig. 2 One-line diagram of existing components of a microgrid.

Table 2 Characteristics of bus power generation units of the microgrid.

Bus unit no
Max.
capacity

Min.
capacity Min. up time (h) Min. down time (h)

1 113 78 3 2

2 130 49.6 4 2

3 40 21.75 5 4
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5 Conclusion

This chapter discusses the simulation techniques and reliability of the micro-

grid. A microgrid is considered a future grid due to the demand in power sup-

ply as well as its capability of integrating with renewable energy sources. The

effective methods for the improvement of reliability using various techniques

are proposed, that is, the integration of the BESS system. This work utilized a

weightedHAS for optimal sizing (12.25MW) and placement (Bus 3) of BESS.

The reliability index calculation was performed and studied for the reliability

Fig. 3 Existing case bus power generation unit and load profile.

Table 3 Existing case reliability indices of microgrid.

Indices Units Value

ASAI % 98.89924

ASUI % 1.100760

SAIFI Inter./customer. Year 13.859046

SAIDI h/customer. Year 14.708952

CAIDI h/customer interruption 1.001200
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Fig. 4 Proposed one-line diagram of microgrid components with integration of BESS.

Fig. 5 Proposed microgrid bus power generation unit and load profile with BESS.
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evaluation. The reliability indices such as ASAI, ASUI, SAIFI, SAIDI, and

CAIDI are computed, which show enhanced values, that is, 1.092096%,

�99.20419%, �95.145078%, �94.493272%, and 15.866324%, respectively.
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1 Introduction

Fuel-based conventional vehicles consume fossil fuel and emit greenhouse

gases (GHGs). These vehicles have an internal combustion engine where

fossil fuel is burned to generate energy to move the vehicle. The energy effi-

ciency of these vehicles is poor with a value between 15% and 18%. The

environmental harm of such a process is devastating due to the huge number

of these vehicles as they form the majority of transportation systems around

the world. By 2030, there will be 2.08 billion vehicles on the roads com-

pared to 70 million vehicles after World War II. This means that fuel con-

sumption will increase drastically, leading to the depletion of energy

resources [1]. The US Transportation Department and the European Com-

missioner for Climate Action stated that the average amount of emissions
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from vehicles is 158.7g/km. The US Environmental Protection Agency

stated that the annual GHGs per passenger vehicle is 4.8 tons of CO2. Fuel

burning increases the levels of hydrocarbons, carbon dioxide, and nitrogen

oxides in the atmosphere and makes fresh air poisonous. In addition, the use

of petrol has reached a peak value. Therefore, in the next few decades, it is

expected that we will face shortages of all petrol and gas resources. Because

of this, there has been an orientation worldwide toward ultimate solutions

for these issues, starting with vehicle emission standards and ending with

mobility sustainability. Therefore, the world is in urgent need. The electri-

fication of the transportation sector is a promising procedure to deal with

these issues [2]. Hybrid electric vehicles (HEVs) were introduced first as

vehicles that used less fossil fuel, therefore emitting fewer GHGs compared

to conventional vehicles. They have an energy efficiency between 60% and

70%. which is much better than conventional vehicles. HEV technology

presents a good alternative that canmitigate emissions and fuel consumption,

but it can’t be considered as the ultimate solution for the mentioned issues

[3]. An HEV is a combination of gasoline and electrical energy, so it can be

thought of as an intermediate stage between conventional internal combus-

tion engine vehicles and fully electric vehicles (EVs); HEVs can be catego-

rized as electric vehicles [4]. On the other hand, EV technology is a more

environmental and economically friendly solution as it depends fully on

clean electrical energy. In addition, EV energy efficiency is much higher

than HEVs and fuel-based vehicles, with a value of 90%. Furthermore,

EVs can be connected to smart grids as distributed energy storage devices

to supply surplus energy to the grid during peak demand or for compensat-

ing renewable energy generation inconstancy. This process can have a pos-

itive effect on the quality and reliability of the grid and reduce the effects of

renewable generation inconstancy [5]. Although the process of EV

manufacturing still creates emissions, these vehicles produce much less pol-

lution on roads than conventional vehicles.

2 Hybrid electric vehicles

HEV is an intermediate stage between fully fuel-based vehicles and fully electric

vehicles. Nonetheless, it can be classified under the electric vehicle category.

HEV is mainly the integration of two or more sources of energy (a battery,

a flywheel, etc.) and/or two or more sources of power onboard the vehicle

(internal combustion engine, fuel cell, etc.). The HEV starts to operate using

the energy supplies stored in the battery and then switches to the internal

98 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



combustion engine as an energy source when the speed of the vehicle increases

[4].Honda andToyota have already producedHEVs,which are nowbecoming

very popular among consumers for their great performance and low emissions.

HEVs havemany advantages, themost important of which is the availabil-

ity of two sources of power, which means they can employ the appropriate

power source when needed. However, HEVs have some disadvantages such

as the environmental harm caused by the battery recycling process and GHG

emissions. Although there are different types of HEVs, only gasolineHEVs are

currently available. HEVs can be generally classified into threemain categories

[6,7]:

• Series HEVs

In this type, the internal combustion engine drives the generator,

which in turn supplies the electric motor. In HEVs, the motor alone

drives the wheels of the vehicles instead of the engine. The generator

(alternator) both charges the battery and supplies the electric motor with

power. When large amounts of power are required, the motor draws

electricity from both the batteries and the generator. A series HEV

achieves lower fuel consumption by having the engine operating at the

highest efficiency point during starting and stopping. The battery sizes

can be reduced in this configuration, but at the same time the generator

and the engine sizes need to be increased. The series HEV configuration is

illustrated in Fig. 1. In general, a generator is integrated with an engine to

Fig. 1 Series HEV configuration.
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generate power and charge the battery. The power electronics needed in

the series HEV configuration are as follows:

– A converter used to convert the generator AC output into DC

power to charge the battery.

– A DC to DC converter that charges the battery with 12V power.

– An inverter to convert DC from the battery into AC power to sup-

ply the motor.

• Parallel HEVs

In this configuration, an internal combustion engine and an electrical

motor are connected in shunt and drive the vehicle’s wheels together.

A complex control system is needed in this type to integrate the engine

with the motor and generator. These vehicles use the energy wasted in

the braking process to recharge the battery, which reduces fuel con-

sumption. Moreover, the battery can be recharged when the energy

generated in the engine is greater than the energy required for propul-

sion. The internal combustion engine size can be reduced in parallel

HEVs in comparison with series HEVs because the vehicle’s wheels

are driven by both the engine and the electric motor. Parallel HEV con-

figuration is illustrated in Fig. 2.

Fig. 2 Parallel HEV configuration.
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• Series-parallel HEVs

This type is a combination of series and parallel types, which means

that the control system is more complex in this type. The engine output

is divided into mechanical and electrical transmission paths using a

power-split unit. This type of hybrid vehicle can provide high power

when compared to series or parallel. Furthermore, the motor is smaller

in this type. Fig. 3 shows the configuration of series-parallel HEVs.

3 Electric vehicles

Unlike an HEV, which integrates an internal combustion engine propulsion

system with an electric motor propulsion system, an electric vehicle (EV)

depends solely on an electrical motor for propulsion and uses only electrical

energy to supply the vehicle, which means it has zero emissions. EVs are also

called battery electric vehicles because they use the energy stored in batteries

to supply the electric motor [7]. Electric vehicles have bigger batteries than

HEVs because they depend on batteries as the sole source of energy. An EV

battery is charged by plugging the vehicle into an external source of electric-

ity. The capability to recharge the battery by regenerative braking is also

available in EVs. The basic structure of an EV includes an electric motor,

a battery, a DC-DC converter, a charger, and an electronic controller.

Fig. 3 Series-parallel HEV configuration.
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The EV drive system includes three main subsystems: the energy source, the

motor propulsion, and the supplementary subsystem. The energy source

with its refueling unit and energy management unit form the energy source

subsystem. The motor, converter, torque transmission, wheels, and control-

ler together form the electric propulsion subsystem. The supplementary sub-

system consists of a supplementary power source, a steering unit, and a

climate control unit [8]. It’s worth mentioning that EVs have a much smaller

travel range due to the lower energy that can be stored in the battery. Fig. 4

shows the main structure of EVs.

There are several possible configurations for EVs based on the different

types of clutch, gearbox, transmission, and differential as well as the number

of motors, as illustrated in Fig. 5.

Fig. 5A shows an EV configuration that is a developed version of an

internal combustion engine vehicle where the engine is replaced with an

electric motor. This configuration also includes a clutch, a variable speed

gearbox, and a differential on the front axle. In Fig. 5B, an EV configuration

with a fixed gearbox and a differential on the front axle is illustrated. The

clutch is absent in this type because the motor gives constant energy with

a wide range of speeds, which means reduced size and weight. The EV con-

figuration illustrated in Fig. 5C has the same components of that in Fig. 5B,

Fig. 4 The main structure of an EV.
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but these components are integrated together, leading to a simple driving

system. In Fig. 5D, two traction motors are integrated with fixed gearboxes

on the front axle for operation at different speeds on a curved road. The

drive system in Fig. 5E is an in-wheel drive with two traction motors inside

the EV’s wheels with a thin gear. Similarly, the drive in Fig. 5F, includes two

motors inside the wheels but no gear involved, which makes this structure

simpler than that of Fig. 5E [9].

4 Energy storage devices used in EVs and HEVs

The energy storage devices in electric vehicle technology are the key com-

ponent that distinguish these vehicles from conventional vehicles. Storage

devices can take many forms such as a battery, a flywheel, an ultracapacitor,

or hydrogen storage [10].

Batteries: Batteries are the most common energy storage device used in

electric vehicles. The most popular battery types used in mobility applica-

tions are nickel batteries (nickel-metal hybrid, nickel-iron, nickel-

cadmium), lithium batteries (Li-ion, Li-ion polymer, Li-iron sulfide, Li-iron

phosphate), and lead-acid batteries. Table 1 shows a comparison between

Fig. 5 The different configurations of EVs.
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the three types of batteries in terms of energy efficiency, energy density,

cycle life, and discharge rate [10,11].

Each type of battery has its own advantages and disadvantages, but in

general, the lithium battery is the best type because it has the best energy

efficiency, the highest energy density, and the highest cycle life when com-

pared with nickel and lead-acid batteries. In addition, it has a moderate cost

and discharge rate when compared with the other two types. One disadvan-

tage of this type is that its lifetime can be reduced unexpectedly in high-

temperature conditions and deep discharge, so it must be equipped with a

protection circuit for safe operation [11].

To charge EV batteries, two methods can be used: conductive and

inductive. Conductive charging is the common type in the current industry,

and it is done by using a charger in the electric vehicle. The vehicle receives

electrical energy by plugging into an AC supply (charging station) through

the electrical charger [12].

Flywheels: As shown in Fig. 6, a flywheel consists of a rotating mass, an

electric machine, bearings, a container, and a power electronic converter. It

is also known as the mechanical battery because it stores kinetic energy in a

high-speed rotating rotor attached to an electric machine’s shaft and releases

this energy when needed [13]. The charging process happens as the wheel’s

rotor speed increases by the electric machine (operating in motor mode)

connected to it until it reaches a high speed. The discharging process hap-

pens when the speed of the wheel’s rotor decreases and releases the stored

kinetic energy in the form of electrical energy through the electric machine

(operating in generator mode). Flywheels can be found in two forms:

Table 1 Comparison between battery types.

Battery
type

Energy
efficiency Energy density Cycle life Discharge rate

Lead-

acid

63% �
90%

25 � 50Wh/kg 500–
l500cycles

5% per month

(�20°C to

65°C)
Nickel <80% <50Wh/kg �1000cycles 20% per month

(�20°C to

50°C)
Lithium 90 � 100% 2 � 4.5kW/kg <2000cycles 3 � 10% per

month

(�20°C to

60°C)
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high-speed flywheels (speed between 10,000 and 100,000 rpm) and low-

speed flywheels (speed <6000rpm) [10].

Flywheels have many advantages, including a long lifetime, fast response,

high energy efficiency (90 � 95%), low maintenance costs, and an environ-

mentally friendly nature. However, they also have many disadvantages

including low energy density and high self-discharge losses. The flywheel

friction losses can cause a self-discharge rate of up to 20% of the stored

energy per hour. Therefore, a flywheel is not suitable for long-term storage

applications [13].

Ultracapacitors: An ultracapacitor is similar to a conventional capacitor

in structure, but it uses an electrolyte solution to store energy. The ultraca-

pacitor energy storage capacity is 20 times that of a conventional capacitor

because it has much greater capacity than that of a conventional capacitor

[10]. The three main types of ultracapacitor are electric double-layer capac-

itors, pseudocapacitors, and hybrid capacitors. All these types share similar

characteristics such as energy efficiency, lifetime, and energy density [14].

Ultracapacitors have a high life time, (1 � 105cycles for 40years), in com-

parison to other storage devices. In addition, they have a high energy density

that ranges from 1000 to 2000kW/kg, and an energy efficiency of

85 � 95%. Therefore, these capacitors have the ability to charge quickly

and give energy without remarkable losses. However, ultracapacitors have

a high self-discharge, which makes them unreliable for use as a single source

of energy for vehicles. Moreover, their costs are high (>6000$/kWh),

which makes them suitable to be used as supplementary energy sources in

short-term energy storage applications [10,14].

Fig. 6 Flywheel structure.
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Hydrogen storage system: A hydrogen storage system is a system that

stores hydrogen and uses it when needed. This system depends on convert-

ing electrical energy into hydrogen, storing the hydrogen, then converting

the hydrogen back into electrical energy using fuel cells with no emissions in

the process [11,12]. Hydrogen is released through water electrolysis, which

is a simple process that can give a high energy efficiency of more than 70%.

This system is very environmentally friendly, but the conversion process

consumes a huge amount of electricity. Nowadays, most hydrogen is

obtained by reforming this gas using steam and a catalyst, which is less expen-

sive and could give a high energy efficiency of more than 80%. However,

this procedure is accompanied with CO2 emissions [12,15]. A promising

method of producing hydrogen is direct hydrogen production by photoca-

talytic water splitting, which relies on nanotechnology; however, this tech-

nology is still in the research phase [15].

Hydrogen is very difficult to handle in terms of carrying and storing

because it is highly flammable and exists in a gaseous state at room temper-

ature. There are three different solutions for hydrogen storage in EV tanks

[10]:

• High-pressure tank: EVs on the roads today use a high-pressure tank of

35MPawhile high-pressure tanks of 70MPa are still in the testing phase.

These tanks have a simple structure and possess the characteristics of easy

charging and discharging.

• Liquid hydrogen tank: gaseous hydrogen is transformed into liquid

hydrogen when cooled to 20K under atmospheric pressure. This pro-

cess expands the driving range of the vehicle because the hydrogen

stored in this state has more density than in the gaseous state. Moreover,

liquid hydrogen is easier to store and transport.

• Hydrogen-absorbing alloy tank: The hydrogen stored in this type of

tank has a higher density than liquid hydrogen, which means the tank

is smaller and has the possibility of reversible hydrogen charge and dis-

charge. The disadvantage of this type is the low gravimetric density.

5 Motor drives used in EVs

The motor drive system, including the electric motor, converter, and con-

troller, is the core of an EV. An HEV is driven by both an electric motor and

an internal combustion engine and an EV is driven by one or more electric

motors. The EVmotor drive must achieve high acceleration torque, fast tor-

que response, high power density, high instantaneous power, high efficiency
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over a wide range of speeds, wide constant torque, constant power regions,

and moderate costs [16]. Fig. 7 shows the desired output characteristics that

meet the requirements for EV applications.

The five types of motors that can be used in HEVs and EVs are a DC

motor, an induction motor, a brushless motor, a switched reluctance motor,

and a synchronous motor; each has its advantages and disadvantages [17].

5.1 DC motors
DC motors have the ability to achieve high torques at low speeds, which is

required in traction applications such as EV and HEV applications. In addi-

tion, the control system of these motors relies on changing the terminal volt-

age, which is considered to be a simple control system. There are two main

types of DC motors: brushed and brushless. The brushed type can produce

high torque at low speed with a torque-speed characteristic suitable for trac-

tion applications [16,18]. However, they have a bulky structure, low effi-

ciency, high maintenance costs, and low reliability. Moreover, the

maximum motor speeds are limited due to the continuous friction between

the commutator and the brushes. For these reasons, the brushless DCmotors

are more favorable in EVs. A brushless DC motor has no brushes, which

means it needs less maintenance. It also has a better efficiency and smaller

size when compared with a brushed motor. Fig. 8 shows the torque-speed

characteristics of the brushless DC motor [18].

Fig. 7 Desired output characteristics for electric vehicle applications.
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5.2 Induction motors
Having a very simple structure, low maintenance costs, reliability, and good

maximum torque capability, induction motors are considered to be a very

suitable choice to use in the drive systems of HEVs and EVs. Induction

motors have an expanded constant power speed range when compared with

DCmotors because they have a commutator or brushes, which means there

is no friction in these motors and increased maximum speed limits. The

speed can be changed in an induction motor by changing the frequency

of the voltage (voltage/frequency control). The field-oriented control is

used in an induction motor to make it work as a separately excited DC

motor [16]. In this case, the motor does not have speed limitation issues

as in DC motors. The speed range can be expanded by weakening the flux

in the constant power zone. Fig. 9 shows the speed-torque characteristics of

the induction motor.

These characteristics show that in a high-speed region because of the big

value of electromotive force, the stator current is reduced, which means the

torque is inversely proportional to the speed square.

Induction motors have many disadvantages such as high copper losses,

low power factor, low efficiency, and narrow constant power range. The

control system in this motor is more complex than that in the DC motor

[18,19].

Fig. 8 The torque-speed characteristics of the DC brushless motor.
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5.3 Permanent magnet brushless DC motors (PMBLDC)
PMBLDCmotors have high efficiency and high power density with a speed

range that can be expanded to three or four times the base speed. These

motors are better candidates than induction motors as propulsion motors.

The main advantages of these motors are the highly reinforced magnetic

field, which gives the ability to produce high power density with smaller size

and reduced weight of the motor as well as the absence of copper losses due

to the absence of rotor windings. These advantages make PMBLDCmotors

an attractive choice for EVs and HEVs [18,20]. However, there are many

drawbacks related to this type of motor such as the relatively narrow range

of constant power due to the limited capability of field weakening, which

results from the strongly present field flux produced. To widen the maxi-

mum speed range and improve the motor efficiency, the conduction angle

of the converter can be controlled at speeds higher than the base speed.

However, at very high speeds, the efficiency may drop abruptly due to

demagnetizing caused by the back electromotive force and possible force

occurrence [16]. Furthermore, in high-temperature operation, the residual

flux density decreases; therefore, the torque capacity of the machine also

decreases. The speed-torque characteristic of this motor is shown in Fig. 10.

Based on the placement of the permanent magnet, PMBLDCs can be

categorized into two main types: surface magnet (SPM) and interior magnet

(IPM). A hybrid between the two types is the PM hybrid motor [19,21].

5.4 Switched reluctance motor drives (SRM)
The potentials of SRM motors make them more attractive for EV/HEV

applications. These motors possess very good features such as a robust

Fig. 9 Speed-torque characteristics in an induction motor.
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structure, low manufacturing cost, good speed-torque characteristics, and a

broad constant power zone. The speed-torque characteristics almost match

the vehicle load characteristics with a very high speed operation capability.

In addition, SRMs have a high starting torque and a high torque-inertia

ratio. The absence of rotor windings, commutators, magnets, and brushes

makes the structure of this motor much simpler when compared with that

of DC, induction, and permanent magnet motors [20]. Moreover, this

motor has a high fault tolerance due to disconnection between the phases;

therefore, the failure of one phase doesn’t affect the motor. The main dis-

advantages of these motors are the acoustic noise, high torque ripples (due to

salient-pole rotor and stator), big size and weight, and lower power density

[21]. The speed-torque characteristics of SRMs are shown in Fig. 11.

Recent studies on this type of motor have suggested that EV and HEV

applications need a high number of stator and rotor poles such as an 18-stator

pole. Others suggested an SMR motor drive that has a combination of

18 and 12 poles. The major advantage of such a design is the higher pro-

duced torque, the higher reliability, and the higher fault tolerance [22].

5.5 Synchronous reluctance motor drives (SynRM)
These motors combine the benefits of both induction motors and perma-

nent magnet motors. This type of motor possesses the advantages of both

motors, which are the efficiency and robustness of induction motors as well

as the synchronous speed operation of permanent magnet motors. The stator

winding distribution in these motors is the same as induction and permanent

Fig. 10 Speed-torque characteristics of PMBLDC motors.
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magnet motors [16,18]. Moreover, the fault tolerance of this motor is as high

as induction motors because the flux is absent when the stator windings are

not supplied with power. The control system of this motor is similar to the

permanent magnet control system due to the similarity in stator structure.

The main drawback of this motor is the low power factor, which implies

the need for an increased motor size and higher saliency ration. These terms

are satisfied in machines with transversally and axially laminated rotor struc-

tures. The power factor is also improved by adding a small amount of per-

manent magnets to the machine [20].

6 Electronic architecture of EVs

Power electronics selection in electric and hybrid electric vehicles is substan-

tial for the performance and operation efficiency of these vehicles. Power

electronics include all semiconductor device-based circuits in the vehicle

such as converters, inverters, and control and switching techniques [22].

The selection of power electronic devices for EV and HEV propulsion

should meet the requirements of the voltage ratings, current ratings, switch-

ing frequencies, power losses, and dynamic characteristics. Voltage ratings

depend on the nominal value of the battery voltage, the peak value of voltage

during the charging period, and the peak value of voltage during the regen-

erative braking period. Current ratings depend on the motor maximum

power ratings and how many devices are connected in parallel. Switching

frequencies should be high in order to mitigate the acoustic noise, although

when using very high switching frequencies, this will increase the switching

Fig. 11 Speed-torque characteristics of SRM motors.
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losses [22,23]. Dynamic characteristics should enable high capability, easy

driving, and easy paralleling. Among the available power electronics, Gate

Turn-Off (GTO), Bipolar Junction Transistor (BJT), Metal-Oxide-

Semiconductor Field-Effect Transistor (MOSFET), and Insulated-Gate

Bipolar Transistor (IGBT) are particularly suitable for EV propulsion.

The operating characteristics of these power electronics are provided in

Table 2. The most popular type is IGBT because it has high input imped-

ance, and high-speed characteristics. MCT is an attractive choice for EV

propulsion because it possesses a high switching frequency, excellent

dynamic characteristics, and high reliability [24].

Converters: Converters classified into DC-DC converters and DC-AC

converters (inverters) are used for DC and ACmotors, respectively. EV con-

verters are employed as the inverter/generator, the main (HV) DC/DC

converter, the auxiliary (HV/LV) DC-DC converter, and the auxiliary

inverter [24]. Fig. 12 illustrates the types of converters in a typical EV.

Standard power converter topologies used for power conversion in the

EV and HEV industry are two-level 3-ph power conversion topologies. An

auxiliary HV/LV DC/DC converter is used to exchange energy between a

high voltage (HV) DC power net and a 14V DC (LV) power net. Different

topologies, such as H-bridge and half-bridge topologies, with or without a

resonant dc-link can be utilized for this converter [24,25].

Auxiliaries with high voltage must be considered. Air conditioning, oil

pumping, cooling, HV power steering, charger, and HV/LV DC-DC

converter are examples of auxiliaries. Most of them employ IGBT, except

for the HV/LV DC-DC converter and the charger where MOSFET is used

for high switching frequencies. The most-used pulse generation technique

for converters is the PWM technique, which can be categorized

intovoltage-based PWM and current-based PWM. Voltage-based PWM

techniques are natural, regular, optimal, delta, and equal-area PWM.

Current-based PWM techniques are hysteresis band PWM, instantaneous

power technique, and space vector PWM (SVPWM) [24,26].

Table 2 Operation characteristics of GTO, MOSFET, IGBT, and BJT.

Gating signal Switching frequency (kHz) Power capability

GTO Current Low 5000V, 3000A

MOSFET Voltage Very high 1000V, 100A

IGBT Voltage High 1200V, 400A

BJT Current Medium 1400V, 800A

MCT Voltage High 900V, 150A
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However, topologies with multilevel and multiphase could be future

candidates in EV applications. Improvements in voltage and current wave-

forms as well as power capacities are among the benefits of such topologies.

Multilevel topologies, on the other hand, offer a number of disadvantages for

the electric car sector, including voltage fluctuations, complicated control

systems, and higher prices. With this in mind, it’s safe to assume that future

HEV/EVs will continue to employ two-level power conversion topologies.

When compared to 3-ph topologies, multiphase technologies depicted in

Fig. 13 can provide various benefits such as better power capability,

increased fault tolerance, higher power density, fewer torque ripples, and

higher efficiency. Furthermore, an n-ph topology machine with the same

features and performance may be simply generated from a 3-ph topology

machine. Multiphase topologies are appealing future topologies in automo-

tive applications for all the reasons stated above [25,26].

7 Challenges for the adoption of EV technology

Along with the many advantages of EV technology come many challenges

that affect the adoption of this technology broadly. These challenges can

be categorized into internal challenges that emerge from the technology

itself and external challenges that affect the technology from the external

factors [27].

Fig. 12 Types of converters in EVs.
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7.1 Internal challenges
Three factors can be classified under this category: driving range, charging

time, and high total cost of EV ownership.

The driving range of an electric vehicle in a single charge is a great chal-

lenge in the adoption of this technology. A survey conducted in large

American cities found that 70% of the sample included in the survey thinks

that driving range is a major disadvantage or at least a moderate disadvan-

tage. In another survey, 33% of the respondents say that the battery range

of EVs is their biggest concern [28]. Consumers seem to be willing to pay

more for the additional distance that an EV could cover on a single charge.

HEVs have a better driving range when compared with EVs, which makes

them preferable.

From a consumer’s point of view, the charge time of an electric vehicle is

dead time. When the fast-charging feature is unavailable, people tend to pay

more for expanded driving range. Hackbarth and Madlener did a survey in

2013 where the participants showed a tendency to pay between 5€ and 18€
to reduce the recharging time by 1min, with a higher tendency to pay for

EVs than plug-in hybrid electric vehicles. Reducing the charging time from

6h to 10min will cost 1750€–3500€ for plug-in hybrid electric vehicles and
3150€–6300€ for electric vehicles. Studies also showed that people are will-

ing to pay nearly $8500 to reduce the charging time from 10h to 10min. It is

obvious that the challenges in driving range and recharging time of EV tech-

nology are of great concern for consumers [27,28].

Parellelized switch
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CDC

SWt2 SWt3 SWtn

phase 1
phase 2
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SWb1 SWb2 SWb3 SWbn

BDt1

Dt1

Fig. 13 Two-level multiphase topology with parallelized power switches for future HEV/
EV electric drives.
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Regarding the costs of electric vehicles, studies have been conducted to

understand the effect of vehicle prices and characteristics on the consumer’s

purchasing decision. The results of these studies showed that the purchase

price of an electric vehicle in comparison with internal combustion engine

vehicles is extremely important. In a study done within large cities in the

United States in 2011, 55% of the study sample found that the purchase price

of electric vehicles is the major disadvantage of this technology while 30% of

the sample found that this is a moderate disadvantage. In another study that

took place in the United Kingdom, 40 conventional car drivers were given

an electric vehicle to drive for 1week. The study showed that people were

not comfortable with the upfront costs of an EV. Furthermore, electric vehi-

cles have higher lifetime costs than conventional cars [29].

7.2 External challenges
The three main external factors that affect the adoption of electric vehicles are

fuel price, availability of charging infrastructure, and consumer characteristics.

Studies showed that fuel prices in conventional and hybrid electric vehi-

cles are higher than electric vehicles, which implies higher fuel cost savings

in electric vehicles. Depending on the petroleum-based fuel prices, which

are not constant between countries, the advantage of lower fuel costs of

EVs will not be as important in countries where petroleum-based fuel prices

are low [27]. Still, even in countries where petroleum-based fuel prices are

high, the costs of electricity can still be a big challenge. In a 2012 study con-

ducted by Prud’homme and Koning in France, they found that when com-

paring an electric vehicle with a conventional vehicle with similar features,

the EV is considered to be economical only when petroleum fuel prices

approach $470/barrel accompanied with decreased EV purchase prices [27].

The lack of an appropriate charging infrastructure can be a big challenge

to the adoption of electric vehicles, especially when the EV driving range is

limited. On the other hand, the number of EVs on the roads affects the

investment in charging stations. A study done by Egbue and Long in

2012 that selected people with a positive attitude toward EV technology

found that 17% of the sample considered the unavailability of charging infra-

structure as their most important factor in EV adoption [30]. The adequacy

of the charging infrastructure is determined by its location. For example, a

study conducted in Ohio found that universities have a high service level

(the number of EV chargers and amount of energy charged) when compared

to workplace and shopping locations. So some users will prefer to charge at
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home (if they have quick charging capability) than to pay for a quick charg-

ing outside [27,29].

Consumer characteristics also can be a challenge to the adoption of EVs.

The most important characteristics are education, number and type of cars

owned, and level of environmentalism. Studies showed that the higher the

level of education, the higher the likelihood of purchasing an EV. It was also

noted that having multiple cars reduces the tendency toward purchasing an

EV. In addition, it was found that some users will choose vehicle usefulness

over environmental effects while most will choose to drive an EV because

they experience less guilt. However, it doesn’t mean that people don’t value

pollution reduction, but they value the performance more [29].

8 Future of EV technology

EV technology holds great promise for the future of transportation. The

numerous benefits of this technology, ranging from reduced GHG emissions

and improved driving experience to the integration of EVs into power sys-

tems, provide significant potential to improve mobility efficiency and eco-

nomics. Several studies forecast the future of EV technology and its related

aspects.

According to one study [31], by 2040, electric cars would account for

12%–28% of the worldwide fleet, up from 12% in 2016. Furthermore, even

in a low-oil-price scenario, EVs will be preferred by 2040. These predictions

were produced by prominent energy research organizations throughout the

world: IRENA (2019), Bloomberg (2019), OECD/IEA (2018; 2019),

OPEC (2018), and BP (2018). Furthermore, the petroleum product market

share will fall from 93% in 2017 to 82%, or possibly 59% in the best case

scenario. However, the widespread use of electric cars would result in a

7%–10% rise in worldwide power demand by 2040.

However, growth will be unevenly spread across the world’s countries.

Naturally, the most significant increase will come from nations that aggres-

sively encourage EV technology, such as the United States, China, Japan,

and the countries in the European Union [32]. Electricity demand from

EVs alone is anticipated to account for more than a third of the country’s

total demand in some situations. However, the difficulty is adapting the

power infrastructure to the rising demand peaks caused by EV charging pat-

terns. To stay on track with “green” energy, world leaders in EV adoption

must double down on the research and development of energy storage tech-

nologies; otherwise, EV adoption will result in increased fossil fuel use.
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In terms of future fuel intensity development, it is expected that by 2050,

all presently known efficiency improvements in hybrid electric automobiles

would have been realized, resulting in a considerable reduction in energy

input (kWh) per km [31]. According to studies, EVs may emit up to 97%

fewer GHGs than conventional cars when using different main energy

sources while HEVs can emit around 25% fewer GHGs than conventional

vehicles [33].

Forecasting the future of EV technology is a difficult task with all the

specifications that should be taken into account. Although it is obvious that

the technology is not yet favorable when compared to conventional vehicles

due to limited driving range, charging infrastructure, and battery perfor-

mance, further technological improvements are needed while supportive

measures for increasing the EV market share should be implemented to

assure the spread of this technology.

9 Conclusion

Increasingly serious environmental issues such as global warming and envi-

ronmental pollution have led to continuous searches for solutions to these

issues. One solution that could solve the major problem of increased

GHG emissions and depletion of energy resources is the electrification of

the transportation system. EV technology is a promising solution that can

mitigate emissions and reduce petroleum-based fuel consumption in internal

combustion engine vehicles. Hybrid electric vehicles, which are an interme-

diate stage between fully petroleum-based conventional vehicles and fully

electric vehicles, can be considered the first step toward full transformation

into electrified roads. These vehicles are much better than conventional

vehicles regarding the above-mentioned issues. Still, the ultimate goal is

to rely fully on electric power in vehicles. Many countries set goals in terms

of EV numbers on the road in upcoming years and this is indeed increasing.

In the next two decades, studies have predicted that increased adoption of

EV technology might reduce the consumption of petroleum products from

90% to 50% and reduce GHG emissions from vehicles by 95%. However,

the full adoption of this technology still has many challenges regarding the

driving range, batteries, and charging issues. These issues are still in the

research phase and need more development to make this technology more

suitable for consumer requirements and consequently more favorable when

compared with conventional vehicles.
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1 Introduction

The electric vehicle (EV) market is booming, thanks to more options,

cheaper pricing, government subsidies, and ever-improving battery tech-

nology. Simply explained, instead of a gasoline or diesel engine, an EV is

driven by an electric motor. This electric motor’s rechargeable batteries

may be charged using normal household electricity [1–5].
More than 1 million pure electric cars and vans were in operation glob-

ally as of September 2016. There are two types of EV technology: hybrid and

pure electric. A pure electric vehicle’s basic components are a rechargeable

battery, a controller, and an electric motor. First, the battery must be

charged. The controller then converts the DC to AC power so that the

motor may use it. The motor converts electrical energy into mechanical

energy [6–11]. Hybrid cars employ the same concept, but with the addition

of a small gasoline engine that drives a generator. This drives the car at cruis-

ing speed, with batteries supplying additional power when the vehicle accel-

erates. The batteries can recharge themselves when the car is parked or

decelerating [12–18].
Hybrid technology allows obtaining much greater mileage from your

car, saving money and reducing the environmental impact. The most crucial

reason for such technology is that environmental concerns are growingmore

severe at this time. Automotive exhaust carbon emissions have surpassed all

other sources as the leading cause of air pollution, particularly in highly pop-

ulated regions [19]. Air pollution is at dangerously high levels in many

regions globally, posing a serious environmental risk to human health. Every

year, poor air quality causes more than 6.5 million premature deaths world-

wide, and around 3 million people die due to exposure to outdoor air pol-

lution. One of the three major causes of outside air pollution is emissions

produced by automobiles [20]. Transportation is among the most significant

sources of greenhouse gas (GHG) emissions, accounting for around 90% of

total emissions. Global CO2 emissions in 2015 were 32.3Gt, according to

the International Energy Agency (IEA), with transportation responsible

for 24% of total emissions and the road sector accounting for 75%. [21].

Global warming has the potential to raise human death rates due to heat

stress, illness, and natural catastrophes as well as move the area for sustainable

agriculture, disrupt habitats for animals and ecosystems, and alter the time and

amount of water available [22]. The hazards of global warming have been

communicated to the human race.According to some researchers, producing

electricity for charging battery electric vehicle (BEV) or hydrogen fuel cell
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electric vehicles (FCEVs) could result in significant GHG emissions that are

nowhere near those from internal combustion engine vehicles (ICEVs) based

vehicles. However, this is an assessment predicated on the premise that elec-

tricity is generated utilizing fossil fuels such as coal and oil.

Indeed, a well-to-wheel (WTW) study revealed that gas emissions from

electricity generation or hydrogen synthesis primarily rely on fundamental

energy sources [23]. As power is created using nuclear power, hydropower,

or renewable energy sources such as biomass, solar, and wind power, BEVs

emit substantially less WTW gas than ICEVs. Solar electrolysis hydrogen

generation can reduce gas emissions in FCEVs by 99.2% when compared

to gasoline ICEVs.

It is worth noting that some of the world’s most powerful nations, such as

the United States, China, and the countries in the European Union, all

appear to have strategies to expand the quantity of renewable energy in their

energy production, enhancing plug in electric vehicle (PEV) environmental

benefits considerably [24,25]. As a result, the argument’s conclusion will be

obvious: as technology and policy advance, PEVs will be able to exceed

ICEVs in reducing GHG emissions. The growing urgency of the energy cri-

sis caused by fossil fuel depletion is another significant motivator of PEV

development.

Transportation, by far the most significant fuel-consuming business, uses

56% of global fuel consumption [20]. As a result, humans must adopt prac-

tical steps ahead of time to avert social and economic catastrophes when

energy exhaustion occurs. Furthermore, the PEV energy efficiency is much

greater than regular ICEVs. The BEV total energy efficiency ranges from

60% to 70%, including component efficiencies such as batteries, electric

motors, recharge efficiency, and regenerative braking energy. Traditional

ICEVs have a fuel efficiency of just 15%–18%, but FCEVs have an average

conversion efficiency of 35%–55% [26].

Contrasted with ICEVs and traditional hybrid electric vehicles (HEVs)

powered by a battery, PEVs have the potential to be used as disseminated

energy storage structures that can connect to a smart grid. The power trans-

fer over this connection may be bidirectional. Excess energy in PEV energy

storage devices may be delivered back to the grid during moments of high

peak demand or to compensate for renewable power supply unpredictabil-

ity. Charging batteries or electrolyzing water to create hydrogen might be

used to store excess grid energy. This vehicle-to-grid (V2G) option can

enhance grid power quality and stability while reducing the effects of renew-

able generation intermittency [27–31].
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2 The current state of PEVs

2.1 PEVs with a single source
Vehicles are propelled by a single energy source in single-source PEVs. The

finest example of single-source PEVs is the first BEV, created in 1828.

Fig. 1A illustrates the configuration of single-source PEVs. Electric cars have

a limited operating duration while a significant charging time for batteries

hampers their widespread use. BEVs have regained manufacturer and

Battery Converter Inverter Motor Gearbox

FC Stack Converter Inverter Motor Gearbox

(a) Powertrain of BEVs

(b) Powertrain of FCEVs

Fig. 1 Single-source PEVs.
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customer attention in recent years due to substantial environmental concerns

and energy problems created by ICEVs. BEVs emit no emissions, are very

efficient, and are quieter. During vehicle deceleration, the electric motor

may also act as a generator, allowing BEVs to collect regenerative braking

energy. Repeated charging and discharging, on the other hand, may cause

the batteries to overheat, reducing their lifespan.

FCEVs are other PEVs with single-source types, as seen in Fig. 1. An fuel

cell (FC) stack (with a hydrogen tank), a power converter, an inverter, and

an electric motor are all part of powertrain of FCEV as presented in

Fig. 1B. The proton-exchange membrane fuel cells (PEMFCs) are the most

promising automotive applications due to their low operating temperature,

high power density, and ability to run on ordinary air. FCEVs use oxygen

and hydrogen to create electricity, with clean water as a chemical byproduct.

FCEVs are known for their high performance, recovery, and long-term

energy production as well as their quiet operation. Liquid hydrogen is also

transportable, similar to the fuel tank of an ICEV. Due to the lack of bidi-

rectional power flow in the engine, FCEVs cannot recover braking energy

compared to BEVs.

2.2 PEVs with two sources
The vehicle propulsion system of a double-source PEV incorporates two

energy sources, reducing the drawbacks of using only one. Only a few

instances of dual-source pairings were discovered in the literature, including

battery and super capacitors (SC), battery and flywheel, battery and hydro-

xypropyl trimethyl ammonium chloride chitosan reaction (HACC), battery

and FC, and FC and SC. In battery-SC PEVs, as shown in Fig. 2A, the bat-

tery serves as the major energy source for supplying traction energy while

the SC serves as an auxiliary energy source for satisfying the vehicle’s system

features and recovering regeneration energy [1,2]. Similarly, the battery

serves as the principal energy source for fulfilling power needs in the battery

and flywheel hybrid energy storage system illustrated in Fig. 2B. In contrast,

the flywheel acts as an auxiliary energy storage system for storing regener-

ative energy in transitory situations. During deceleration, the flywheel accu-

mulates brake energy and releases it during vehicle acceleration. As a result,

battery capacity might be increased, and vehicle performance and efficiency

may improve [3].

The HACC, unlike the SC and the flywheel, can transform kinetic

energy into fluid power fast during vehicle deceleration and then release
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it when the vehicle need it. The battery and the HACC powertrain can be

built in parallel or series, as shown in Fig. 2A, B, and C. The battery may

charge the HACC in series, allowing the HACC to achieve its maximum

capacity and assuring the vehicle’s dynamic performance. In a series design,

however, improved energy conversion may result in increased energy losses

and worse overall system efficiency [4]. The battery is utilized to replace the

deficit or absorb the surplus of FC power in the drivetrain, as shown in

Fig. 2D.

Furthermore, the battery can store braking energy during deceleration

[5,6]. Fig. 2E and F depicts a PEV configuration that incorporates both

the FC and SC. The FC provides the primary energy and traction force

source while the SC assists with acceleration and gathers regenerative energy

during deceleration [7,8].

SC

Battery

Converter

Converter

(a) Hybrid Powertrain of the battery and SC

Inverter Motor Gearbox

Battery

FC Stack

Converter

Converter Inverter Motor Gearbox

SC

FC Stack

Converter

Converter Inverter Motor Gearbox

Converter Inverter Motor Gearbox

Flywheel

Battery

Converter

Converter

Battery

HACC

Converter Hydraulic
Pump

Hydraulic
Motor

(b) Hybrid Powertrain of the battery and Flywheel

(c) Parallel Powertrain of the battery and HACC

(e) Hybrid Powertrain of the battery and FC (f) Hybrid Powertrain of the FC and SC

(d) Series Powertrain of the battery and HACC

Inverter Motor Gearbox

GearboxValve

HACCHydraulic
Pump / Motor

ValveD

Battery

Fig. 2 Dual-source PEVs.
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2.3 PEVs with many sources
The vehicle engine in PEVs with multiple energy sources has at least three

energy sources. By combining several sources of energy, they may attain

their maximum potential and increase dynamic performance. The multi-

source set-up increases energy storage capacity while allowing each advan-

tage to be fully optimized to enhance system efficiency, robustness, and

equipment lifespan. Furthermore, the best design across all energy sources

saves money and prevents the use of oversized or overweight components.

As a consequence, combining several sources of energy is a cost-effective

way to put PEVs into practice. The different multisource powertrain con-

cepts that have been documented in the literature [9–14] are depicted in

Fig. 3. The FC stack is the primary energy source for delivering traction

energy in these configurations, whereas the SC acts as a backup source of

energy for conserving regenerative energy during deceleration and stopping.

As illustrated in Fig. 3C, the battery may be used as both a primary and aux-

iliary energy source for storing surplus regenerative energy. It’s worth noting

that the PV cell is utilized as a backup energy source to create electricity

while also conserving energy.

2.4 Impacts of PEVs on the environment
PEV environmental impacts may be investigated using life cycle analysis

(LCA), which can explicitly quantify resource use and environmental dis-

charges over the course of a product’s full life cycle. A WTW analysis,

for example, is a common LCA tool that summarizes energy consumption

and pollutants from the point of primary energy source extraction (well) to

the point of use (wheels). Broad assessment criteria must be provided to

make a more accurate comparison between various powertrains. Despite

the fact that kilometers are not the best functional unit for LCA, they are

the most widely used in the literature.

In addition, CO2 emissions are the most commonly measured result to

analyze environmental consequences, and other emissions such as water

vapor are not taken into account in this study. Emissions are thus measured

in g CO2 equivalent per kilometer [15,16]. In commercial applications,

single-source PEVs are the most common vehicle type; however, alternative

PEVs are also produced.

Natural gas is commonly utilized to generate hydrogen due to its inex-

pensive cost. BEVs use power converted from natural gas. Renewable

energy sources such as solar and wind energy may also be used to create
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Fig. 3 Multisource PEVs.
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hydrogen and electricity. Table 1 compares traditional ICEVs to lithium-ion

battery BEVs and hydrogen FCEVs, which run on natural gas and solar/

wind energy, respectively. According to the data, FCEVs driven by pure

hydrogen have greater WTW fuel consumption and emissions than BEVs,

regardless of whether they are powered by natural gas or solar/wind energy.

BEVs use converted electricity directly, but hydrogen generation requires a

lot of energy conversion and has a large carbon impact. BEVs and FCEVs, on

the other hand, have significantly lower WTW fuel consumption and emis-

sions than ICEVs.

Using renewable energy sources allows BEVs and FCEVs to emit

extremely low WTW while simultaneously offering the highest environ-

mental benefits. BEVs that run on electricity generated by solar or wind

power, in particular, emit no pollutants. It’s also worth mentioning that

FCEVs fuelled by solar/wind energy have roughly three times the WTW

fuel consumption of BEVs. This is because of the FC’s low efficiency and

the electrolysis process, which produces hydrogen using solar/wind energy.

On the other hand, FCEVs have technological advantages over BEVs,

including a more extended driving range per charge, a faster refueling/

recharging time, and the ability to recover waste heat for heating fuel.

2.5 Model description
Several inbuilt models in the SIMULINK program are used to create a real-

time model of an electric car. The four significant models are motor drive,

high-voltage battery, longitudinal vehicle model, and driver and

Table 1 Energy consumption.

Vehicle types with energy sources
Fuel consumption
(l_gas_eq/100km)

Emissions
(g_CO2_eq/km)

Battery electric vehicle with Li-ion

battery based on natural gas

3.02 58.83

Fuel cell electric vehicles with

hydrogen based on natural gas

4.00 74.21

Li-ion battery-BEVs based on solar/

wind energy

1.54 0.00

Fuel cells with hydrogen based on

solar/wind energy

4.44 2.99

Petrol IC engine vehicles 6.00 144.00

Diesel IC engine vehicles 4.70 133.00
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environment model. Finally, a measurement and scope model is created to

visualize the simulation findings. The overall model block diagram is shown

in Fig. 4.

2.5.1 Driver and environment model
A driving cycle is a collection of data points that represents the speed of a

vehicle over time. Driving cycles are developed by many nations and orga-

nizations to assess automobile performance in various characteristics such as

fuel economy, electric vehicle autonomy, and hazardous pollutants. The

model includes a driver and environment module to mimic driving condi-

tions, as shown in Fig. 5.

A typical drive cycle of FTP75, which is utilized for light-duty cars, is

chosen as the standard drive model from the Simscape model. The model

in question has a length of 2474 s with a predetermined speed variation.

A controller is used to keep the motor speed consistent, as seen in Fig. 6.

2.5.2 High-voltage battery model
A high-voltage battery provides the power source for the EV system. The

battery for the EV system is taken from the standard models available in the

Simulink library. A realistic DC-link current profile, derived from a

dynamic driving cycle, is used in the model. DC voltage source and internal

resistance are included in the battery model. The settings that were consid-

ered in the simulation are listed in Table 2. The voltage and current sensors

are positioned in the proper locations to monitor the battery’s vital param-

eters (Fig. 7).

2.5.3 PMSM motor model
An electric motor is the heart of any electric vehicle. A variety of electric

motors are utilized as prime movers in the contemporary environment, with

BLDC motors being the most popular due to their high torque generating

capacity and compact size. As befitting their numerous benefits over ordi-

nary DC motors, AC motors in electric vehicles have received the most

attention in recent years. Permanent magnet synchronous motors

(PMSM) are currently employed in such pursuits. Fig. 8 shows the Simulink

model for the prime mover, which includes a PMSM controller, a three-

phase inverter, and a motor. A PMSM field-oriented controller is created

and built to synchronize the rotors and maintain the drive’s speed, as illus-

trated in Fig. 9.
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The controller’s inputs come from a real-time model. The controller

operates by sending a gate signal to a three-phase inverter based on inputs

from the speed sensor, which gives the motor’s current operational speed,

and the bus voltage sensor, which provides information on the inverter’s

input voltage. The actual speed value is compared to the reference speed that

must be maintained in the final drive, and the controller calculates the nec-

essary adjustment to keep the motor running at the appropriate speed. The

controller is backed up by a line voltage sensor and a line current sensor to

ensure appropriate motor functioning.

3 Results and discussions

In this part, the findings of the simulation studies are explained with appro-

priate examples. Fig. 10 depicts the speed plotted as a function of time for

various torques. A set of 25 values has been computed based on the variation

of 5 speed and 5 torque ranges. Fig. 11 depicts the electrical losses in the

system for each of the 25 trials performed.

From Fig. 10, it can be seen that the uniform speed is obtained in the

high-speed and high-torque operation of the motor for the given duty cycle

of vehicle operation. Furthermore, at the lower speeds of motor operation, it

is found to be pretty challenging to maintain constant speed for all the ranges

of torque. It can be seen from the plots presented in the first column of

Fig. 10. As the target speed increases, the speed curve tends to be smoother,

showing the flawless operation of the motor in high-speed range for all the

operational loads of the motor. This is also on par with the fact that AC

motors are efficient and smooth at high operation speeds. This clearly shows

that the electric vehicle operating with an AC motor as a prime mover can

VehSens .VehSpd
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Motor Speed Reference
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km/hr
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Fig. 5 Driver and environment model.
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easily attain higher speeds with lower efforts. On the other hand, the initial

torque that has to be given to propel the vehicle at lower speeds will be dif-

ficult because the controller has to handle high fluctuations in the voltage

given to the motor. Due to this, the controller may suffer a high rate of fail-

ure. To prevent this, the controller must be optimized to handle both lower

and higher speeds of vehicle operation. Because the vehicle is a system in

which more variations in operation can be found, it is better to design a con-

troller that can best suit the purpose.

Table 2 Simulation parameters.

Sl no Parameter Value Unit

Vehicle parameters

1 Vehicle mass 1600 kg

2 Tire rolling radius 30 cm

Battery parameters

3 Battery voltage 350 V

4 Battery internal resistance 0.002 Ohms

Bevel gear parameters

5 Bevel gear ratio 7.0 –
6 Bevel gear efficiency 0.98 –

GND

Battery

DC Voltage Source
battery.voltage_V V

+–

Voltage
Sensor Current

Sensor

Battery Status

Simscape Bus

Info

HighV

1

2

V
I

V

Info

minus

plus

A

V

Internal Resistance
battery.internal_R_Ohm Ohm

+

+

+

-

-

–

-

1

Fig. 7 High-voltage battery model.
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To have a better controller, an electronic inverter-based field operation

controller can be used. In all vehicle loading scenarios, the inverter-based

controllers enter a steady state with constant rotation speed after a transitory

time of less than 0.4 s. This demonstrates that the inverter-based controllers

can be utilized in an electric vehicle [17]. In the d–q axis, mathematical

models for both steady-state and transient analysis, the most common

approach for investigating the electric motor control of the PMSM type,

are used. From the stator variables, the Park transform is applied to create

the two-axis variables [18].

The electrical losses for varied speed and torque characteristics are shown

in Fig. 11. In PM machines, there are three types of losses: (a) stator loss,

(b) rotor eddy current loss, and (c) windage loss. Stator loss is made up of

two elements: copper and iron. Traditional I2R loss as well as stray load loss

due to skin effect and proximity influence are included in the copper loss.

Because eddy current losses are more significant at high speeds and low

loads, the electrical losses are more significant for the motor’s high speed

and low torque operation, as shown in the diagram. Because eddy current

losses in the rotor are minimized, the lowest electrical losses are observed

during low speed and low torque motor operation.

Fig. 11 Electrical losses.
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4 Conclusion

A mathematical model is developed in SIMULINK to simulate the actual

driving conditions by varying the target speed and torque. The simulation

results confirm the promising electric vehicle operation with a PMSM

motor with a field-operated controller. The future of transportation solely

relies on the electric vehicle in all possible aspects. Affordability is one big

hurdle that hinders the development of a commercial electric vehicle. In

such cases, an AC-based electric drive can be a better power source.

A Appendix

A.1 Set up
% Open model and set up simulation

mdl = "MotorDrive_testHarness";

if not(bdIsLoaded(mdl)), open_system(mdl); end

set_param(mdl, ...

'SimscapeLogOpenViewer', 'off',...

'EnablePacing', 'off',...

'SolverType', 'Variable-step',...

'Solver', 'VariableStepAuto',...

'SaveTime', 'on',...

'TimeSaveName', 'tout',...

'SignalLogging', 'on',...

'SignalLoggingName', 'logsout',...

'SimscapeLogType', 'local',...

'SimscapeLogSimulationStatistic
s', 'off',...

'SimscapeLogToSDI', 'off',...

'SimscapeLogName', 'logsoutssc',...

'SimscapeLogDecimation', 1,...

'SimscapeLogLimitData', 'off',...

'ReturnWorkspaceOutputs', 'on',...

'ReturnWorkspaceOutputsName', 'out');

set_param(mdl+"/Motor Drive/FEM-Parameterized PMSM", "LogSimula-
tionData", "on")

% necessary for electrical loss calculation after simulation

tMax = 0.2; % Simulation time > 60/rpm0/N

set_param(mdl, 'StopTime',num2str(tMax))
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set_param(mdl, 'FastRestart', 'on')

save_system(mdl)

A.2 Run simulations
A.2.1 Define torque and speed conditions

% The ranges specified below are rather narrow for electric vehicle
motors.

% This is due to the lack of sufficient motor data for
FEM-Parameterized PMSM block

% as well as to the limitation of the FOC controller used in the
model.

SpeedVec = [100, 450, 800, 1150, 1500]; % rpm

TorqueVec = [10, 45, 80, 115, 150]; % N*m

Build simulation input data set and run simulations

nS = length(SpeedVec);

nT = length(TorqueVec);

clear in

in(1:nS, 1:nT) = Simulink.SimulationInput(mdl);

for i_spd = 1:nS

for i_trq = 1:nT

rpm0 = SpeedVec(i_spd);

torque0 = TorqueVec(i_trq);

% First two setBlockParameter calls are used by Simulation
Manager's

% default Figure window to show the progress of simulations.

% First one for horizontal, left to right.

% Second one for vertical, bottom to top.

in(i_spd,i_trq) = in(i_spd,i_trq).setBlockParameter(mdl+"/Con-
stant Target Speed", 'Value',num2str(rpm0));

in(i_spd,i_trq) = in(i_spd,i_trq).setBlockParameter(mdl+"/Step
Load Torque", 'After',num2str(torque0));

in(i_spd,i_trq) = in(i_spd,i_trq).setBlockParameter(mdl+"/Load
inertia", 'w',num2str(rpm0));

in(i_spd,i_trq) = in(i_spd,i_trq).setBlockParameter(mdl+"/Motor
Drive/FEM-Parameterized PMSM", ...

'angular_velocity',num2str(rpm0));

in(i_spd,i_trq) = in(i_spd,i_trq).setBlockParameter(mdl+"/Motor
Drive/FEM-Parameterized PMSM", ...

'angular_velocity_priority','High');

end
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end

%out = sim(in, "ShowSimulationManager","on");

out = parsim(in, "ShowSimulationManager","on"); % need Parallel
Computing Toolbox

A.3 Visually inspect motor speed behavior
clear result

result(1:nS,1:nT) = struct('spd',0, 'trq',0, 'log',timeseries);

for i_spd = 1:nS % speed

for i_trq = 1:nT % torque

spd = SpeedVec(i_spd);

trq = TorqueVec(i_trq);

result(i_spd,i_trq).spd = spd;

result(i_spd,i_trq).trq = trq;

result(i_spd,i_trq).log = out(i_spd,i_trq).logsout.get
("<motorSpd>").Values;

end

end

f = figure;

f.Position(3:4) = [800 600];

tl = tiledlayout(nT, nS);

tl.TileSpacing = "compact";

tl.Padding = "compact";

title(tl, "Motor speed for various load torques and target speeds")

for i_trq = 1:nT % torque

for i_spd = 1:nS % speed

nexttile

irev_trq = nT - i_trq + 1;

plot(result(i_spd,irev_trq).log.Time, result(i_spd,irev_trq).
log.Data)

title(num2str(result(i_spd,irev_trq).trq) + " N*m, " + num2str
(result(i_spd,irev_trq).spd) + " rpm")

end

end

A.4 Obtain electrical losses
Losses = zeros(nS,nT);

for i_spd = 1:nS

for i_trq = 1:nT
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rpm0_abs = abs(SpeedVec(i_spd));

% Time range for last full AC cycle

tMin = tMax - 60/rpm0_abs/PmsmFem.NumPolePairs;

assert(tMin < tMax)

% Extract losses

tabulatedLosses = ee_getPowerLossSummary(out(i_spd,i_trq).log-
soutssc, tMin, tMax);

Losses(i_spd,i_trq) = sum(tabulatedLosses.Power);

end

end

A.4.1 Visualize
SpeedVecLabels = cell(1,nS);

for idx = 1:nS

SpeedVecLabels{idx} = num2str(SpeedVec(idx));

end

TorqueVecLabels = cell(1,nT);

for idx = 1:nT

TorqueVecLabels{idx} = num2str(TorqueVec(idx));

end

figure

hmap = heatmap(SpeedVecLabels, TorqueVecLabels, Losses);

hmap.YDisplayData = flip(TorqueVecLabels);

hmap.Title = "Electrical Losses (W)";

hmap.XLabel = "Speed (rpm)";

hmap.YLabel = "Torque (N*m)";
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CHAPTER 7.3

Mitigating the effects of PEV fast
charging on grids with renewable
and storage systems
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1 Introduction

Plug-in electric vehicles (PEVs) have a great role in emissions reduction

and reducing the dependence of electric vehicles on fuel to increase the

economy.
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The author in [1] proposed smart charging of PEVs. The study consid-

ered 7.5 million people in the United States. In PEVs, using smart charging

has a great role in enhancing the efficiency of electric power utilities.

The author in [2] presented PHEV load modeling and load flow analysis

for the analysis of power loss and voltage deviation of a distribution network.

In this paper, by considering the load characteristics at 2030, the effects of the

PEV on transformer overloading, peak demand, and voltage drops were

studied.

The author in [3] proposed parking for PEV charging. PEVs draw elec-

tric power during the day, and night, and this is the main cause of increases in

electric power peak demand.

In [4], the authors proposed the Monte Carlo simulation-based PEV

charging method under uncertain conditions. In this paper, the arrival time,

departure time, and travel time of the vehicles are calculated by using a prob-

ability density function. Also the impacts on the distribution transformer

load were analyzed.

The author in [5] proposed a smart charging technique of PEVs to mini-

mize the distribution network power loss, total drawn power, and charging cost.

The state of charge (SOC) is supposed to be with in the ranges from 20% to

90%. In this paper, the influence of PEV on the electric distribution network

voltage and current profile were illustrated by using deterministic analysis.

The author in [6] presented the uncertainties of the state of charge and

starting time of PEVs. The effects of PEV charging on electric distribution

network power loss, voltage deviation, and economy were analyzed by

Monte Carlo simulation methods.

The author in [7] proposed the stochastic ideal for appropriate PEV charg-

ing plans. The simulation studies numerous penetration stages for the upcom-

ing years. In this paper, the comparisons of uncontrolled and controlled

charging scenarios were illustrated. During the study period at 2030 of PEV

uncontrolled charging, there was a 30% probability of transformers being

loaded, whereas with smart charging, 13% of the transformers were loaded.

Numerous other studies are described for PEV smart charging strategies [8–11].
The author in [12] proposed a probabilistic problem design of distributed

energy resource (DER) based on uncertainties of PEV driving time. In this

paper, the DER influence on total cost and the effect of PEVs were

presented.

The author in [13] proposed mathematical modeling and the optimal siz-

ing and placement of PEVs to minimize the overall cost. In this paper, the

optimal sizing and placement of PEVs were studied.
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The author in [14] proposed the optimal sizing and placement of PEVs to

minimize the overall cost.

2 Electric vehicles

There are different forms of PEVs accessible today. They are classified based

upon whether the electric vehicles (EVs) run solely on electricity, if they use

a combination of ICE and energy, if they have plug-in capabilities, and so

forth. The many forms of EVs are mentioned below [15,16].

2.1 Battery-based electric vehicle
A battery-based EV only gets power from a rechargeable electric battery; this

type of vehicle doesn’t need an internal combustion engine. The electric

batteries of this vehicle are charged from an external source of the electric

grid. Currently, fully charged battery-based EVs can go a distance of

140–180km. These types of vehicles have a great role in reducing emissions

and hence are greatly encouraged by governments.

2.2 Hybrid electric vehicle (HEV)
Most of the electric vehicles are grouped under this category. Hybrid electric

vehicles are driven from a combination of a chargeable electric battery and

an internal combustion engine (ICE). In some situations, these EVs can be

driven independently. In an HEV, the chargeable electric battery and ICE

can be set in either series or parallel operating conditions. In series connec-

tion mode, the task of the ICE is only to recharge the electric battery. In

parallel connection mode, the electric battery and ICE supply power.

HEV batteries can’t be plugged directly into the electric grid; rather, regen-

erative braking techniques are used to charge batteries from the electric

power grid.

2.3 PHEV
PHEVs, like HEVs, are powered by either a battery or an ICE. To take

power from the grid, these vehicles may be connected to outlets. Further-

more, these cars, like HEVs, may be recharged by braking.

A. PEV charging characteristics

The types of batteries, capacity, and types of vehicles are the basic cri-

teria for PEV charging requirements. Based on the standards of the US

Society of Automotive Engineers (SAE), vehicles having a fully charged
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battery can run using only electric batteries until the state of charge of the

battery drops to 20%–30%. Beyond this minimum threshold level, vehi-

cles have to add ICE to operate as PHEVs to maintain the state of charge

of the battery.

The V2G is environmentally friendly and can help the PEV reduce

energy costs and stabilize demands on the power grid. As shown in

Fig. 1, in vehicle-to-grid technology, the unused powers of the car are

supplied to the smart grid. V2G, which is also known as vehicle-grid inte-

gration (VGI), can help the energy of the electric grid during peak

load period.

The connection of electric vehicles with the utility poses several prob-

lems in terms of power quality. V2G technology enables peak shaving for

the load profile distribution system by allowing electricity generation dur-

ing peak hours. When a fault occurs, this disrupts the frequency stability.

V2G at a high charging rate is safe for power systems in terms of stability

and power quality (Fig. 2).

For grid-connected fast PEV charging, a series of EV power electronic

convertors and control systems are the basic parts (Fig. 3).

Grid

V2G unit

Electric
Vehicles

HV
battery

AC-DC
bidirectional

Inverter
Control Unit

Fig. 1 Electric vehicles with V2G technology.

EVs
Battery

EVs
Battery

DC bus with off-
board charger

Inverter LCL filter

I abc

V abc

AC-Grid
Bus bar

Inverter
Control

Fig. 2 Grid-connected electric vehicle converters and controllers.
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The three-phase converter unit of Fig. 4 is a structure of DC charging

station parts of electric vehicles. An LCL filter and transformer are used to

connect the converter to the distribution grid. The slots in the DC bus are

used to link the electric vehicles.

The power converting system in grid-connected EVs is made up of

two types of pulse width modulation (PWM) power electronic con-

verters: current-regulated and voltage-source. The charging methods

for electric vehicles are categorized into three kinds, according to

the SAE: AC charging level 1, AC charging level 2, and AC charging

level 3 [6,17] (Table 1).

IR

IS

IT

+

–

Fig. 3 Three-phase converter unit block diagram.

Sboost

Sbuck

R1 L1

I
battery

Vdc
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Fig. 4 Power converting circuits.
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B. Typical battery sizes of vehicles

Different types of PEVs have different structures with different battery

sizes. Table 2 [18] shows the energy needs of several types of PEVs based

on data from the Electric Power Research Institute (EPRI) and the

Pacific Northwest National Laboratory (PNNL).

Battery capacity rating is sized based on the energy requirements per

kilometer driven. The rating of the battery capacity is designed according

to the PEV all electric range (AER). AERs of PEVs can be defined as the

vehicle capacity if only running in electric power mode. After the EVs

cross the AERs, then ICE charges the vehicle until it can be recharged

at the nearest charging station. The battery capacity of PEVs is determined

by using Eq. (1) by considering different levels of AER, and is illustrated

in Table 2.

Table 1 AC charger levels of electric vehicles.

Item AC level 1 charger AC level 2 charger AC level 3 charger

Vehicle

charging

capacity

120V/16A, 2kW 208–240V/80A,
15kW

208–600V/400A,
96kW

Charging

time to

fully

charge

the

vehicle

battery

5–8h 2.5–4h 10–15min

Application

areas

Not feasible for

commercial and

public charging.

It is ideal for

residential

charging

Applicable for

residential and

commercial

charging areas

Applicable for

residential and

commercial

charging areas

Table 2 Battery sizes of different types of vehicles [19].

Type of vehicle .PHEV-30 .PHEV-40 .PHEV-60

.Compact sedan 7.8 10.4 15.6

.Mid-size sedan 9 12 18

.Mid-size SUV 11.4 15.2 22.8

.Full-size SUV 13.8 18.4 27.6
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CB ¼AER kmð Þ�energy consumption per km kWh=kmð Þ (1)

Where CB¼battery capacity of PEVs.

To recharge the battery, its energy requirements are determined by

the battery capacity (CB). The state of charge (SOC) of the battery is

the percentage of energy stored in a battery that is measured at a particular

time. Thus, the SOC of the battery can be calculated, as given in Eq. (2),

from the required length to be driven by the PEVs, the AER, and the

capacity of the battery.

The SOC of the PEVs when arriving at home after the end of a trip is

given in Eq. (2):

SOC¼ 1� D=AERf gð Þ,D�AER

0,D�AER

� �
(2)

D¼ γd (3)

Where γ is the percentage of the distance driven in PEV electric

mode. d is the total distance driven by the PEVs.

The electric cars run in electric mode until the battery level drops to

zero, at which point they switch to ICE power. When the cars exceed

AER limitations, the battery’s level of charge decreases to zero.

The PEV battery energy requirements to make it fully charged are cal-

culated as in Eq. (4):

hE¼ 1�SOCð ÞCB (4)

Where,E is the actual required energy to fully charge the PEV battery.

The PEV battery charges until the SOC becomes 100%. The required

energy (E) of the PEV battery is supplied from the substation and the

amount of energy depends on the size of the battery.

3 Problem formulation of PEV charging/discharging

3.1 Objective function
The charge/discharge scheduling of a PEV needs to smooth the electric

power grid load profile. The main aim of the optimization problem is to

smooth the peak load period and fill the valley periods of the load curve

characteristics. Thus, optimal PEV charging/discharging scheduling can

diminish the gap of the base load and peak load characteristics curve. To

solve this optimization problem, the squared deviation between the desired

load curve and the base load curve is formulated in Eqs. (5), (6).
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Min ft s � t (5)

ft¼ Pb,t�Ptarget, t
� �2

for t¼ 1 :T (6)

Where, θ is the set of constraints equations, T is the total iteration num-

ber, Pb,t is the base load demand at the specific time instant t.

3.2 Constraints
The vehicle-related constraints, power flow constraints, and power grid

technical constraints are the main PEV charge/discharge scheduling prob-

lems. The electric power flow equation at each bus, the minimum and max-

imum voltage limits, and the thermal limits of the distribution network are

considered to be the electric power flow and distribution network technical

constraints. The vehicle-related constraint PEV scheduling algorithm is

illustrated as follows.

(1) Eq. (7) is the PEV maximum and minimum value of charging and dis-

charging rate constraints, so as to avoid the avoid battery degradation.

Pmin �Pcharger �Pmax (7)
(2) Eq. (8) is the PEV maximum and minimum SOC inequality con-

strained equation.

SOCPEV,min � SOCPEV� SOCPEV,max (8)

If the battery DOD is 60%, this indicates that the SOC will not

decrease below 40%.

3.3 PEV modeling
The battery initial SOC time and the battery charging start times are the

basic requirements of PEV modeling. The battery initial SOC time depends

on the vehicle’s travel distance. The SOC of the PEV battery is updated at

each time instant by using Eq. (9).

SOCt
n ¼ SOCt�1

n +hch,n P
t
ch,nDtCt

n�hdisch,n P
t
disch,nDtDt

n (9)

Where,SOCn
t is the state of charge of the nth PEVs at time instant t,Pch,n

t is

the charging power of the nth PEVs at time instant t, Pdisch,n
t is the dischar-

ging power of the nth PEVs at time instant t, hch,n is the charging efficiency,

hdisch,n is the discharging efficiency, Cn
t is the PEV charging plans at time

instant t (Cn
t , Dn

t � {0,1}), Dn
t is the PEV discharging plans at time instant
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t (Cn
t , Dn

t � {0,1}), Cn
t � Dn

t ¼ 0 because the charging/discharging of the

PEV battery cannot be performed at the same time.

The optimization problems of PEV energy requirements, charging/dis-

charging power, and the whole amount of energy in the charging station are

given by Eqs. (10), (11):

Et
req,n ¼C�Dt SOCfull�SOCt

n

� �
(10)

Et
avail,n¼C�Dt SOCt

n�DOD
� �

(11)

Pt
ch,n ¼

Et
req,nXm

j¼1

Xt

req, j
:

�Pt
cs (12)

Pt
disch,n¼

Et
avail,nXm

j¼1

Xt

avail, j
:

�Pt
cs (13)

Where, Ereq, n
t is the PEV required energy at time instant, Eavail,n

t is the

PEV available energy at time instant, Pch,n
t is the charging power of the

nth PEV at time instant, Pdisch,n
t is the PEV discharging power at time instant,

M is the PEV number in the charging station (CS), Pcs
t is the CS total injected

or absorbed power.

4 Effects of PEV on electricity capacity and demand

4.1 Effects
An interconnected electric power grid contains generation, transmission,

and distribution systems. The electric power generated from the generation

station consists of different electric power sources such as renewable and

nonrenewable energy sources. The electric power transmission system con-

tains transmission networks that transfer electricity from the generation sta-

tion to distribution networks [20]. The distribution network consists of

substations, feeders, and step-down transformers to deliver electric power

to the end user. Charging PEVs from the electric grid has two basic impacts

on the electric power system:

(1) PEV battery penetration levels.

(2) PEV charging time, location, and duration.
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4.2 Influence on power generation
A high penetration of PEVs causes extra energy requirements that have to be

supplied by generation stations. Due to the scarcity of available storage

devices, an electric grid will face challenges of load and generation balance

[21]. Because the PEV charging time duration is not constant, this can lead to

increases in the peak load demand of a system. Thus, generation plants have

to generate power at their rated capacity, which leads to increased cost and

reduced system reliability [22].

4.3 Impact on transmission
Due to the additional energy requirements of PEV charging, transmission

networks have to be upgraded to carry these energy requirements [23].

Also, transformers may be overloaded for extended periods due to the

additional energy requirement of PEV charging. Thus, the transformer life-

time will be reduced [17,24].

4.4 Impact on distribution
Increases in the penetration level of PEVs have a huge influence on the dis-

tribution network more than the generation system and transmission net-

works. A distribution network can be affected by the size, location, time,

and duration of PEV charging. The distribution network capacity such as

the feeder, protective devices, and transformers has to be related with the

penetration level of PEVs to reduce distribution system overloading [25].

A low-voltage distribution network is unable to hold simultaneously varying

charging situations. When the PEV charger draws energy simultaneously

from a local distribution substation, it will cause a considerable influence

on local distribution networks, equipment, and peak demand [26,27].

4.5 Voltage unbalance indication
Voltage disruption is a power quality problem are produced by the irregular

distribution of single-phase and three-phase loads on the distribution net-

work. Mostly, it happens on weak distribution networks such as on indus-

trial and distribution networks. The PEV charger can also causes a voltage

unbalance at the distribution network. Voltage unbalance can be defined as

the ratio of negative sequence voltage to the positive sequence voltage [28].

The maximum voltage deviation (%PVU) of three-phase voltage is

expressed by the National Electrical Manufacturer Association (NEMA),

as shown in Eq. (14) below.
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%PVU¼Maximum voltage deviation from the average voltage

Average voltage
�100

(14)

Based onNEMA standards, a maximum unbalanced voltage at the motor

terminal can be tolerated up to 1% deviation. This rating varies for different

motor classes, sizes, and load types [29].

5 Integration of EVs with renewable energy sources

Advancements in using renewable energy sources (RES) have a quite

attractive effect on electric power systems. The power from renewable

energy sources, especially power from wind and photovoltaics, suffers

from the unpredictable and intermittent nature of wind speed and sun radi-

ation [30]. Renewable energy power sources are weather-dependent and

vary with time, which makes it difficult to control and plan the power sys-

tem [31]. An energy storage system (ESS) is the favorable solution to bal-

ance the grid-connected electricity generation from these RES [32].

The PEV batteries also have a promising effect to balance the grid-

connected renewable energy sources. Thus, PEV chargers can draw a surplus

of power from renewable energy. and vehicles can deliver back to the elec-

tric grid through different charging stations by a V2G system [33]. Thus,

PEVs have secondary services and can act as energy buffers for grid power

regulations.

In [34], the author proposed the integration of a power grid, distributed

RES (power from wind and PV solar), and PEVs having a V2G service. The

main aim of this paper was reducing greenhouse gases and maintaining

energy security by achieving the integration of PEVs and RES (Fig. 5).

5.1 PV solar energy with EV
Solar power generation is very encouraging and feasible. It has a great advan-

tage for PEV battery charging and supporting the electric grid.

The authors in [35,36] proposed the placement of solar photovoltaic

arrays on the roofs of parking, which is quite attractive to charge the

PEV battery. In this paper, an energy economics emission analysis was done

at the working location. The V2G applications are also viable in grid-

connected PV solar power [37]. They also enhance grid operation and

reduce operating costs; generation scheduling is needed [38].
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The author in [38] proposed the coordination and scheduling of PEVs

and industrial microgrids (IMG). In this paper, the scheduling of distributed

RES (with PV solar) and combined heat and power generation with PEVs

was done to reduce the overall operating and charging costs of the system.

However, the intermittent nature of the PV output power needs a controller

and compensation. Fig. 6 illustrates a solar charging plant integrated to an

electric power grid through a bidirectional DC/AC power converter.

5.2 Wind energy with EVs
Electric power generation from wind energy is a prevalent and feasible way

for power production.

The authors in [39,40] proposed an investigation on a wind energy con-

version system (WECS) and the PEV impact and feasibility on the electric

grid. Due to the intermittent nature of wind speed, power generation from

wind energy mostly suffers from frequency fluctuation. The V2G service of

PEVs can be considered frequency regulation to balance or mitigate the

imbalance of load and power generation.

The author in [41] proposed an integration of wind energy with a micro-

grid (MG) and plug-in hybrid electric vehicles (PHEVs). To meet the

Neuclear Power Plant
TSO

DSO

Wind
Turbine

Charging
Station

Residential
Houses

Coal Fired Power Plant

PCC

Fig. 5 Integration of wind, photovoltaics, and PEVs with the electric grid.
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generation load balance, the coordination of the wind-PEV arrangement

can improve the consumption of these power sources. In this paper, the

V2G concepts are also proposed to balance the PEV charging and dischar-

ging (V2G) power profile.

In [42], the author suggested a stochastic unit commitment model for

combinations of thermal generating units, PHEVs, and wind power. By

employing PHEVs, the major goal of this schedule was to reduce power sys-

tem running costs while also balancing the intermittent nature of wind

energy. The battery life duration, PHEV capacity, and driving patterns were

used as constraint equations in this study.

6 Cost analysis on interacting EVs and RESs

In this section, the constraint problem solutions used to optimize the cost

analysis of interfaces of EVs and RESs are considered in detail (Table 3).

6.1 Minimizing operational cost
The charging provider considers the operational cost from two perspectives.

The interaction of PEVs with RESs is taken into account for the problem

formulation on minimizing the operational cost of the system. The main

PV Module

PV Controller DC/AC Inverter DSO

Charging
Station 1

Commercial
Load

Charging
Station 2

DG units

Electric Vehicle with DC Charger

T1 T2

Unidirectional Power Flow

Bidirectional Power Flow

Fig. 6 Grid-connected PV solar PEV charging station.
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tasks of charging providers are only on problem formulation on operation

cost minimization.

The authors in [38,43–46] proposed nonlinear programing to solve the

problems of minimizing operational cost and formulating mathematical

optimizing problems.

The authors in [34,47,48] proposed mixed integer programming to solve

the problems of minimizing operational cost and formulating mathematical

optimizing problems.

The authors in [38,43,44] studied operation cost minimization of a MG

with PEVs interacting in RES. A grid-connected microgrid needs to have a

microgrid controller that is liable for scheduling all its subsystems such as dis-

tributed generators, battery energy storage systems, (BESS), PEV charging

appliances, and PEV charging stations.

The author in [43] proposed scheduling the power generation of RESs,

PEVs, and battery swapping stations (BSS). The PEVs and BSS will draw

electricity when an RES generates a huge amount of power. When the grid

has a shortage of power, the PEV battery and BSS can discharge as electricity

sources.

The author in [44] presented the total cost minimization of a microgrid

by considering PV solar power. The author proposed a radial basis function

network (RBFN) method to predict the PV solar power output. The mean

absolute percentage error (MAPE) was used to check the performance of the

radial basis function network.

MAPE¼ 1

N

XN
i¼1

P
f
i �Pα

i

��� ���
Pα
i

�100% (15)

Where, N is the total number of forecasting data, Pi
f is the forecasted

value, Pi
α is the actual value, i is the index of the dataset.

Table 3 Cost analysis interface according to different perspectives.

Cost-aware interaction on different
viewpoints

Charging service providers (battery

manufacturers)

✓ to decrease operational cost

✓ to increase the amount of profit

Consumers (EV owners) ✓ to lower battery charging cost

Electric grid owners ✓ electricity generation cost

✓ system lifecycle cost

✓ energy transmission cost

158 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



A genetic algorithm is used to solve the optimization problem of Eq. (15)

and to minimize the total cost of the microgrid (Fig. 7).

The author in [44] proposed a unit commitment (UC) problemmodel to

minimize the operational cost of a power system. The basic definition of a

unit commitment problem is given by [47].

OC¼
XN
i¼1

XT
t¼1

FCit Pitð Þ +MCit Pitð Þ
� �

+ STit + SDit (16)

Where, OC is the system operational cost, FCit(Pit) is the fuel cost,

MCit(Pit) is the maintenance cost, STit is the startup cost, SDit is the shut-

down cost.

The formulation of operational cost minimization problem, based on

unit commitment problem is also proposed in [34,44,48].

7 Conclusion

Because PEVs are environmentally beneficial energy solutions, they are

expected to become a way of electrification of road transportation technol-

ogy. The introduction of these cars will clash with the current power grid

configuration, which includes generation, transmission, and one distribution

network. Increased use of PEVs and their recharging in an uncoordinated

Power
Grid

Wind Power PV System

Microgrid Controller

Energy Storage
System

Diesel
Generators

Home and
EV charging

EV charging
station

Microgrid

Fig. 7 PEVs in a grid-connected microgrid.
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waymay result in additional peaks in the electric power system, whichmight

overburden power distribution elements and generate energy pollution

issues.

The use of electric vehicles to integrate renewable energy sources has also

been proposed. Electric cars are thought to be able to provide additional grid

services such as voltage and frequency control, peak power leverage, and

reactive power assistance, which can enhance operational efficiency, protect

the grid, and lower power system running costs.
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1 Introduction

Future energy storage technology is critical to electric vehicles (EVs) and the

growth of smart grids [1,2]. Due to many EV accidents, several discussions

have taken place on electric vehicles in recent years. This also increases the

demands and challenges for the battery management system (BMS) [3,4]. As

part of electric cars, BMS is the path to the market for EV industrialization.

As a result, high-performance BMS development for lithium-ion batteries

has become a hot topic of research [5,6]. Battery models can be categorized

as physics-based models, electrical-equivalent circuit models, and artificial

intelligence models [7]. Evidence indicates that data-driven approaches have

been commonly used in the design of a battery model. This was combined

with a data-driven modeling algorithm to create a broad data-based battery

maintenance model [8].The Monte Carlo phenomenological kinetic model
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will accurately represent the structural evolution of the batteries. The three-

dimensional kinetic model of Monte Carlo is used to estimate the kinetic

parameters during the lithium-sulfur battery discharge reaction [9]. The

results obtained are perfect, but the methods need to be optimized. The state

of charge (SOC) is analyzed using two well-known methods: model-based

and data-driven [10]. SOCs with a shorter development time, limited

knowledge of the battery material’s characteristics, and complex chemical

reactions can also be calculated using a data-driven method [11,12]. The

SOC models are made up of several chemical, physical, and dynamic equa-

tions on the theoretical front [13]. Significant design challenges include lim-

ited domain awareness and longer model development times. Data-driven

SOC estimation methods do not require mathematical and semantic analysis

of source and target variables for fuzzy systems [14]. The EV battery perfor-

mance is analyzed by developing the internal resistance model to predict the

performance [15]. The sensitivity-based SOC estimation of the battery is

investigated based on the extended Kalman filter. It is reported that the

numerical and the extended Kalman filter have slight deviations in the aging

[16]. The fractional-based model for battery cell aging has been developed

[17]. The MATLAB Simulink model is designed to predict the lithium-ion

battery’s characteristics based on temperature and capacity fading [18]. The

particular state algorithm is developed to investigate the parameters of the

lithium-ion battery in the online mode. The predicted results have good

agreement with the experimental results [19]. The model is developed to

investigate SOC’s mismatch in the lithium-ion battery based on the joint

moving horizon approach [20–22].
The linear NN battery model is used to detect the OCV-SOC ratio with

the second back-propagation neural network (BPNN) to determine the

first- or second-order electrochemical model parameters. The radial basis

function neural network (RBFNN) quantification algorithm is a developed

model to estimate the battery pack’s SOC. The SOC load-classification NN

model has been developed [23]. Model structure and postprocessing

improves overfitting [24,25]. A BPNN-based SOC estimation technique

is implemented in [26]. The battery component is analyzed, and particle

swarm optimization (PSO) is also used to improve the prediction accuracy

and stability. A new deep-feed NN approach for estimating SOC batteries

was used in [27], and battery measurements are mapped directly to SOC.

A nonlinear RBFNN observer for estimating SOC with an inclusive equiv-

alent circuit model [28]. An improved nonlinear autoregressive exogenous

neural network (NARXNN) algorithm for SOC battery estimation has
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been developed [29]. The lighting search algorithm is used to determine the

best value for input delay, retroactivity delay, and hidden layer neurons. The

Levenberg-Marquardt (L-M) algorithm for the NNN multilayer wavelet

model is suggested [30]. The PSO algorithm is used to optimize wavelet

neural network (WNN) for SOC estimation. The SOC recurrent neural

network (RNN) battery is built with gated recurring modules [31].

A stacked LSTM network for modeling and estimating lithium-ion phos-

phate battery dynamics have been proposed in [32]. Although the initial

SOCs are inaccurate, the developed model showed rapid convergence

toward true SOCs. A fuzzy NN (FNN) battery model is built to capture

nonlinear battery dynamics [33]. For additional SOC estimation, the genetic

algorithm (GA) is typically used to evaluate the battery model’s parameters

[34]. A new SOC approach is built based on the gray model and gas [35].

The use of a genetic algorithm has resulted in greater precision and recur-

rence. The support vector machine (SVM) cluster of similar supervised

learning methods can perform any multivariate function to any degree of

accuracy. An improved SVM is proposed for the SOC estimation system

based on regression. This method is more straightforward andmore effective

than artificial neural networks. An adaptive unscented Kalman filter (AUKF)

and most miniature square support vector machines (LSSVM) were com-

bined to estimate the SOC battery [36]. The classification of the SOC pre-

diction algorithms is shown in Fig. 1. The battery model can be designed and

revised consistently, even with limited training samples. The minimum

SVM battery power forecast algorithm has been developed [37].

According to the literature studies, the battery’s performance prediction

is made in the data-drivenmethod concerning the available dataset. The bat-

tery’s operation in the EV needs to be analyzed based on emission cycle

transport mode. The emission cycle is classified as the Urban Dynamometer

Driving Schedule (UDDS), the LA92 period, and the US06 Supplementary

Federal Test Method (SFTP). The battery’s performance prediction for the

emission cycle needs to be investigated and compared with the data-driven

model. In this work, the UDDS emission cycle, the LA92 period, and the

SFTP test method were investigated with the obtained dataset for predicting

battery SOC. The battery is a complex nonlinear system with several state

variables, so accurate battery status measurement is the key to the battery

management system. The SOC estimation of the various emission cycles

is predicted based on a machine learning algorithm such as the feedforward

neural network, ensemble bagging, and ensemble boosting.
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2 Materials and method

2.1 Dataset description
The dataset of the study was obtained from McMaster University in Ham-

ilton, Ontario [38]. In the SOC estimator design process, these data are used.

Fig. 1 The methodology adopted in the study for SOC prediction.
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The specification of the battery is listed in Table 1. The dataset is split into

training, validation, and testing, as shown in Table 2. The SOC data are cal-

culated by dividing the Ah data by the nominal cell capacity. The obtained

battery datasets are trained, validated, and tested using the matrix laboratory

(MATLAB 2020b version) with a campus-wide license. The toolboxes uti-

lized to implement the same are the neural network toolbox, the regression

toolbox, statistics, and the fitting toolbox.

3 Results and discussion

The SOC estimation of the battery for the EV is the critical parameter of the

operation. The step involved in the analysis of the battery is presented in

Fig. 1. The dataset was obtained from McMaster University in Hamilton,

Ontario, Canada. The features selected as the battery parameters are voltage,

current, and temperature concerning time. The obtained battery voltage,

battery current, and battery temperature from the datasets are normalized

due to reduced fluctuation during training and speeding up the training pro-

cess. The EV speed characteristics are considered in this study for the anal-

ysis. The emission cycles use a UDDS, the LA92 cycle, and SFTP for

research to check the accuracy of the proposed SOC estimation process.

The battery SOC is predicted using various algorithms such as the feedfor-

ward neural network, ensemble bagging, and ensemble boosting. To analyze

the performance of the proposed algorithms, different regression metrics are

adopted such as root mean square error (RMSE), mean square error (MSE),

Table 1 Battery dataset specification.

Parameter Specification

Battery LG HG2

Capacity 3Ah

Nominal voltage 3.6V

Energy density 240 (Wh/kg)

Format Cylindrical 18,650

Test profiles UDDS, LA92, SFTP, CC

Table 2 Distribution of dataset.

Dataset Training Validation Testing

LG HG2 669,956 39,293 44,284
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normalized root mean square error (NRMSE), mean absolute error (MAE),

mean fundamental percentage error (MAPE), and R squared.

The operating conditions of UDDS, LA92, and SFTP can illustrate the

actual usage of power batteries and are also used to check the precision of the

estimate of the SOC battery. Under UDDS, LA92, and SFTP, the car also

has to speed up or split, and the current battery shifts relatively. The input

feature of the normalized battery voltage is shown in Fig. 2. The variation in

the battery current is shown in Fig. 3. If the current rate is out of control, the

limit value should be substituted. The battery cell’s current and voltage are

determined during the test in real time by the current and voltage sensors.

The battery surface is connected to a thermocouple whose other end is asso-

ciated with the battery module test system to transmit temperature informa-

tion. The test assumes that the EV’s lithium battery is charged in a fixed

environment and operates at varying ambient temperatures. The battery

is then loaded at a 10°C (15.5A) rate at 25°C to the maximum limit voltage

(4.2V). As the temperature considered ranges from 0°C to 25°C, the typical
lithium battery cell testing temperatures are 0°C, 10°C, and 25°C, as shown
in Fig. 4. The battery module test device computes SOC reference data. The

surface temperatures of the initial battery cell are almost equal to ambient

temperatures of 25°C periods. The battery temperature increases differently

Fig. 2 Battery voltage curve during operation of UDDS, LA92, and SFTP emission
cycle mode.
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Fig. 3 Battery current curve during operation of UDDS, LA92, and SFTP emission
cycle mode.

Fig. 4 Battery temperature at various operating conditions.
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if the current rate of discharge is high. The temperature and temperature

changes are not similar. The most noticeable thing is a rise of 10°C, but
the battery temperature range is reasonably fixed within a single operating

state of the UDDS, LA92, and SFTP. The battery temperature is elevated

to a higher level if the SOC level is reduced.

The SOC estimates of the effects of UDDs, LA92, and SFTP during

operating temperatures of 0°C for algorithms FNN, EBOG, and EBAG

are shown in Fig. 5. MAE, RMSE, and SD are also selected and specified

in Table 3 to analyze SOC estimation errors. As shown in Fig. 5, with dif-

ferent algorithms, the calculated SOC results perform very well at 0°C. Still,
without considering the temperature factor during UDDS mode, the SOC

estimation error increases over time. The results of the SOC calculation

show a more apparent difference of 0°C.
In contrast, the FNN evaluation method results in a minor error, as the

battery discharge characteristics have caused substantial changes at low tem-

peratures. During the whole test, the SOC estimate during the LA 92 error

obtained with the proposed combination method can be easily maintained

and remain at 0°C at 1.5%. The SOC error of the EBAG estimator is 3%,

similar to the previous one. The mistake of the EBOG method increases

over time for the SFTP drive loop. The suggested estimation method, there-

fore, allows the estimator to better track the real SOC value. Within the

acceptable spectrum of errors, the FNN estimator also has many advantages.

Measurement processes that do not understand the temperature’s impact

cause unavoidable errors and result in mistakes accumulating during the

discharge phase.

The SOC estimates of the effects of UDDS, LA92, and SFTP at an oper-

ating temperature of 10°C for the FNN, EBOG, and EBAG algorithms are

shown in the test in Fig. 6. For analysis of SOC estimation errors, MAE,

RMSE, and SD are also chosen and specified in Table 4. As seen in

Fig. 7, the calculated SOC results essentially perform very well at 10°Cwith

different algorithms. Still, the SOC estimation error increases over time

without considering the temperature factor during UDDS mode. The

results of the SOC calculation show a more apparent difference of 10°C.
In contrast, the FNN evaluation method results in a minor error, as the

battery discharge characteristics have created substantial changes at low tem-

peratures. During the entire test, the SOC estimate obtained during the

LA92 error with the proposed combination method can be easily preserved

and remain within 0.7% at 10°C. The EBAG estimator’s SOC error stands at

2% compared to the previous one. For the SFTP drive loop, the EBOG
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Fig. 5 Prediction SOC of battery estimation at 0°C.
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Table 3 Performance metrics of battery operating at 0°C.

Drive cycles Model MSE RMSE NRMSE MAE MAPE R2

UDDS FNN 0.03190 0.17861 0.24127 0.01595 0.00020 0.99680

EBOG 0.02658 0.16304 0.22439 0.01329 0.00017 0.97785

EBAG 0.02565 0.16304 0.22767 0.01329 0.00017 0.99018

LA92 FNN 0.01677 0.12951 0.18108 0.00414 0.00021 0.99600

EBOG 0.62118 0.24920 0.43580 0.01533 0.00080 0.97580

EBAG 0.01015 0.10070 0.15610 0.00251 0.00010 0.99470

US06 FNN 0.02174 0.14744 0.20923 0.01087 0.00060 0.99510

EBOG 0.05144 0.22680 0.34578 0.05262 0.00327 0.96327

EBAG 0.00403 0.06347 0.09019 0.00412 0.00023 0.99537
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Fig. 6 Prediction SOC of battery estimation at 10°C.
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Table 4 Performance metrics of battery operating at 10°C.

Drive cycles Model MSE RMSE NRMSE MAE MAPE R2

UDDS FNN 0.02700 0.16432 0.20032 0.01350 0.00016 0.99585

EBOG 0.02051 0.14321 0.19104 0.01025 0.00013 0.98362

EBAG 0.01707 0.13066 0.16541 0.00854 0.00010 0.99199

LA92 FNN 0.00696 0.08344 0.10369 0.00348 0.00007 0.99890

EBOG 0.04193 0.20477 0.28023 0.02097 0.00042 0.99266

EBAG 0.01004 0.10022 0.12789 0.00502 0.00010 0.99723

US06 FNN 0.00159 0.03992 0.02473 0.00080 0.00004 0.99664

EBOG 0.03792 0.19472 0.00623 0.01896 0.00107 0.99324

EBAG 0.03333 0.18257 0.00598 0.01667 0.00094 0.99388
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Fig. 7 Prediction SOC of battery estimation at 25°C.
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method error gets more significant over time. The suggested method of esti-

mation, therefore, allows the estimator to better track the real SOC value.

FNN is indicated due to its efficient training.

FNN methods can handle nonlinear systems, but the drawbacks are

overfitting, local minima, random initial data, long training data require-

ments, and increased complexity to multilayered structures. Boosting is suit-

able for handling the missing data in the dataset. Owing to the increased

complexity of the algorithm, boosting is challenging to implement in real

time. The versatility of these techniques results in multiple parameter statis-

tics that directly affect the model’s behavior. Bagging has the advantages of

offering reliability and improves the algorithm’s accuracy for machine learn-

ing used in predictive regression. But in this case, if it has not been accurately

modeled, it may result in high bias. It, therefore, can lead to underfitting

because measurement processes that do not understand the temperature

impact cause unavoidable errors and result in mistakes accumulating during

the period of discharge.

The SOC estimates of the effects of UDDS, LA92, and SFTP during

operating temperatures of 25°C for algorithms FNN, EBOG, and EBAG

are shown in Fig. 6. MAE, RMSE, and SD are also selected and specified

in Table 5 to analyze SOC estimation errors. As shown in Fig. 7, with dif-

ferent algorithms, the calculated SOC results perform very well at 25°C.
Still, without considering the temperature factor during UDDS mode,

the SOC estimation error increases over time. The results of the SOC cal-

culation show a more apparent difference of 25°C. In contrast, the FNN

evaluation method results in a minor error, as the battery discharge charac-

teristics have caused substantial changes at low temperatures. During the

whole test, the SOC estimate during the LA92 error obtained with the pro-

posed combination method can be easily maintained and remain at 25°C at

0.2%. The SOC error of the EBAG estimator is 0.2%, similar to the previous

one. The error of the EBOGmethod increases over time for the SFTP drive

cycle. The suggested estimation method, therefore, allows the estimator to

better track the real SOC value. Within the acceptable spectrum of errors,

the FNN estimator also has many advantages because measurement pro-

cesses that do not understand the temperature’s impact cause unavoidable

errors and accumulate during the discharge phase.

The EBOG algorithm appears to have a higher SOC error while at aver-

age temperatures, the FNNwill decrease the estimated error. Under the sug-

gested protocol, the mistake shows almost the best results at moderate

temperatures.
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Table 5 Performance metrics of battery operating at 25°C.

Drive cycles Model MSE RMSE NRMSE MAE MAPE R2

UDDS FNN 0.00323 0.05680 0.06942 0.00161 0.00002 0.99799

EBOG 0.01478 0.12159 0.16220 0.00739 0.00009 0.98802

EBAG 0.02355 0.15346 0.19429 0.01177 0.00013 0.99696

LA92 FNN 0.00980 0.09900 0.03113 0.00490 0.00009 0.99808

EBOG 0.01850 0.13602 0.01316 0.00925 0.00018 0.99236

EBAG 0.01668 0.12914 0.01279 0.00834 0.00016 0.99877

US06 FNN 0.00030 0.00545 0.00465 0.01676 0.00000 0.99529

EBOG 0.05403 0.23245 0.03137 0.03049 0.00141 0.99506

EBAG 0.01228 0.11080 0.01688 0.00693 0.00031 0.99693
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4 Conclusions

The change in the battery system’s ambient temperature would ultimately

influence the SOC value in the current operating conditions of electric vehi-

cles. This study analyzes the relationship between the battery’s power and

the temperature concerning the emission cycle. It then proposes a feedfor-

ward neural network, ensemble boosting, and ensemble bagging based on

the temperature model.
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1 Introduction

Traffic is increasingly expanding in metropolitan areas, destroying the envi-

ronment at an alarming rate. With this in mind, there has been an increase in

demand for environmentally friendly automobiles that are also fuel efficient,

as fuel is rapidly depleting, leading to an increase in gasoline prices. The

automobile manufacturers have reduced greenhouse gas emissions such as

carbon dioxide, carbon monoxide, hydrocarbons, and others to some

extent, they have yet to build a zero-emission vehicle until they make

electric vehicles.

Different types of electric vehicles (EVs) such as hybrid electric vehicles

(HEVs), plug-in hybrid electric vehicles (PHEVs), and fuel cell vehicles are
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all being developed by automakers. Electric components and electronic fea-

tures are used in these vehicles, which improve vehicle performance, reduce

emissions, enhance fuel economy, and increase passenger comfort and safety.

They consist of many power electronics components such as converters

(DC-DC converters, for example) so that they can match the fuel cell volt-

age to the battery pack voltage. In addition, an inverter with desirable con-

trol system techniques is required to deal with even the most unfavorable

environmental conditions. Furthermore, power electronics improves the

overall system reliability, reduces size and costs, etc. Furthermore, electric

motors are the major part of the vehicle that decides the dynamic perfor-

mance of cars, and converters are used to manage the vehicle’s operating

parameters.

Induction motors are used in most industrial applications, and they are

mainly used in areas where field weakening is a major technique to avoid drive

oversizing. However, permanent magnet synchronous motors (PMSM) are

becoming the favorite for electric vehicles [1–3]. They have several properties
such as a high torque-to-inertia ratio, greater power factor, higher efficiency,

and robustness. Different modulation techniques can be implemented to con-

trol PMSM but space vector PWM (SVPWM) is considered to be the best

method, as it has higher DC bus utilization. It is also easy to implement with

much less commutation time. SVPWM output is fed to voltage source

inverters (VSI), which provide power to the PMSM. SVPWM is used to vary

the voltage and frequency to a desired value with less total harmonic distortion

(THD). The speed of PMSM can be varied by changing the voltage and fre-

quency. For this work, SVPWM is best suited [4–6].

2 Hybrid electric vehicle

Onboard HEVs, energy is supplied from two or more sources. Other energy

sources, such as a flywheel or a battery, can be used. A hybrid vehicle can be

powered by an engine, an ultracapacitor, a battery, a fuel cell, or other things.

The vehicle is built in such a way that two or more of these energy sources can

be used at the same time. An internal combustion engine (ICE) and a motor

are integrated in this approach to provide the best performance possible.

2.1 Series hybrid vehicles
A series HEV is basically an electric car that can use a power source to charge

onboard. In most cases, an engine is connected to a generator and the gen-

erator provides the necessary electricity to charge the cells. It is also feasible
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to build such a system as the generator serves even in load-leveling device as

well as a source of thrust power. In this situation, the battery size can be

small, but the generator and engine sizes would need to be increased.

2.2 Parallel hybrid vehicles
Parallel HEVs can provide the most cost-effective solution while also allow-

ing for the use of existing production capacity for batteries, motors, and

engines. The parallel structure of the HEV system is designed in such a

way that it allows the ICE and the electric motor to produce desirable torque

to the driving wheels, either in a separate way or concurrently. The ICE is

aided by increased torque in working areas where the engine isn’t as efficient

as it could be.

3 Space vector pulse width modulation

The three-phase axes of a balanced system are R, Y, and B. The VRN, VYN,

and VBN are three-phase line-to-neutral voltages applied along the respec-

tive axes, which can be transformed into a “voltage source vector,” Vs.

Vs tð Þ¼VRN tð Þ+VYN tð Þ ej 2Π=3ð Þ +VBN tð Þ ej 4Π=3ð Þ (1)

(a and b) are the voltage space vector that is resolved along two mutually

perpendicular axes. The (a-axis) is along the R-phase axis and another axis

(b-axis) that leads the axis by 90degrees. Va is the component of the Vs vec-

tor along the a-axis andVb is the component of theVs vector along the b-axis

[7–10].

Va tð Þ¼ 3

2
VRN tð Þ (2)

Vb tð Þ¼√3

2
VYN tð Þ�VBN tð Þð Þ (3)

3.1 Voltage vectors of a voltage source inverter
Voltage source inverters (VSI) have a single pole-double throw (SPDT) switch

in each phase (leg). Voltage measured from a pole to the midpoint of the DC

bus is termed “pole voltage” [11–13]. VRO, VYO, and VBO are the pole volt-

ages of the R, Y, and B phases, respectively. At a given instant, when the top

devices of the phase areON, the pole voltage is equal to +(VDC/2).When the

bottom devices are ON, the pole voltage is equal to �(VDC/2).
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The instantaneous line-to-line voltages (VRY (t),VYB (t),VBR (t)) are obtained

using pole voltages, as shown in Eqs. (4a)–(4c).

VRY tð Þ¼VRO tð Þ�VYO tð Þ (4a)

VYB tð Þ¼VYO tð Þ�VBO tð Þ (4b)

VBR tð Þ¼VBO tð Þ�VRO tð Þ (4c)

The inverter feeds a three-phase PMSM. Assuming a balanced and star-

connected motor, the relations between instantaneous line-to-neutral voltages

and instantaneous line-to-line (L-L) voltages at motor terminals are expressed

below.

VRN tð Þ¼ 1

3
VRY tð Þ�VBR tð Þð Þ (5a)

VYN tð Þ¼ 1

3
VYB tð Þ�VRY tð Þð Þ (5b)

VBN tð Þ¼ 1

3
VBR tð Þ�VYB tð Þð Þ (5c)

The inverter has 23 or eight switch states as either top or bottom

devices can be ON in every phase. There are two states that produces zero

output voltages (+ + + (7), � � � (0)); they are known as zero states.

The other six states that produce nonzero output (+ � � (1),

+ + � (2), � + � (3), � + + (4), � � + (5), + � + (6)) are called active

states. These produce voltages that lead the power transfer between the

DC bus and the machine.

There are different sets of pole voltages for different states. For example,

if we consider a state (+ � �), then the corresponding pole voltages are:

VRO ¼ + VDC=2ð Þ,VYO¼� VDC=2ð Þ,VBO¼� VDC=2ð Þ

We can calculate the corresponding line-to-neutral voltages at the motor

terminals by using Eqs. (4)–(5). Space vector transformation, which is

defined in Eq. (1), can be applied on line-to-neutral voltages corresponding

to each inverter state, as shown in Fig. 1. The space vectors that corresponds

to six active states are called active vectors whose magnitude is equal toVDC.

There are two voltage space vectors that have zero magnitude, and they are

called zero vectors. When we join the head points of active vectors, it forms
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a regular hexagon. Zero vectors are located at the center of the hexagon.

The space vector plane is divided into six sectors (I, II, III, IV, V, and

VI) by the six active vectors, as shown in Fig. 1.

4 Permanent magnet synchronous motor

PMSMs are becoming very popular in industrial drives because of their effec-

tiveness to produce variable-speed drives [14–17]. Several improvements are

made in permanent magnet (PM) materials, particularly rare-earth magnets

that have substantially advanced new research and applications. Traditional

AC analysis and design methods on electrical machines are becoming more

sophisticated, but more research is still required to establish an approach for

analyzing, designing, and controlling PMSMs with systematic methodology.

A control approach for PMSMs is established in this paper. By investi-

gating PMSMs with different structures of the rotor, the PMSM paradigm

was created to operate at a large range of speeds while maintaining steady

power. Tests were conducted to ensure the correctness of the optimized

(3) - + -

(4) - + +

(7) + + +

(0) - - -

IV

V

VI

d

III

II

I

q

a

α

ωt = 0�

VREF

b

(5) - - + + - + (6)

+ - - (1)

+ + - (2)

Fig. 1 Voltage space vectors of a voltage source inverter.
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design on the constructed prototype motor. It built a technique and a con-

trol algorithm.

PMs are used in making electrical equipment for the following

reasons [18]:

1. The field excitation system absorbs no electrical energy, hence there are

no excitation losses, resulting in a significant boost in efficiency.

2. When compared to electromagnetic excitation, they have better output

power per unit volume and better torque.

3. Motors with electromagnetic excitation have superior performance

related to dynamics because of the higher magnetic flux density in the

air gap.

4. They are simple to construct and easy to maintain.

5. For some equipment, the cost of ownership is reduced over time.

In the 20th century, cage induction motors (IM) were most popular in elec-

tric motors. IMs have recently been used in electrical drives as a result of

rapid advances in power electronics and control technologies. In comparison

to PM synchronous motors, they have less efficiency and a lower power

factor (pf ).

PM motors have become a more appealing solution for electrical drives

than induction motors. Because of advancements in semiconductor drives,

controlling PM motors has become easier than before and even more cost-

efficient. It has the ability to operate the motor across a wide speed span

while developing constant torque, a high power factor and efficiency.

5 Determination of switching time for each switch (S1
to S6) and switching pattern of each sector

When we consider sector 1, the switch (S1) conducts for the complete time

period and switch (S4) are completely clamped. Switch (S3) conducts for T0

and T2 and in a similar way the rest of the switch conducts, as shown in

Table 1. Determination of T0, T1, and T2 is expressed in Eqs. (6)–(8).
The switching pattern of sector 1 is shown below in Fig. 2.

Table 1 Timing sequence of sector 1.

S1¼T0+T1+T2 S4¼0

S3¼T0+T2 S6¼T1

S5¼T0 S2¼T1+T2
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In sector 2, the switch (S3) is conducting for all time, switch (S6) is

clamped for all time, and the rest of the switches are conducting for different

times, as shown in Table 2. The switching pattern of sector 2 is shown below

in Fig. 3:

T1
u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 2 Pictorial representation of the clamping timing sequence of sector 1.

Table 2 Timing sequence of sector 2.

S1¼T0+T1 S4¼T2

S3¼T0+T1+T2 S6¼0

S5¼T0 S2¼T1+T2

T1

u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 3 Pictorial representation of the clamping timing sequence of sector 2.
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In sector 3, switch (S3) is conducting for all time, switch (S6) is clamped

for all time, and the rest of the switches are conducting for different times, as

shown in Table 3. The switching pattern of sector 3 is shown below in

Fig. 4:

In sector 4, switch (S5) is conducting for all time, switch (S2) is clamped

for all time, and the rest of the switches are conducting for different times, as

shown in Table 4. The switching pattern of sector 4 is shown below in

Fig. 5:

In sector 5, switch (S5) is conducting for all time, switch (S2) is clamped

for all time, and the rest of the switches are conducting for different times, as

shown in Table 5. The switching witching pattern of sector 5 is shown

below in Fig. 6:

Table 3 Timing sequence of sector 3.

S1¼T0 S4¼T1+T2

S3¼T0+T1+T2 S6¼0

S5¼T0+T2 S2¼T1

T1
u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 4 Pictorial representation of the clamping timing sequence of sector 3.

Table 4 Timing sequence of sector 4.

S1¼T0 S4¼T1+T2

S3¼T0+T1 S6¼T2

S5¼T0+T1+T2 S2¼0
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In sector 6, switch (S1) is conducting for all time, switch (S4) is clamped

for all time, and the rest of the switches are conducting for different time,

as shown in Table 6. The switching pattern of sector 6 is shown below

in Fig. 7:

T1
u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 5 Pictorial representation of the clamping timing sequence of sector 4.

Table 5 Timing sequence of sector 5.

S1¼T0+T2 S4¼T1

S3¼T0 S6¼T1+T2

S5¼T0+T1+T2 S2¼0

T1
u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 6 Pictorial representation of the clamping timing sequence of sector 5.
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6 Connection of ports

We obtain T1, T2, and T0 by the equations given below:

T1¼
ffiffiffi
3

p
Tz|Vref |
Vdc

sin
nΠ

3

� �
cosa� cos

nΠ

3

� �
sina

� �
(6)

T2¼
ffiffiffi
3

p
Tz|Vref |
Vdc

�cosa sin(
n�1

3
Π
�
+ sinacos(

n�1

3
Π))

�
(7)

To5Tz2T12T2 (8)

As the first sector is selected by angle identification, then it decides the

time duration to operate as the time duration varies for a switch in different

sectors. The connection of switches (S1, S2, and S3) is shown in Fig. 8.

These are the upper leg switches. Lower leg switches are not considered

as they are the reversal of upper leg switches.

T1u

p

p

e

r

l

o

w

e

r

T2 T2 T1T0 T0

Fig. 7 Pictorial representation of the clamping timing sequence of sector 6.

Table 6 Timing sequence of sector 6.

S1¼T0+T1+T2 S4¼0

S3¼T0 S6¼T1+T2

S5¼T0+T1 S2¼T2
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Let us consider a switch (S1). S1 operates for (T0+T1+T2) time dura-

tion in sector 1 and sector 6, so they are connected to the same port. S1 oper-

ates for (T0+T1) time duration in sector 2, so it is connected to a different

port. In the same manner, different sectors and their timing durations are

allotted to different ports to produce a SVPWM clamping waveform.

(000�100�110�111) (111�011�001�000) is the sequence followed

for one sector.

7 Simulation and result

This section describes the output of a PMSM fed by a modified SVPWM

inverter for a simulation study, including output voltage, torque, gating

signal generation, current, and speed response. Simulation tools may

perform dynamic simulations of motor drives in a visual environment,

which can help with the development of novel systems. MATLAB

Simulink’s features include the ability to simulate complex dynamic

systems, a graphical environment, and a large number of toolboxes.

Simulink’s simulation environment is extremely flexible and expandable,

allowing for the creation of a collection of techniques for the complete

examination of a different electric drive. The PMSM drive is simulated

in the MATLAB Simulink environment. The inverter module, PMSM

module, SVPWM module, coordinate transformation production

2

3

T1+T2+T0/2

T1+T0/2

4

T2+T0/2

5

T0/2

1
1,6

2

5

1

3
6

4

2,3

4,5

*, 3, 4

*, 5, 6

*, 1, 2

sector

Multiport
Switch

Multiport
Switch1

Multiport
Switch2
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sine1

sine2

2

sine3
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1

Fig. 8 Connection of ports for S1, S3, S5.
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module, PI controller, and many more are all independent functional

modules that make up the PMSM control system. These elements are

used in a simulation model of a modified SVPWM used in the PMSM

control system.

The performance of the speed control of a PMSM drive system using a

modified space vector PWM fed inverter has been designed. Clark’s

transformation is used to transform a balanced three-phase sinusoidal

voltage with a 200V magnitude and a 50Hz frequency into a, d. and

q frame.

Vref has a magnitude of 200V and the range of angle is from 3.14 to

�3.14 rad, which is translated to degrees so that we can select a sector.

The corresponding sector will be recognized based on the magnitude and

angle, as shown in Fig. 9. Because the VSI has two levels and three legs,

it has a total of six sectors, ranging from one to six, as indicated in Fig. 9.

Following the identification of the sector, its unique dwell timing is com-

puted, which serves as the foundation for switching duration computation.

Fig. 10 shows the waveforms of the dwell time. For 50ms, this dwell

period aids in the calculation of T1, T2, and T0, as illustrated in Fig. 11. This

will assist in determining the duration of the switch operation. The applied

time for the switches indicated in Fig. 10 is calculated separately, and they all

serve as the reference wave for the space vector PWM approach, with an

amplitude of 0.9units. To generate the gate pulses, this wave is compared

to a carrier wave (triangular waveform) with an amplitude of one unit.

Fig. 12 shows the different gate pulses generated by each phase of the

reference wave as well as the inverted gate pulses that are also generated

and fed into VSI’s six power switches.

Fig. 13 shows the line-line output voltage (volts) and the accompanying

line current, which is the same as the stator current of the PMSM in amps of

Fig. 9 Angle and sector.
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Fig. 12 Gate pulse generated.
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the SVPWM powered VSI. It is deduced that VSI’s output voltage and cur-

rent are balanced in all three phases, and that they are also free of harmonic

content.

The VSI output voltage as shown in Fig. 13 is fed to the stator of a PM

synchronous motor (PMSM) as an input supply, which is developed using

the parameters shown in Table 7. Figs. 14 and 15 illustrate the motor speed

and torque created by the machine, respectively. There are no ripples in the

output torque of the machine illustrated in Fig. 14, which boosts the

machine’s efficiency.

8 Conclusion

In this chapter, waveforms of the angle sector used for different angles are

shown. After selection of the sector, the dwell time is assigned. When

dwell times (T1, T2, T0) are generated by arranging a different timing

sequence, a clamped SVPWM waveform is generated that is compared

with the carrier wave, and a gate pulse is produced. The generated wave-

form is fed to the inverter and then a sinusoidal output waveform of volt-

age and current is represented. These output waveforms are fed to PMSM

such that electromagnetic torque and rotor speed are developed to con-

trol the PMSM.

Table 7 PMSM parameters.

Parameters Symbol Value Unit

Stator resistance Rs 1.42 ῼ
Daxis inductance Ld 6.61 mH

Qaxis inductance Lq 5.80 mH

Rotational inertia J 0.00117 Kgm2

PM flux λM 0.1154 Wb

Number of poles p 4
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1 Introduction

These days, most conventional internal combustion engine (ICE) vehicles

are based on petroleum products such as petrol, diesel, and liquefied petro-

leum gas (LPG). But these fuels are being continuously depleted day by day,

so it becomes very important to minimize the use of petroleum products as

much as possible. Also, these vehicles emit very harmful gases such as carbon

dioxide, carbon monoxide, and sulfur dioxide, which are responsible for

increasing global warming to some extent [1]. So the modern world is mov-

ing toward electric vehicles (EVs).

Vehicles fueled by electricity have some advantages over ICE vehicles. As

the electric motor responds very fast, EVs generally have very high torque

and are also very responsive in nature. Also, EVs are generally more linked

with technology compared to ICE vehicles. As a result, many EV charging

stations allowing charging to be controlled through a mobile application.

It is expected that there will be a large increase in the EV global share from

2% in 2016 to 22% in 2030 [2]. With the aim of erasing pollution from
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gasoline-powered engines, various kinds of EVs have been recently

designed. One main disadvantage that hinders the use of EVs is the unavail-

ability of a mechanism for the effective identification of the state of charge

(SOC) as well as the projected life of the battery. The batterymust meet elec-

trical requirements such as operating voltage, current, power and energy

densities, and a long working time and life. Different types of batteries are

on the market such as lead cell, lithium (Li)-ion, Li-ion polymer, nickel-

cadmium cell, nickel metal hydroxide, etc. Of these batteries, the Li-ion bat-

tery is generally used in most EVs as it has high energy density, which pro-

vides a longer range for EVs in one charging. But an energy storage system

(ESS) comprising only the battery faces several issues such as a shorter battery

life and thermal effects [3,4]. Also, the battery is less responsive than a super-

capacitor due to its lower power density [5,6]. This prompts a search for addi-

tional solutions. Although the higher power density battery is available, its

price is much higher than the lower power density pack. However, we

can overcome this problemby increasing the size of battery, increases the cost

of the system. The problem of thermal management of the battery must be

addressed to use the battery at its full power capacity by taking safety mea-

sures. It is necessary to cool the battery after running at full load. Additionally,

it should be capable of starting EVs in cold weather so that it can reach the

desired operating power limit. This condition actually becomes dangerous

when charging and discharging of the battery are done at a higher rate [7,8].

In order to solve some of these problems, the authors have proposed a

hybrid energy storage system (HESS) comprising a battery and supercapaci-

tor. Also, a control module is designed that controls the flow of power from

both the battery and the ultracapacitor. This paper is organized as follows:

Section 2 describes the hybrid energy storage system in brief, Section 3

details the proposed model design, Section 4 discusses the simulation results,

and Section 5 concludes and offers a future scope.

2 Hybrid energy storage system

HESS is a combination of two or more energy sources. This combination of

sources may be either a battery and a supercapacitor or it may be an ICEwith

a battery or flywheel. The supercapacitor and battery both come under the

same category of electrochemical device [9]. But the principle of operation

of these sources is different, which makes their features highly different from

each other [10]. Table 1 shows some of the key features of the different types

of battery sources. Table 2 shows some of the key features of supercapacitors.

Table 1 shows that the battery has a relatively higher energy density of
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35–265Wh/kg and it varies with the type of cell due to the different chem-

istry. Similarly, Table 2 shows that the supercapacitor has a relatively higher

power density and a lower energy density. The tables also show that the life

of the supercapacitor is above 1 million cycles, which is much larger than

that of the battery cell. When compared to batteries, the supercapacitor per-

forms better at low temperatures. These traits enable the best possible com-

bination to obtain a better result. Also from Table 1, we can see the

performance comparison of different batteries such as lead cell, nickel metal

hydroxide cell, Li-ion, Li-polymer, and Li-iron phosphate. By studying the

specification of each battery, we can choose the most efficient one for hybrid

combination.

To optimally decide the type of hybrid combination, various research has

been done. Fig. 1 shows the relation between various cells and different

types of capacitors [12]. It gives the optimum condition in terms of power

density (W/kg) and energy density (Wh/kg) to use. Fig. 1 represent the

comparison among different batteries.

From Fig. 1, it is observed that a Li-ion battery has a higher energy den-

sity among all other cells and the electrolytic capacitor has higher power

density among all other capacitors. These two can be used to get the opti-

mum desired results.

Table 1 Key features of different types of battery cells [11].

Type of cell
Nominal cell
voltage (V)

Energy
density
(Wh/kg)

Power
density
(kW/kg)

Life cycle
(Times)

Lead cell 2.1 35–40 0.18 800

Nickel metal

hydride cell

1.2 60–120 0.25–1 1000

Lithium-ion 3.8 100–265 0.25–0.34 1200

Lithium

polymer

3.7 100–265 1–2.8 1000

Li-iron

phosphate

3.2/3.3 90–160 0.2 2000

Table 2 Key features of different types of supercapacitors [11].

Chemistry
Nominal cell
voltage (V)

Energy
density
(Wh/kg)

Power
density
(kW/kg)

Life cycle
(times)

Supercapacitor 2.5/2.7 2–30 4–10 1,000,000
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3 Proposed HESS system

Figs. 2 and 3 depict the proposed system’s block diagram and schematic cir-

cuit diagram, respectively. It consists of a PV panel array, a boost converter,

an Li-ion battery, a supercapacitor, an inverter, and a bidirectional DC-DC

converter. Different components are described below.

A. PV panel

The PV panel is used to provide power to the battery and supercapa-

citor. Their effectiveness in converting sunlight into electricity is typically

less than 17% and the generated electricity varies with weather conditions
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Fig. 1 Relation between power density and energy density for the battery and
supercapacitor.
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Fig. 2 Proposed system block diagram.
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Fig. 3 Schematic circuit diagram of a proposed system.
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[13,14]. To increase PV panel efficiency, the authors have used a perturb

and observation (P&O) algorithm for maximum power point tracking

(MPPT) [15,16]. A signal builder is also used to get different types of

interchangeable linear signals.

Fig. 4 shows the various parameters of the PV panel such as voltage,

current, and power. The maximum power point tracking occurs after

0.2 s and any small change in irradiance or temperature slower then

0.2 is tracked by theMPPT. At 0.2 s, the PV voltage is reduced but simul-

taneously there is an increase in current level so that the PV power remain

balanced.
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Fig. 4 Solar panel parameters: (A) PV panel output voltage, (B) PV panel output current,
and (C) PV. power.
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B. Boost converter

Fig. 5 shows a boost converter circuit that is a step-up converter. It is

used for boosting the voltage from a low to a high level. The voltage gen-

erated from the solar PV panel is very low. So by using a boost converter,

we are increasing the voltage level before giving it as input to the battery

and the supercapacitor. It consists of switches that are either of an insu-

lated gate bipolar transistor (IGBT) or a metal oxide semiconductor field

effect transistor (MOSFET). They operate in ON/OFF condition

according to requirements [17].

C. Li-ion battery

The motor current may be supplied in a smooth manner with battery

packmanagement. To eliminate the output current ripples or to avoid big

fluctuation, a 50Hz bessel low pass filter with a second-order cut-off fre-

quency is used [18]. Assuming there is no loss in the converter, the cur-

rent coming from the battery is equal to the brushless DC motor current.

This can be given by the below relation.

Ibattery¼Vload� Iload

Vbattery

(1)

The battery reference current is given by:

I∗battery¼
Vload∗Iload
Vbattery

BLP Sð Þ (2)

where Ibattery
∗ represents the battery reference current, Vbattery and Ibattery

are the voltage and current of the Li-ion battery, andVload and Iload are the

voltage and current of the brushless DC motor.

BLP(S) is the bessel low pass filter’s transfer function and it can be

given as:

BLP Sð Þ¼ θn 0ð Þ

θn
S

ω0

� �¼ b 1ð ÞSn +…+ b n+1ð Þ
Sn + a 2ð ÞSn�1 +…+ a n+1ð Þ (3)

Fig. 5 Boost converter.
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where,

ω0 is the cut-off frequency,

θn sð Þ is the reverse bessel lowpass filter ,

an and bn are the bessel polynomial coefficient.

During charging the HESS, if the SOC of the supercapacitor rises

above the maximum threshold limit of qscchar_high then the power limit

of the Li-ion rises to Pchar_high_limit

where,

qscchar_high represents the supercapacitor high charging limit.

Pchar_high_limit represents the high charging limit of the Li-ion battery.

The Li-ion power limitation is decreased to Pcharlow-limit if the SOC of

the supercapacitor is less than the minimum constraint qscchar-low. The

dynamic constraint of the term "lithium-ion battery" can be written as:

If

qsc� qscref � qscchar high (4)

P
batt char limit

¼Pchar high limit
(5)

where,

qsc represents the supercapacitor charge,

qscref represents the reference supercapacitor charge,

Pbatt_char_limit represents the Li-ion battery charging limit.

If

qsc� qscref < qscchar low (6)

P
batt char limit

¼Pchar high limit
(7)

At the moment HESS starts discharging, if the SOC of the superca-

pacitor rises above the upper threshold limitation qsc_disch_high, then the

power range of the Li-ion rises to Pdish_high_limit.

where qsc_disch_high represents the supercapacitor high

discharging limit.

Pdish_high_limit. represents the high discharge limit of the Li-ion

battery.

The control parameter used above is obtained by the hybrid algorithm

established by the Nelder-Mead simplex approach and particle swarm

optimization.
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D. Novel control design of supercapacitor and battery

The schematic diagram of the combined control of the supercapacitor

and the battery is shown in Fig. 6. In Fig. 6Vdc ref andVdc are provided to

summing block and then the error signal pass through the PI controller so

that the error gets reduces. Further, the output of the PI controller is

passed through the LPF so that we get only the desired value of the

DC voltage. Then, the battery current Ibattery and the DC voltage

obtained are given to the summing block. . The output of the summing

block is passed through the PI controller to suppress the error.

A saturation level is applied that allows only a certain level of lower

and upper output to pass through them. The battery will activate or start

providing power to the brushless DC motor drive when the pulse is

given. In a similar way, the supercapacitor will also activate or start pro-

viding power to the brushless DC motor drive when the corresponding

pulse is given or when it requires more power to accelerate. So, in this

way both the supercapacitor and the battery work in accordance.

E. Bidirectional DC-DC converter

A bidirectional DC-DC converter is illustrated in Fig. 7. It is also

termed as half bridge DC-DC converter. When the boost and buck

converters are interlinked in antiparallel across each other, the resultant

circuit has the same fundamental structure as the boost and buck con-

verters. But with the added feature of bidirectional power flow, it is called

a bidirectional DC-DC converter. It is reversible in nature, that is, it

works in both directions. The primary advantages of the half-bridge bidi-

rectional converter over the bidirectional Cuk converter are that it only

requires one inductor instead of two, the latter’s value is half that of the

former, and the power switch ratings required for the half-bridge bidirec-

tional converter are significantly lower. Because of the lower inductor

current and hence reduced conduction and switching losses, the half-

bridge converter has a greater efficiency than the Cuk converter. Here,

it works as an interface between the battery and supercapacitor [19,20].

4 Simulation and result

The simulation of the proposed hybrid energy storage system is applied to

the brushless DC motor drive in MATLAB/Simulink. The various param-

eter values used are presented in Table 3.

Fig. 8 shows the various output characteristics of the brushless DCmotor

drive, which we obtained after implementing the designed module on that
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motor drive. Fig. 8A shows the electromagnetic toque. Here, we observe

that after 0.27 s, the electromagnetic torque1 increases compared to electro-

magnetic torque2, which indicates that the supercapacitor is providing more

power to the EVs when it is moving on an uneven road or hilly area due to

its higher power density. Fig. 8B depicts the rotor speed of the brushless DC

motor drive. Here, we observe that the rotor speed keeps increasing even

after 0.27 s, which signifies that power from the HESS is sufficient to meet

the EV power demand when moving on an uneven road or hilly area.

Fig. 8C depicts the stator current of the brushless DC motor drive. Here,

we observe that the stator current is smooth until 0.27 s. After that, it changes

due to the change in power demand by EVs due to movement on a hilly area

or uneven road.

Table 3 Simulation parameter values.

Parameter Value

Vdc ref 40V

% SOC of battery 50%

% SOC of supercapacitor 98%

Rated capacitance 29F

Rated voltage 32V

Battery nominal voltage 24V

Battery rated capacity 14Ah

Inductance 0.3*e�3 H

1
1 D_Q1

Q1

2 D_Q2
L_Bidirectional

Low+

Low -

2

4

Q2

E

gC

gC
E

EE

High +

3 High -

Fig. 7 Bidirectional DC-DC converter.
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Fig. 9 shows the simulation result of the various HESS parameters when

implemented on brushless DC motor drive. Fig. 9A shows the battery cur-

rent and Fig. 9C shows the supercapacitor current. We observe that changes

in battery current are smooth compared to supercapacitor current. As there

is less ripple content in the battery, it leads to less stress on the battery and as a

result its lifespan increases. Also, the sudden or instant variations in the

supercapacitor are normal as this is responsible for the load having a high

frequency content. Fig. 9E shows that due to vehicle acceleration or decel-

eration, a little amount of variation in the load volatage occurs but that volt-

age is promptly recovered by the supercapacitor. Fig. 9B and D represent

how the percentage SOC of the battery and supercapacitor varies as the

course of action proceeds in the HESS.

5 Conclusion

In this paper, we have designed a control module for a new HESS consisting

of a supercapacitor, a battery and a bidirectional DC-DC converter. A solar

PV panel is used to provide power to the battery and supercapacitor. The

proposedmodel is applied to the brushless dc motor in theMATLAB/Simu-

link model and the various parameters of the brushless dc motor and HESS

are analyzed. From the analysis, we can infer that by using the HESS power

control module, we can improve the life of the battery as less stress occurs on

it due to low or minimum ripple current present when operated as HESS.

Also, the sudden or instant variation in the supercapacitor current shows the

normal behavior of the supercapacitor as it is responsible for the high fre-

quency variation load.
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1 Introduction

Currently, many car owners use their vehicles for different purposes such as

work, transportation. and as a source of energy. Drivers mostly use their

vehicles for transportation from their home [1]. Consequently, it is predicted

that cars are parked on average for 96% of their lifespans [2]. So, car owners

are not utilizing their cars most of the time. However, with the emergence

of plug-in electric vehicles (PEVs), this trend can be reversed. A smart dis-

tribution grid is a virtual and physical system, which utilizes the physical

structure of the electric system to observe, control and maintain the distri-

bution system under different operating conditions. In this review, a brief
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discussion of an outage management system (OMS) to the smart microgrid

has been presented. The comprehensive OMS is applied to observe and

manipulate the smart electric grid and simulation in advance [3]. The main

objective of the OMS is to enhance the consistency of the system by iden-

tifying outages and by sensing and protecting against instability. The

enhanced OMS is realized by different optimization approaches which uses

its capacity to perform real time analysis and control of smart grid. PEVs are a

more attractive technology for drivers, car companies, and the community

in general [4]. Due to different PEV applications, their sales have rapidly

increased over the last few years [5].

PEVs have many benefits compared with internal combustion engine

vehicles such as decreased greenhouse gas (GHG) emissions, increase effi-

ciency, and decreased pollution [6–8]. Electric vehicles (EVs) are pow-

ered by batteries that can store and supply energy to the system when

needed; other EVs such as fuel cells can also supply energy. In this case,

the PEV can function as distributed generation (DG) and provide differ-

ent applications when parked while charging the vehicle at the electric

outlet. Utilizing these facilities gives additional economical advantage

to PEV owners [9].

2 Framework of demand aggregator

An aggregator is the driving force to speed up practical decision making to

arrange the charging time for PEVs.When the car reaches the parking place,

the owner charges the vehicle and communicates with the aggregator to

share the necessary data. These data include the status of the battery and

the time the EVwas left. A future arrival pattern affects the aggregator’s deci-

sion making when PEVs are already available in the parking lot. The PEV

load forecast (PLF) is an intelligent element inside the aggregator that is

responsible for evaluating the loading effect of the future PEVs that enter

the parking lot [9].

The following assumptions have been made:

(1) Drivers use their PEVs in the same fashion as the conventional internal

combustion engine (ICE) vehicles.

(2) The aggregator is not a market participant, but it is only an agent

responsible for the convenience of PEV charging and benefits through

demand response (DR) cooperation.

(3) All PEV chargers function at a power factor of one.
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3 PEV for demand-side management

(A) Demand-side management (DSM)

For a grid, DSM is the planning, implementing, and manipulating

of a distribution system facility designed to affect the consumer use of

electricity that produces the intended alterations in the demand side

that consist of maximum cutting, deep filling, load shifting, planned

management, planned demand growth, and variable load shape [10].

The two main attributes of DSM are energy efficiency (EE) and

demand response (DR). EE is planned to decrease electrical energy

usage during the whole time; DR is planned to alter the site load for

energy intervals [11]. The grid and consumers’ taking part in

demand-side management programs provide the benefits to consumer,

service provider, and community as a whole.

4 Blackouts and outages

Power loss causes harm to people, economic, security, and community

levels that is not measurable. Outage causes may be natural, accidents, poor

maintenance, or an attack. The distribution grid may be damaged during

outages, causing cascading failures in distribution transformers. The utility

depends on customer reports to sense a blackout. To build the load supply,

the gap measurement could be taken within milliseconds or microseconds.

5 PEV for V2B

There are many types of PEVs for the study of charging and discharging pat-

terns, PEV penetration, and DG connections.

5.1 PEV penetration scenarios
The total PEV depends upon the percentage of PEV penetration. Three dif-

ferent penetration levels discerned from different studies are presented in this

paper for the PEV penetration level [12].

Scenario 1: 35% of the total cars are assumed to be PEVs. From this,

only hybrid PEV models are included in this paper. Slow (0.2 charging)

and fast (1 charging) charging are also assumed.

Scenario 2: Assume 51% of total cars are PEVs. In this case both, battery

electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) are

included and charging is measured similar to Scenario 1.
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Scenario 3: Assume that 62% of cars are PEVs. BEVs are included in the

study. To understand the effect of enhancing PEV penetration on system

load is considered to be constant.

6 Types of PEVs and charging points

The type of PEV can be defined based on its capacity to store energy and

driving miles. PEV types include the hybrid PEV, and one BEV model,

United States Advanced Battery Consortium (USABC) and Electric Power

Research Institute (EPRI). In the hybrid PEV, the number shows the driv-

ing capacity of the PEV in miles with batteries. Table 1 presents the

approaches of supplying energy from EV batteries [13–16].

7 Battery technology

The battery is the main component of PEVs so the feasibility of V2G, V2B,

and V2H depends on the status of the battery. Current EV battery technol-

ogy is based on the lithium-ion battery, but nickel metal hydride batteries are

also used for PHEV. The cost of the battery is approximately 20%–40% of

Table 1 Approaches of supplying energy from EV batteries.

Approach Merit Demerit

V2G • Large-scale operation

• Give source to auxiliary

service

• Grid reliability

enhancement

• Electricity transaction

• DG integration

• Operation is complex

• Requires more EVs

• User voluntarism is

necessary

• Not common business area

V2B • Operate at the building

• Decrease cost of energy

• Gives standby power

• Lower asset required

• Willingness of user is

needed

• Operation is complex

• Market penetration is

not good

V2H • Operate at home

• Requires one electric

vehicle

• Decrease energy bill

• Gives standby power

• Interconnection DG

• It is not sufficient for residence

• For only single home
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the cost of the PEV. There are two types of aging processes: cyclic aging and

calendar aging. The calendar life is loss of capacity due to the passage of time.

Temperature and state of charge affect the calendar life while cycle aging is a

loss of capacity produced by the repetitive charging and discharging process.

8 Enhancing outage management system (OMS) with PEV

TheOMS is very crucial for utilities to set up a grid and restore power during

outages. It is planned to decrease the economic effect of power interrup-

tions. So, the utility must increase service quality for customers and increase

individual operator safety. The OMS analyzes the position and amount of

outage estimation abilities. The way to properly manage the outage of a

smart distribution system using PEV is to utilize the battery to home

(B2H) application.

Nearly every outage management system has two limitations:

• Shortage of an accurate, up to the second model of the distribution

network.

• Shortage of connection to a system that monitors and manipulates

the grid.

9 Vehicle to building

Vehicle to building technology has attracted more and more interest in

today’s electric power system. This system is a transitional step between

vehicle to grid and vehicle to home but provides the necessaries for PEV

and building owners [17]. Both achieve electricity savings of office buildings

because the arrival and departure times of workers are known. This charac-

teristic enables PEV management and allows PEV to be fully charged when

workers return home. Hospitals, hotels, universities, office buildings, shop-

ping malls, sport centers, and more can benefit from vehicle to building

technology [18]. Additionally, V2B can support the critical loads of build-

ings such as data servers, computers, emergency lights, elevators, water

pumps, etc., in emergency situations if there are power outages or shortages.

This way, data loss and service interruptions could be avoided; the diagram

shows a V2B system that consists of a PEV, local distributed energy gener-

ators, critical loads, and a building energy management system (BEMS) [19].

Fig. 1 shows the vehicle to building scheme.

A building energy management system will perform optimization algo-

rithms and send the calculated set point to many subsystems under its
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control, such as a PEV. These algorithms will request economic revenue

such as energy trading and peak power reduction.

In North America, power system utilities provide different types of load

control and demand-side management to their clients. These provide

enhanced power system security and advantages to the participants. Consid-

ering that the electricity rate is lowwhen vehicle batteries are charged, when

batteries are discharged, the battery storage may be used to balance the high

cost during peak load demand. In this review, there are three basic charges

for the business rate schedule: customer charge, energy charge, and demand

charge. Finally, the monthly total revenue r for a BEV or PHEV based on

V2B operation can be:

r¼Eec rrc�onpeak�Rrc�midpeak

� �� t + rtdc Pmax �Pdsm�maxð Þ (1)

where Eec is the energy shifted from on-peak time to mid-peak time (kWh);

rrc�onpeak is the on-peak time energy charge rate ($/kWh); t is the number of

days in a month; rtdc is the time-related demand charge; Pmax is the maxi-

mum peak power demand (kW); Pdsm�max is the maximum peak power

demand after DSM.

For practical applications for the given EV, the actual maximum power

from the vehicle to building can be calculated as:

Pvehicle ¼Pideal�ηcharger�ηinv�ηother (2)

where Pvehicle is the actual maximum power for V2B (kW); Pideal is the ideal

maximum power from V2B; ηcharger is the efficiency of the charge; ηinv is the

Building and Grid

PEV Fleet Critical LoadRES Static Storage

BEMS

DSO

Energy                                                     Data

Fig. 1 Vehicle to building scheme.
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electrical conversion efficiency of the DC to AC inverter; ηother is other fac-
tors such as power and battery self-discharge. The actual revenue will be

reduced considering the charging efficiency, conversion efficiency, power

loss, battery self-discharge, etc. Assume the efficiency of the charger is

ηcharger ¼ 0:9, the conversion efficiency

ηinv¼ 0:93

ηother ¼ 0:9

Vehicle to building has a similar function as V2H in that the EV will

operate as a distributed alternative power supply that can discharge its excess

energy to nearby buildings without long power transmissions. The buildings

may be office towers, supermarkets, etc. [20,21]. Also, V2B is similar with

V2G in that V2B in general needs to aggregate the energy from the EV fleet

and energy aggregation needs infrastructure support, such as small-scale

smart parking lots with bidirectional power flow capacity. A software build-

ing energymanagement system (BEMS) is also needed to supervise the oper-

ation. The BEMSwill do its task based on its built-in optimization algorithm

and the data from smart meters to further manage the whole building’s

operation [22].

Still more infrastructure and research are required to make V2B applica-

tions stand up to building operation when an interruption occurs, by pro-

tecting the main system and critical load from shutting down [19,20].

Enterprise buildings are more efficient for vehicle to building execution.

10 Approaches of delivering energy from PEV battery

Vehicle to building is similar to V2H, although it needs more technology

support such as an aggregator. The transmission power loss is very small

because it does not travel along a long transmission line. Vehicle to grid

requires more installation costs of aggregators and power lines that helps

bidirectional electrical power transmission between the PEV and the micro-

grid. Additionally, the power loss with a double transmission line could be

significant (Table 2).

Here, vehicle to grid is more dominant because it is transmitting energy

at the grid level. For conditions in which a generator fails to operate, V2G

can stabilize all systems by injecting power into the grid. When PEV acts as

energy storage, the main concern is battery operation convergence.
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Table 2 Approaches of delivering energy from PEV batteries.

V2G V2H V2B

Supportive

infrastructure

Aggregator

Long transmission

network

Parking lots are large

HEMS

Smart energy meter (for home)

BEMS

Smart energy meter (for

building)

Parking lots are small

Features Large-scale EV

Operation is complex

Requires more

regulation

Sophisticated

construction

Requires income

Small scale (for home)

Operation is easy

Works automatically

Easy construction

For small scale (for building)

For local building

Needs incentive

Complicated construction

Applications Auxiliary service

Compensate reactive

power

Large-scale operation

Operates at home level, single EV

Application is easy

Operates at building level

Gives backup power

Connect with V2G

Drawbacks Complex operation

Complex prediction of

EV demand

Battery degradation

Absence of regulatory

framework

User preference to be

considered

Medium difficulty operation

Market penetration is poor user preference

to be considered

Battery degradation

Well-matched with a small

family home

More loss

Battery degradation
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11 Conclusion

In the future, PEVs will not only be used for transportation but also for pro-

viding other facilities like energy storage during power outages. In this chap-

ter, outagemanagement in a smart distribution grid integrated with PEV and

its V2B applications is presented and compared with V2G and V2H. From

the above approaches, the vehicle to grid idea is themoremotivated one, but

it is more complicated to use on a large scale. Vehicle to grid requires a cru-

cial role for the development of PEV market share and a favorable and stable

regulation framework. Vehicle to building and vehicle to home are recently

introduced ideas that are concentrated on buildings and homes, respectively.

As compared to vehicle to grid, this idea is easy to apply, doesn’t need exter-

nal articles to be completely functional, and gives more tangible function for

the user. Lastly, of those three discussed systems, only the vehicle-to-home

system is called "leaf to home," which has commercial availability, and the

vehicle-to-building version is on the way to being marketed.
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1 Introduction

Smart electrical appliances for utility networks are increasing daily, and this

introduces power quality issues as an impact on the nonlinear nature of the

loads. Therefore, the demand for quality electrical power is increased, and

conventional energy sources are not fulfilling these demands. This has led to

a move away from conventional large linear loads toward modern nonlinear

loads (NLs). In general, NLs are subcategorized into dynamic NLs and static

loads. These loads cause the increased harmonic distortion of voltage and

currents. It may increase when a single phase or two phases of unbalancing

occur in the system, deteriorating the distribution equipment’s proper func-

tioning. An unbalance in the voltage affects the execution of other loads,

mainly the induction motor (IM) load [1].

A suitable power quality (PQ) mitigation technique can be initiated by

using the characteristics of power quality disturbances. Different machine
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learning/signal processing techniques can help find the types of power qual-

ity issues [2–7].
Custom power device-based possible solutions are reported in the liter-

ature for mitigating these problems. A distribution static compensator

(DSTATCOM) is a vital solution for improving PQ in the distribution net-

work. A three-leg voltage source converter (VSC) topology is presented in

[8] to reduce the system’s complexity and cost in the three-phase three-wire

(3P3W) distribution network during PQ improvement. However, a three-

leg DSTATCOM would not be effective in the case of a neutral current

compensation issue. Thus, a three-phase four-wire (3P4W) four-leg voltage

source converter DSTATCOM topology for neutral current compensation

and PQ improvement is presented in [9]. This system is reported in [10] for

effective PQ disturbance mitigation. The effect of sources and loads on PQ

mitigation using DSTATCOM is investigated in [11]. This research

reported that the performance of the PQ improvement DSTATCOM

has been dependent on the reference current generation control techniques.

In the past, multiple control techniques have been reported for estimat-

ing the reference signals for controlling DSTATCOM. The synchronous

reference frame theory in [12] and its modified version in [13] have been

presented for controlling DSTATCOM in the presence of NL and IM loads.

The performance of DSTATCOM using ADALINE-LMF in [14] and its

modified version in [15] has been investigated in the presence of NLs.

The second-order generalized integrator-quadrature control technique in

[16] and the least mean fourth-based control technique in [17] have been

presented for PQ disturbance mitigation in the presence of NLs. Compar-

isons of different control techniques have been presented in [12]. However,

the performances of the control techniques discussed above have not been

investigated with combined loads. An investigation of combined distribu-

tion NLs is necessary for effective PQ mitigation.

This chapter presents the role of DSTATCOM for PQ improvement in

distribution networks in the presence of combined NLs using instantaneous

reactive power theory (IRPT). The system under investigation is simulated

in MATLAB 2020 and would be validated with the help of hardware pro-

totypes in the future.

2 System under consideration

The sample distribution system is presented in Fig. 1 [9]. The 3P4W distri-

bution network is realized by using three voltage sources connected in a star
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and a ground point. The combinations of linear, nonlinear and unbalanced

loads are connected at the point of common coupling (PCC). The four-wire

DSTATCOM is connected at the PCC for PQ improvement by mitigating

the effect of connected loads. The switching transients of the DSTATCOM

are controlled with the help of a ripple filter. The system parameters are

listed in the Appendix.

3 Distribution static compensator and its control
technique

1. DSTATCOM: It is a shunt-connected DFACTS device utilized for

reactive power compensation and maintaining the power quality at

the PCC. The basic diagram of the DSTATCOM is illustrated in

Fig. 2. The basic idea to connect the DSTATCOM is to mitigate har-

monics in the current as well as voltage signals by injecting compensat-

ing current [18–20]. Hence, the shapes of the current and voltage

Fig. 1 System under consideration.

ControllerVbus

AC system
bus

Coupling
Tranformer

VSC

Storage
device

Vdc

Vvsc

STATCOM

Fig. 2 DSTATCOM.
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signals are sinusoidal. DSTATCOM is working on three operational

modes:

• Capacitive mode, VD > VS, the DSTATCOM injects reactive

power to the grid.

• Floating mode, VD ¼ VC.

• Inductive mode, VD < VS, the DSTATCOM absorbs reactive

power from the grid.

2. Control scheme for DSTATCOM: An IRPT-based control tech-

nique is presented for controlling the DSTATCOM for PQ improve-

ment. The basic idea is to control the changes associated with the

grid, load, and DC-link voltage signals, which generates the gate

pulses for the DSTATCOM. This system further injects the compen-

sating current at the PCC to maintain the voltage and harmonics at

the PCC.

This theory is also known as the reactive power theory (RPT). The process

includes the estimation of three-phase active and reactive instantaneous

voltages and currents and represents their quantities in the instantaneous

space vectors with excluding the zero-phase sequence component [21,22]

to minimize the computational complexity. In this process, the 2π/3 differ-
ence has been maintained during the calculation of the a-b-c coordinates.

These coordinate axes are fixed on the same plane, as illustrated in Fig. 3.

Also, the amplitudes and directions of the instantaneous space vectors

(ea and ia) are varied with time on the a-axis.

Similarly, eb, ib, and ec, ic are set on the b and c-axes [1,22–25]. The con-
versions of the aforementioned space-vectors into the orthogonal coordi-

nates (α, β) are given as:

ic

ib

ia

iq

id

c-axis

b-axis

a-axis
d-axis

q-axis

120�

120� 90�

120�

Fig. 3 α�β coordinate transformation.
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However, the desired output of the α-axis is obtained by the estimated

values of eα and iα and the β-axis is obtained by the estimated values of eβ and

iβ.

The three-phase instantaneous power is given as:

P¼ eα∗iα + eβ∗iβ (3)

P¼ ea ia + eb ib + ec ic (4)

The three-phase instantaneous reactive power is given as:

q¼ eα∗iβ + eβ∗iα (5)

p

q

� �
¼ eα eβ

�eβ eα

� �
iα
iβ

� �
(6)

The instantaneous power is obtained by combining the eα∗ iα and eβ∗ iβ
in Eq. (6). Similarly the reactive power can be estimated. The block diagram

of IRPT is depicted in Fig. 4 to illustrate the procedure of active and reactive

power calculation for reference signal generation of DSTATCOM.

The current error is calculated as

i∗sn¼ 0,

isn¼� isa + isb + iscð Þ (7)

where isn is the sensed neutral current and isn
∗ is the reference neutral current

of the fourth leg switches of DSTATCOM.

4 Simulation results and discussion

The IRPT-controlled DSTATCOM-BESS configuration has been exam-

ined under balanced and unbalanced loading conditions for load balancing.

Power quality disturbances are also mitigated using the proposed approach.
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A.Response of proposed method with combined NLs

The performance of the proposedmethod with combined unbalanced

NL and IM load is as depicted in Fig. 5. The unbalancing in the load is

created through the switch OFF phase-a of the NL load (INL) for

0.2–0.25 s and phase-a and phase-b of the NL load for 0.2–0.3 s. During

this time, the three-phase load is transformed to a two-phase load, and

finally, the two-phase load is converted to a single-phase load. This is

illustrated in Fig. 5, which shows the practical loading condition of dis-

tribution loads. It has been perceived that the source voltage (Vs) is sinu-

soidal, balanced, and in-phase with the source current (Is) under the

nonlinear unbalancing and balanced induction motor (IML) loading

LOAD CURRENT AND VOLTAGE
MEASUREMENT

CLARK TRANSFORMATION

P AND Q CALCULATION

FILTEROF Pc
CALCULATION

FILTEROF Qc
CALCULATION

COMPENSATION CURRENT CALCULATION

CLARK INVERS TRANSFORMATION

Fig. 4 Flow diagram of proposed IRPT of DSTATCOM.
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Fig. 5 Response of proposed method with combined NLs.
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conditions. During switching of the NL load, the phase difference

between the source current and voltage is slightly increased; therefore,

few oscillations are found in the frequency (FHz). Hence, it is a significant

cause for the out of balance current to flow through the neutral wire (In).

It has been noticed that the total In is the vector sum of the obtained three-

phase line currents. However, under balanced loading conditions, the

vector sum is found to be zero. Hence, the obtained In is zero. It has been

observed that unbalancing in one load of the 3P4W system has shown

some variations in total load (IL, VL) current and voltage of the distribu-

tion system. And during this period, the performance of other loads such

as the induction motor is not affected.

The response of the induction motor parameter (IMP) and rotor speed

(NR) of the IM during nonlinear load unbalancing has is shown in Fig. 6.

The power factor of the source (PFS) and load (PFL) during the unbalan-

cing period have been found as 0.63 and 0.88, respectively. From

0.25–0.30 s, minor fluctuations have been observed in the stator current

and torque of the induction motor. This shows that the rotor current, sta-

tor current and torque of the induction motor are not influenced by the

NL load unbalancing; the system is shown in efficient working condition

in Fig. 6. The source current and source voltage, nonlinear load current,

induction motor load current and total load current harmonics as per the

IEEE-519-2014 standard [26] are observed as 0.041, 2.53, 8.37, 16.44,

and 2.72 respectively, which is shown in Fig. 7A–E.

5 Conclusions

This chapter presents the instantaneous reactive power theory-based control

scheme for DSTATCOM for improving power quality with the prolifera-

tion of combined loads such as unbalanced linear, nonlinear, and induction

motor loads. It has been observed that the fourth wire’s neutral current helps

maintain the stability of the system. The performance of the IM load remains

unchanged during the examination period of unbalancing. The proposed

method ensures that the unbalancing in one load does not affect the perfor-

mance of other loads connected at the PCC. The defined operation bound-

aries of the DC-link voltage in the IRPT control ensured the reliable

execution of the DSTATCOM, which protects the converter throughout

large load perturbation. The proposed system has solved the combined

NL loading challenges of the distribution network. The outcomes reveal
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Fig. 6 Response of proposed method with combined NLs.
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that the system PQ is maintained, and harmonics are mitigated within the

range of voltage stability according to the IEEE-519-2014 international

standard.

Appendix

Line-line three-phase grid voltage¼415V, 50Hz, Interfacing inductor

Lf¼2mH, ripple filter Rf¼5Ω, Cf¼10μF, Cdc¼8000μF, Rectifier based

nonlinear loadRload¼40Ω, Lload¼100mH, IM load, low pass filter¼20Hz

(cut off frequency), switching frequency (fs)¼10kHz.
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1 Introduction

Power electronic-based devices have been widely employed in various

applications in power distribution systems. The nonlinear currents of these

devices impose great harmonic distortions on the electrical networks.

Besides, the low flexibility of t]he networks, especially distribution grids,

makes them vulnerable to various faults and associated risks. As a result, dif-

ferent power system disturbances could occur in the network for a variety of
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reasons such as single- and multiphase faults, lightning, weather conditions,

human faults, and energizing and switching large loads and capacitor banks.

In the viewpoint of power quality (PQ) issues, some PQ challenges such as

harmonic distortions, voltage sags and swells, and transient phenomena may

emerge in the network.

Power quality is necessary for the continuous and reliable operation of

most electrical devices. Electrical and electronic equipment is sensitive to

the changes in the magnitude and angle of the supplied power. Also, many

electrical appliances and control processors could be tripped due to the volt-

age sag in several consecutive cycles. Harmonics as the most important PQ

issue can lead to short-term and long-term problems on electrical apparatus.

Harmonic resonance; reduction in the efficiency of generation, transmis-

sion, and consumption of the electric power; aging of devices; and insulation

of various components due to the extra heat and malfunctioning of systems

or devices are the main harmonic effects in the electrical system. Despite PQ

problems, it is required to monitor power quality levels in the network as the

first step for compensation actions against various PQ issues. In this scope,

PQ measurements play a great role in the identification of power quality

levels throughout the network.

From a technical viewpoint, measurement technologies can be classified

in a broad range including the sampling frequency, measured quantities,

accuracy, and installation costs. Smart meters, phasor measurement units

(PMU), micro-PMUs, power sensors, and power quality monitors

(PQM) are some conventional PQ measurement devices. The measured

quantities of meters will be sent to the distribution control center using

wired or wireless communication technologies. Power line carriers, optical

fibers, and telephone networks are some examples of wired technologies.

On the other hand, radio links, mobile networks, and Wi-Fi networks

are some wireless technologies. The received data will be then analyzed

in the control center to determine the PQ level of the network. The calcu-

lated PQ indices will be also stored for future purposes. In some schemes, the

indices will be shown to the system operator using human-machine inter-

faces that lead to a better representation of the system performance, and as a

result, provide a quicker decision capability. Such systems are known as

power quality monitoring systems (PQMS) and are being utilized in some

countries throughout the world. A typical architecture of a PQMS has been

represented in Fig. 1.
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Fig. 1 The architecture of a wide area power quality monitoring system.
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As already mentioned, it is economically inefficient to install PQ meters

at each node/bus of the electrical network. This issue is more important in

distribution networks in which the number of load points is generally much

higher than transmission systems. Hence, it is required to employ computer

techniques and state estimation algorithms to obtain the PQ indices of the

unmonitored areas of the network with the help of available measurements.

This process is known as power quality state estimation (PQSE). State

estimation and in particular, PQSE algorithms, are the main calculations that

should be performed in control centers. In the PQ process, it is tried to esti-

mate desirable PQ indices using all available metered data for those areas of

the network that lack PQ meters. In general, the PQSE techniques are clas-

sified into three main categories named harmonic state estimation (HSE),

voltage sag state estimation (VsSE), and transient state estimation (TSE),

as shown in Fig. 2.

Harmonic distortions can be easily increased due to the propagations of

currents of nonlinear loads. InHSE, the steady-state behavior of the network

against harmonic distortions is analyzed. In VsSE, short-term voltage issues

such as voltage sags and swells are determined. As already stated, these

Fig. 2 Power quality state estimation categories.
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disturbances are mainly the direct consequences of system faults, motor start-

ing, severe weather, and large load energizing. The number of occurred

voltage sags at unmonitored areas could be determined using the recorded

voltage sags of the meters. In TSE, the transient behavior resulted from var-

ious disturbances such as lightning, electrostatic discharge, and inductive and

capacitive switching is determined. This analysis allows determining tran-

sient behaviors at unmonitored areas. In this chapter, all three PQSE cate-

gories will be further explained and modeled in detail. The main topics of

this chapter are as follows.

2 Harmonic state estimation

In a harmonic power flow (HPF) algorithm, the harmonic voltages and cur-

rents of the network are typically calculated using known harmonic current

sources. To do so, harmonic models of nonlinear loads as well as network

characteristics should be utilized in harmonic power flow calculations.

A reasonable question is that if the harmonic current sources are unknown,

how the harmonic voltages of the network could be calculated (or how the

sources of harmonic loads could be identified). In the section of harmonic

state estimation (HSE), we are going to answer this question. Needless to

say, the HSE is the inverse process of HPF. The goal of the HSE is to deter-

mine the harmonic content of harmonic sources by means of all appropriate

measurements of the network voltages and currents. Therefore, HSE can be

defined as follows:

HSE tries to localize harmonic dominant sources and/or determine harmonic

contents of the network in unmonitored nodes based on the historical data and

harmonic measurements obtained from other monitored nodes of the network.

It could be inferred that the HSE is of greater practical importance than

HPF. For example, some common incidents in real cases such as failure of

capacitor banks, communication, and phone interference, or high zero/neg-

ative component levels that have been reported in a specific region, could be

a sign of violated harmonic distortion levels [1]. Hence, a few incident inves-

tigations about the harmonic content of an electrical region and its source

would apply to this situation.

A big difference between conventional transmission/distribution SE and

HSE is in the observability level of the system. In the fundamental frequency
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(f0¼50 or 60Hz), the number of availablemeasurements is usuallymore than

thenumberof state variables (i.e.,magnitude andphase angles of busvoltages),

hence the number ofmeasurement equations ismore than the number of state

variables, especially in the transmission system. Therefore, a conventional SE

is usually an overdetermined problem. In this case (i.e., full observability), the

weighted least square (WLS) is a common method that could result in a

unique solution for the estimation of the system state variables. However,

the observability level of the system might be degraded as the determined

SE problems in which the number of measurement equations is equal to

the number of state variables. In this case, WLS is also applicable. But in real

power distribution systems, the number of harmonicmeasurement equations

is fewer than the required harmonic state variables. This is due to the fact that

the number of harmonic measurements is limited mostly because of financial

constraints. Also, the number of state variables for all harmonics of interest is

much more than the number of state variables at the fundamental frequency

(f0). Hence, the HSE problem is usually an underdetermined system of equa-

tions. Due to partial observability, the conventional WLS method could not

be used and alternative solution methods need to be employed.

In order to establish the desired HSE infrastructure, a proper measure-

ment system is definitely required to be installed throughout the distribution

network. The monitoring system could have an architecture such as shown

in Fig. 1, including PMUs, PQmeters, local processors, and communication

infrastructure. Recent advancements in phasor measurement technology,

which uses GPS sampled data, bring an opportunity to get the whole har-

monic snapshot from the power distribution system. PMUs, as the main rep-

resentatives of phasor measurements, could be synchronized in the range of

1μsec. This feature would help local processors to receive the sample mea-

surement data in a very short time to provide an opportunity for the main-

frame of the control center to analyze the aggregated measurement data in

near real-time intervals [2,3].

At the transmission level, the great number of synchronized measure-

ments allows the harmonic state estimation of the power system in a con-

ventional manner. However, directly applying these methods to the

distribution level is not applicable because the number of measurements is

lower. Hence, the use of historical data is essential in the management of

distribution systems [4]. Historical data are known as pseudomeasurements.

However, because the pseudomeasurements have generally less accuracy,
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their corresponding weights are usually considered low. This assumption

makes their effects less in the calculation process of the harmonic state of

the network. Furthermore, virtual measurements such as the zero injection

points and/or the nodes with known loads are usually employed besides the

other measurement data to improve system observability. The reliability of

the estimated harmonic state highly depends on the accuracy of pseudo- and

virtual measurements and thus, their utilization should be carefully

considered.

The HSE problem could be investigated in three general categories, as

shown in Fig. 3: (I) the estimation of the harmonic state variables of the

whole network, (II) harmonic load identification, and (III) extracting har-

monic components from a given signal. In the first category, harmonic volt-

ages and currents of the whole network (or at least its observable areas) are

estimated using harmonic measurements from all installed meters in the net-

work. Harmonic load identification, as the second category, deals with the

localization of harmonic current sources in a network from harmonic mea-

surements in single or various metering points. This process is employed to

attribute harmonic distortions, either for applying penalty factors or for

compensation purposes. In the rest of this section, various network HSE

modeling methods and solution procedures are described.

Fig. 3 Harmonic state estimation categories.
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2.1 Modeling HSE problem
As previously noted, the harmonic state of the system could be calculated

from some harmonic measurements and historical information. Usually,

in HSE and especially in distribution systems, the number of state variables

to be estimated is more than the number of available measurements. For

solving HSE problems, all the solution methods have been developed based

on minimizing measurement residuals (i.e., the difference between mea-

sured quantities and the real values of state variables). Let x be the vector

of network harmonic variables, then the general model to assign harmonic

variables to the harmonic measurements could be represented as Eq. (1).

Zh¼ hh xhð Þ+ eh (1)

where subscript h stands for the harmonic component number. Also,

the main notation used in Eq. (1) and throughout this chapter is stated as

follows:

x is the vector of n harmonic state variables of each harmonic of interest.

Harmonic voltages of nodes, harmonic injections, and harmonic cur-

rents of lines (i.e., feeders and lateral) are some common state variables.

Z is the vector of m harmonic measurements including a broad range of

harmonic measured quantities such as harmonic voltages, harmonic

injections, harmonic currents of the lines, and harmonic powers.

h is the function of themeasurementmatrix with the size ofm � n, which

relates the harmonic measurements to the harmonic state variables. Con-

cerning the harmonic measurements, this function could be either linear

ornonlinear. If the systemhasbeencompletelyobservedusingPMUmea-

surements, this functionwould be linear.Otherwise, themere use of con-

ventional harmonicmeasurementsmakes Eq. (1) nonlinear.Note that the

h letter is also employed for each harmonic of interest, which, in this case,

has been represented as an index to a variable.

e is the vector of m measurement error that shows measurement errors

and uncertainties in the process of harmonic measurement and

transmission.

Usually, the error is considered as the white noise, that is, the average and

covariance of errors are equal to zero (E(e) ¼ 0 and E(eeT) ¼ σ2).
Due to the lack of a reliable method for the correct calculation of active

and reactive harmonic powers in the presence of waveform distortions, real

and reactive power measurements are not usually employed in Eq. (1).

Hence, it is common to use voltage and current measurements as the har-

monic input data of the model. If the harmonic phasors of voltages and
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currents are considered, then Eq. (1) can be decomposed into Eqs. (2), (3)

and hence, each equation could be calculated separately.

Zv
h ¼Hvxh + eh (2)

Zc
h ¼Hcxh + eh (3)

In the equations above, the voltage and current measurements andmatri-

ces have been represented by the relevant superscripts. The Hv matrix is

binary, that is, if a harmonic state variable is directly measured, then the cor-

responding array in the Hv will be equal to “1.” On the other hand, the

Hc matrix is of the admittance type, which should be calculated concerning

the set of current measurements and harmonic state variables. If any state

variable is directly measured using one of the installed meters, then the cor-

responding array will be equal to “1” in the Hc.

Because the measurements have been considered here as phasor quanti-

ties, the developed model in Eqs. (2), (3) is linear. The common method for

solving such equations is the WLS method. However, some HSE methods

have been developed based on conventional measurements (especially in the

load identification category). These measurements make the HSE model

nonlinear and in turn, nonlinear solution methods need to be employed.

In the following section, these solution methods are introduced.

2.2 HSE solution methods
Various analytical and artificial solutionmethods have so far been implemen-

ted to solve the HSE problem. Comprehensive sensing, Bayesian learning,

echo state network, fast kernel entropy optimization, hybrid firefly algo-

rithm, seeker optimization, and particle swarm optimization are among

the various methods used for the HSE problem. The Kalman filter is also

a very useful method in the time domain for HSE modeling and solution.

This method is a stochastic optimal estimator that, by using a least-square

technique, develops an iterative procedure for the calculation of the next

estimations using previous estimations and existing measurements. Our

focus here is on the introduction of the HSE, thus, only two common ana-

lytical methods are introduced in this section and the interested reader is

referred to the literature for further details Eq. (4).

2.2.1 Weighted least square
As already mentioned, the most common solution technique for Eq. (1) is

the weighted least square (WLS) method. This method has been developed
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to precisely estimate all state variables by minimizing the square values of

measurement residuals and implicitly considering the measurement accura-

cies. Let the measurement residual be indicated as ri, then the minimization

of all measurement residuals can be represented by Eq. (4) in each harmonic

frequency. To solve this problem, the first-order optimal conditions must be

applied by equating partial derivatives to zero, as shown in Eq. (5). This min-

imization should be employed individually for each harmonic of interest.

The W is the measurement weights matrix, which shows the importance

of each measurement in the total harmonic state estimation process. Usually,

the measurement weights (representing their relative precisions) are deter-

mined using measurement variances, such as in Eq. (6). In addition, the

Jacobian matrix measurement, which is typically represented by H, is shown

in Eq. (7).

min
X
i¼1

1

σ2i
Zih�hih xhð Þð Þ2

� �
¼ min

X
i¼1

1

σ2i
rih xhð Þð Þ2

� �
(4)

Jh xð Þ¼ 1

∂x
∂

X
i¼1

1

σ2i
Zih�hih xhð Þð Þ2

� � !

¼ Zh�Hhxhð ÞTWh Zh�Hhxhð Þ¼ 0 (5)

W�1
h ¼Rh¼ diag σ21h, σ

2
2h,…, σ2mh

� �� �
(6)

Hh¼ ∂hh xhð Þ
∂xh

(7)

To solve the nonlinear problem of Eq. (4), the iterative Newton-

Raphson (NR) method is a common approach. Ignoring high-order deriv-

atives and setting the Jacobian matrix to zero for each harmonic frequency

leads to an iterative solution scheme, as in Eq. (8). In this equation, the sym-

metric matrix G is called the harmonic gain or information matrix and calcu-

lated as Eq. (9). Starting from an initial guess, the algorithm iteratively

updates the state variables until the objective function Eq. (4) is minimized.

Jh xð Þ¼ 0) x
_k+1

h ¼ x
_k

h�G�1
h xhð ÞHT

h xhð ÞWhZh (8)

Gh xhð Þ¼HT
h xhð ÞWhHh xhð Þ (9)

If the measurement harmonic matrix is linear, the solution method

requires no iteration and could be determined in one single step. This could

be possible if all measurements are taken from PMUor μPMU devices. Such
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a linear systemwas previously represented in Eqs. (2), (3) and the direct solu-

tion of Eq. (10) could be applied to this HSE problem. Here, the measure-

ment matrix and input measurements could be calculated using Eqs. (11) and

(12), respectively.

xh¼ HT
h WhHh

� ��1
HT

h

� �
Zh (10)

Hh¼ Hv
h jHc

h

� �
(11)

Zh¼ Zv
h jZc

h

� �
(12)

It should be emphasized that the most important criterion for Eq. (1) to

make it solvable by the WLS method is the full observability of the HSE

equations. For this reason, the network must be fully observable by consid-

ering pseudo and virtual measurements besides all installed meters. Other-

wise, the WLS method could not solve the HSE problem. In

unobservable systems, some other solution methods such as singular value

decomposition (SVD) could be applied. This method is explained in the

next subsection.

2.2.2 Singular value decomposition
If the system equations of HSE are underdetermined due to the limited

number of proper measurements, the WLS method could not solve this

problem. Clearly, this is due to the singularity of WLS equations and the

noninvertibility of the Jacobian matrix measurement. Furthermore, if the

gain matrix is ill-conditioned, the solution method cannot estimate the state

variables and as a result, the problem will mathematically become unsolva-

ble. Evenmore, the common solutions based onWLSmay result in a round-

off error. Indeed, if one or some of the measurement equations are linear

combinations of other equations (or near to linear approximations) or a zero

pivot is created during the solution process, then the WLS will not be con-

verged. This problem could be observed in a set of linear and nonlinear

equations [4–6]. Because in real measurement data, some measurement

equations may not be independent, singular matrices could have simply

emerged in establishing HSE equations.

In underdetermined systems, theHTH is often singular (i.e., with an infi-

nite condition number) or near singular (i.e., with a large condition num-

ber). In such a situation, Gaussian elimination and lower-upper factorization

(two common procedures employed in the WLS solution technique) may

not provide satisfactory results. In this case, the singular value decomposition
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(SVD) technique has been employed. The SVD method is generally slower

than the WLS method; however, it could handle singular and near-singular

matrices. In an underdetermined system, the SVD method provides a solu-

tion that is the best approximation in the sense of weighted least squares.

Although singularity in the underdetermined systems means there is no

unique solution for the problem, the SVD method could determine a set

of solutions that makes the system observable even with the available

measurements [7].

To solve the general HSE problem of Eq. (1) using the SVDmethod, it is

necessary to employ a linear variant of the problem. The linear HSE problem

could be represented as Eq. (13) for a case when the wide-area measurement

system is available with the assistance of μPMU devices.

Zh¼Hhxh + eh (13)

Roughly speaking, the noise effect can be ignored in Eq. (13). The SVD

method is based on a property of linear algebra in which it is possible to rep-

resent each matrix with a dimension of m�n with the multiplication of

three different matrices; that is, an m�n perpendicular vector (U); an

n�n diagonal matrix (Λ) with singular values greater or equal to zero;

and an n�n perpendicular matrix (V) [5,8]. Hence, it is possible to rewrite

the measurement matrix of H in Eq. (13) as shown in Eq. (14) in which the

h index is ignored for the sake of simplicity.

H ¼UΛVT (14)

The matrix Λ includes all singular values of the measurement matrixH that

have been sorted descending, as shown in Eq. (15). If m 6¼n, then only the

number of the main diameter would be nonzero, which is equal to the min-

imum value ofm and n. The arrays of the Umatrix are eigenvectors ofHHT and

their columns are called left singular vectors. The columns of matrix V are nor-

malized eigenvectors ofHTH that are called right singular vectors ofH. The SVD

of a matrix always exists even if the matrix is singular or unique. In the SVD

method, the summation of measurement residual squares would be minimum

and hence, as shown in Eq. (16), it is statistically equivalent to the Chi-square

distribution function. The solution of the SVD method could be calculated

as Eq. (17), which is a set of columns ofV that have beenweightedwith singular

values of H and the internal product of Z and columns of U.

Λ¼ diag λ�2
1 , λ�2

2 ,…, λ�2
m

� �� �
; λ21� λ22�…� λ2m (15)
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minχ2¼ Hx�Zj j2
x (16)

x¼
Xm
i¼1

1

λ2i
U ið Þ �Z
� 	

V ið Þ (17)

In the matrix form, the solution can be represented as Eq. (18).

x¼VΛ�1UTZ (18)

If the system is observable, the final solution of the SVDmethod is equiv-

alent to the solution of theWLS method. However, if the system is not fully

observable, the SVDmethod would find a set of state variables that is observ-

able with the current set of input measurements. Hence, it is possible for the

SVD method to find some state variables without any need for the full

observability of the system while the WLS method is not able to solve this

problem in such cases.

After SVD calculations, the null space vector of the measurement matrix

would be examined for the observability analysis of the system. The null

space vectors could be any constant, then add the result to the final solution

of the problem. This could make a new solution to the underdetermined

problem. Thus, after applying the SVD method, an infinite number of pos-

sible solutions (that can be inferred as the unobservability of the whole sys-

tem) is obtained. The state variables that are zero in all null space vectors do

not change in the process and could be estimated with current input mea-

surements. Therefore, it could be accounted as observable state variables of

the network. From a power system perspective, these variables are related to

the observable areas of the network and thus, the SVD method could be

employed as an observability tool for network analysis [7].

2.3 An illustrative example of the harmonic state estimation
problem
In this section, we evaluate numerically the HSE problem using the IEEE

33-node distribution test feeder. In this feeder, four three-phase rectifiers

are considered as nonlinear loads and added at nodes #14, #20, #23, and

#30. The meters are considered PMUs and μPMUs able to measure har-

monic phasors up to the 25th harmonic at various locations. The modified

network is shown in Fig. 4. The harmonic condition of this network was

already calculated using a harmonic power flow algorithm. For taking

uncertainties into account, the calculated values are deviated by some
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Gaussian noises and considered phasor measurements. The measurement

variances are also assumed to be 1% for all devices.

Two general cases are considered here as follows:

• Case 1 (observable network): In this case, all μPMUs are assumed to

be included in the network; their locations are also shown in Fig. 4.

• Case 2 (unobservable network): In this case, some μPMUs indicated

in red in Fig. 4 are ignored on purpose. It means the HSE problem is

implemented in an underdetermined system.

In case 1, the measurement reading data of all μPMU devices are considered

and imported into the HSE model. Because the model is linear, the equa-

tions developed in Eqs. (11), (12) are implemented here. In this case, the

HSE problem is an overdetermined set of equations and hence, both

WLS and SVD methods could be applied. Hence, the harmonic phasors

of voltage at unmonitored nodes could be calculated using Eqs. (10), (18)

for WLS and SVD methods, respectively. In light of the results, the

WLD method is faster than the SVD method. Both methods have success-

fully calculated the harmonic voltages at unmonitored nodes. For instance,

the estimated voltage magnitudes of the 7th harmonic for all feeder nodes are

demonstrated in Fig. 5.

Fig. 4 Modified IEEE 33-node distribution test feeder for HSE evaluation.
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In case 2, as previously pointed out, some μPMU devices are ignored in

the analyses. The considered meters are shown in Fig. 4 in black. This

assumption leads the whole distribution system to become unobservable.

Hence, only the SVD method could be applied in this case. The SVD

can successfully determine the state variables that are observable by the
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Fig. 6 The estimated voltage magnitude for 7th harmonic, case 2.
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Fig. 5 The estimated voltage magnitude for 7th harmonic, case 1.
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current set of input measurements. Also, the model in Eq. (18) could be

applied to find the harmonic voltages at unmonitored nodes. For example,

the estimated harmonic phasors of all nodes are shown in Fig. 6 for case 2. As

is obvious, the SVDmethod estimates the observable quantities with proper

accuracy. In this figure, the results of applying the WLS method are also

demonstrated, indicating that the WLS method could not converge and

as a result could not estimate any state variables.

As previously stated, the SVD method could be employed as a good

alternative for finding the observable areas of the distribution network. In

case 2, the system is not completely observable and hence, some observable

islands could be found by analyzing the null space of the SVDmethod. Such

an analysis has been carried out for case 2 and its result has been also graph-

ically illustrated in Fig. 7. Two observable islands can be seen in this figure,

presuming the set of μPMUs in case 2. There is a general rule of thumb for

μPMUs that says any installed μPMU device makes its adjacent nodes

observable. This rule could be validated in this figure for the installed

μPMUs and as can be easily seen, it is exactly consistent with the results cal-

culated by the null space analysis.

Fig. 7 Observable areas of IEEE 33-node distribution test network, case 2.
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3 Voltage sag state estimation

Themost probable and important power quality disturbances are voltage sags

and long/short-term power interruptions. In this vein, voltage sags are more

important because, on the one hand, events related to the voltage phenomena

occur muchmore frequently and, on the other hand, this phenomenon even

may trip an industrial factory due to its destructive effect on the control sys-

tems and sensitive electrical apparatus. From an economic perspective, the

voltage sags phenomenon may impose high costs on the utility, estimated

between $5000 and $250,000 [9]. From a technical viewpoint, voltage sags

are generally stochastic and mainly are the results of short circuits in the net-

work lines. In this regard, some uncertain parameters such as fault location,

fault type, fault resistance, andprefault voltagewould affect the resulting char-

acteristics of voltage sags. With this aim in mind, voltage sag state estimation

(VsSE) is proposed for the identification of this PQ phenomenon and also the

analysis of its characteristics [10,11]. The VsSE could be generally defined as:

Estimation of profile and/or characteristics of voltage sag in the entire

network or its monitored area using historical data and/or provided

measurements in the monitored areas.

According to the above definition, two general objectives could be

expected from VsSE, that is, the estimation of the voltage sag profile and

the estimation of voltage sag performance characteristics. These objectives

are explained as follows:

• Estimation of the voltage sag profile: In this approach, the profile of the volt-

age sag is estimated in the unmonitored nodes of the distribution net-

work. Indeed, this approach carefully analyzes the network model

through the calculation of the voltage sag profile based on current

and previous information. The final results depend on the proper

modeling of the network and fault conditions. The primary principles

of this method were first proposed in [10], specifically for radial distri-

bution networks; later on, they were developed in [11,12].

• Estimation of voltage sag performance characteristics: In this approach, the

number of voltage sags with specified magnitude and duration are esti-

mated using historical records and measurements data in monitored

nodes [13,14]. The most common index for representing voltage sag

performance is the SARFIx
a index. It is determined as the number of

a System Average RMS Frequency Index.
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voltage sags (Ni) that violates the limit of x pu (either for voltage sags or

swells, increasing or decreasing x pu in the magnitude) for the total

feeder customers (NT). This index is mathematically stated in

Eq. (19). For example, SARFI0.9 shows the number of voltage sag inci-

dents with magnitudes lower than 0.9 pu for the total feeder customers.

SARFIx¼
X

Ni

NT

(19)

In the following subsection, the modeling and solution methods of VsSE are

further explained.

3.1 VsSE modeling methods
So far, different methods have been presented in the literature for VsSE

modeling. They could be generally categorized as the model-based VsSE

(stochastic approach) and the measurement-based VsSE (monitoring

approach). These categories are briefly defined as follows:

• Model-based VsSE: In this approach, the voltage sag profile or its char-

acteristics is merely estimated by the network modeling and fault rate of

the network equipment. Hence, no measurement is employed in such a

stochastic approach. Indeed, a probabilistic analysis is provided in this

approach using the recorded historical data of the distribution system

and equipment fault rates.

• Measurement-based VsSE: In this approach, various measurements

together with the network model are employed to determine the volt-

age sag performance of the distribution grid.

So far, various modeling methods have been proposed for these two cate-

gories, but due to the importance of monitoring the electrical networks,

here we only focus on the measurement-based VsSE models. In addition,

more often than not, there is no validated historical data that may restrict

the application of model-based approaches. Based on the above explanation

and before introducing the measurement-based VsSE models, the two most

important model-based VsSE methods are briefly explained:

• Fault position method: The fundamental principle of this method is based

on dividing the distribution network into some sections in which the

fault conditions are similar. These sections should be selected in such

a way that fault conditions (depth of voltage sag, duration, clearing time

of the fault, network topology, etc.) would be the same at each point of

them. In each section, a fault location is selected as its representative.

Therefore, the whole network can be divided into some fault positions.
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Then, each fault position would be analyzed in various simulations with

different fault properties. The results are then combined with the fault

rates of the equipment for extracting voltage sag performance [15–18].
• Critical distance method: In this method, a voltage divider model is

employed to determine the critical distances (distance from the PCC

or any specific node in which if a certain fault occurs, a voltage sag with

specified properties arises). In this method, by using known voltage sag

characteristics, critical distances that may result in such voltage sags are

determined. This approach requires less information compared to the

fault position methods; however, it also provides less accuracy. This

method was first proposed in [19] and later developed in [15,20,21].

3.1.1 The principle of measurement-based VsSE models
Short circuit analysis has a great role in voltage sag modeling and meter

placement. There are four basic principles for VsSE modeling shown in

Fig. 8 that are described as follows:

• Principle 1 (the concept of fault positions): This concept has a great applica-

tion in VsSE modeling. In this step, all areas of the network are divided

into fault positions based on types of lines, fault consequences, topology,

etc. Each fault position represents an area of the network in which faults

have the same effects. For example, it is possible to divide each line every

2 or 5km. Hence, fault positions represent the network with some dis-

crete points.

• Principle 2: According to the network topology and characteristics, dif-

ferent faults with different properties (prefault voltage, fault impedance,

and fault type) could affect any point in the network, whether it is close

or far to the fault location. To this end, various VsSE modeling methods

are presented based on analyzing the effects of different faults on the

steady-state voltages of nodes (as candidates for installing indicators

and meters). Moreover, in this step, various faults are intentionally

applied in fault positions to analyze their effects on the network nodes

in terms of residual voltages.

Fig. 8 Four basic principles of measurement-based modeling of the VsSE problem.
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• Principle 3: After evaluation of the effects of the faults, residual voltages

can be determined. In this step, considering a threshold for the identi-

fication of voltage sags (e.g., 0.9 pu), the sensitivity of each node to the

corresponding fault type can be simply determined. If the residual volt-

age at the selected node is lower than the voltage sag threshold, then that

node could provide an opportunity for its meter to successfully detect

the incident fault at the relevant fault position. In other words, that fault

type at that fault position is observable by the installed meter at

that node.

• Principle 4: Principle 3 describes the concept of fault observability. How-

ever, the main goal in VsSE modeling is full observability of fault posi-

tions with a minimum number of required meters. Accordingly, an

optimization problem could be defined for the optimal selection of

metering points considering various economic and technical limitations.

The four basic principles mentioned above establish the main blocks for

measurement-based VsSEmodeling and fault observability. These principles

are shown in Fig. 8. In accordance with this figure, one could follow the

main steps in the definition of the VsSE problem. Various approaches based

on these four principles are proposed in the literature. Of them, we adopt the

most usual modeling method, which is based on the concept of monitor

reach area (MRA).

3.2 Modeling based on monitor reach area
As previously stated, the voltage sags are mainly the results of different

faults in the distribution system. Faults on lines and nodes exhibit notice-

able effects. Line faults are very prevalent while faults on nodes are less

frequent, although they produce much more voltage drop effects. The

monitor reach area (MRA) is a concept for identifying affected areas of

faults highly beneficial for meter placement purposes. The MRA could

be defined as follows:

TheMRA for node k is defined as an area of the distribution network in which

the installed meter at this node can detect the occurrence of a voltage sag based

on the threshold specified in that area.

To develop the MRA model, it is necessary to define fault positions. At

first, we should only consider the fault positions of nodes and then extend

the model for lines. To do so, let us suppose that the total number of fault

positions is equal to Nfp. According to principle 2 in Fig. 8, it is necessary to
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simulate various faults at each fault position. Conventional short circuit anal-

ysis using an impedance matrix could be conducted. In this method, the

during-fault voltage of a node (not faulted node) that is due to the fault that

occurred at an arbitrary node can be calculated as Eq. (20).

V df
� �¼ V pf

� �
+ ΔV½ � (20)

In Eq. (20), the superscripts “pf” and “df” stand for prefault and during-

fault conditions of variables and parameters, respectively. Here, they have

been only used for the node voltages. For example, for a typical symmetric

three-phase to ground fault, the during-fault node voltages can be repre-

sented as Eq. (21).

V df
� �¼ V pf

� �� Z½ � diag Z½ �ð Þ�1
V pf
� �

(21)

whereZ is the impedance matrix of the network and diag [Z] is the diagonal

matrix of the self-impedance elements of the Z. If we consider the prefault

voltages as 1 pu (as is common), then Eq. (21) can be simplified and equiv-

alently expressed in matrix form as Eq. (22). In the same vein, the during-

fault voltage of node m due to the occurring fault at node k could be calcu-

lated using Eq. (23).

V df
� �¼ 1½ �� Z½ � diag Z½ �ð Þ�1

(22)

vdfm ¼ vpfm �Zmk

Zkk

v
pf
k ’ 1�Zmk

Zkk

(23)

The Vdf is an n�n dimension matrix in which the voltage residuals of

nodes resulting from the faults that occur at any node, that is, generally fault

positions, represent its rows and columns, respectively. The during-fault

voltage on a typical node i and with a fault at that node is represented in

the (i, i) element of Vdf; this element equals zero for a symmetrical three-

phase to ground fault (fault impedance is assumed to be zero). Off-diagonal

arrays of Vdf represent the residual voltages of node i during a fault at fault

position j. Hence, the effects of fault in the form of the residual voltage or

magnitude of voltage sags due to the fault at position j could be found in the

column j of the matrix Vdf. Therefore, this matrix is called the voltage sag

matrix. Each row of the voltage sag matrix also can represent the behavior

of a typical node to the various faults that occurred at all fault positions.

Likewise, if a fault occurs at a network line, it is also possible to extend an

analogous equation (23) for the calculation of residual voltages. To do so,

suppose that a fault occurs at location p in the line from bus k to j, as can
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be seen in Fig. 9. In this case, the residual voltage would be simply calculated

using Eqs. (24)–(26).

0< p≜
Lkp

Lkj

< 1 (24)

Zmp¼ 1� pð ÞZmk + pZmj (25)

Zpp¼ 1�pð Þ2Zkk + p2Zjj +2p 1� pð ÞZkj + p 1� pð Þzkj (26)

In the equations above, it is possible to equalize Zmp and Zpp with

Eq. (23) and use the same equations for the calculation of residual voltages.

Accordingly, the voltage sag matrix (Vdf) will be completely computable for

all fault positions using Eqs. (23)–(26). Note that in Eq. (26), Zkj is the trans-

fer impedance of node k and j in the impedance matrix, and zkj is the imped-

ance of line k� j.

According to principle 3 in Fig. 8, the sensitivity of network nodes to the

different faults needs to be determined. To this end, it is possible to define

two other important concepts from the voltage sag matrix, namely the

affected area and exposed area. These two new concepts are described below.

• Affected area: This is an area of the network in which the during-fault

voltages are lower than the voltage sag threshold when a fault occurs at a

certain fault position. The columns of the voltage sag matrix (Vdf) are

associated with this area.

In Fig. 10A, the affected area is graphically illustrated for a typical system

when a three-phase fault occurs at node #11. The larger area is for the

0.9 pu threshold, which shows that more loads experience a during-fault

voltage lower than 0.9 pu while the smaller area is for the 0.7 pu threshold.

In general, the lower the threshold value, the smaller the affected area; this is

due to the fact that the lower loads mostly experience a deeper voltage sag,

especially in power distribution networks. Finally, it should be noted that

the affected area in Fig. 10A is plotted assuming a three-phase to ground fault

Lkp

Lkj

jk p

Fig. 9 The schematic of a typical distribution line for the calculation of during-fault
voltage.
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Fig. 10 (A) The affected area for a fault occurred at node #11 and for 0.9 and 0.7pu thresholds; (B) the exposed area for a monitor installed at
node #12 and for 0.9 and 0.5pu thresholds.
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for positive sequence. Thus, for a comprehensive analysis, different faults

with various fault parameters should be considered.

• Exposed area (or vulnerable area): This is the set of network sections

including some nodes and lines (or even only some segments of a line)

that from the point of view of a typical node k, the voltage sag below the

considered threshold could be observed. The rows of the voltage sag

matrix (Vdf) are associated with this area.

In Fig. 10B, the exposed area is also graphically illustrated for node #12. In

this figure, the exposed areas for two voltage sag thresholds 0.5 and 0.9pu are

depicted. For the lower threshold (i.e., 0.5pu), nodes #10, #11, and #13

and some parts of the network are located in the exposed area of node

#12. It means that all equipment within this area can be easily observed from

node #12 if a fault occurs and the voltage goes below 0.5pu.

According to principle 4, an optimization problem needs to be developed

for modeling the VsSE problem. To this end, it is necessary to develop an

effective meter placement problem for the full observability of the network.

Toward this aim, proper measurements could also be employed for the cal-

ibration of stochastic VsSE models. Anyway, it is evident that the monitor-

ing program has a great role in the estimation of voltage sag profile and

characteristics. Because each point in the networkmust be observable at least

once, such a monitoring program is expected to be able to determine the

number and location of measuring devices according to the intended voltage

threshold. Due to the key role of meter location, in the following, a meter

placement algorithm based on the MRA concept is introduced.

3.2.1 Meter placement based on MRA
For voltage sag observability purposes, a meter placement procedure with

the aim of finding the minimum number of measurements should be

employed. As discussed previously, the number of recorded voltage sags

directly depends on the considered voltage sag threshold. Thus, for a meter

installed at a node, the concept of MRA that was previously introduced can

be redefined here as follows:

The MRA of a node is equivalent to its exposed area.

According to the MRA definition, if a meter is installed at a node, it

could simply detect the voltage sag incidents at some fault positions (corre-

sponding to the rows of the voltage sag matrix) by means of the residual volt-

age of this node. The MRA of a node contains some fault positions (nodes
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and lines) of the distribution network where a fault occurring on those loca-

tions will definitely result in a voltage sag on that node below the voltage

threshold.

For convenience, we denote the threshold as t and in turn, the MRA of

node k as MRAk
t . The index of fault position j can also be considered in

MRAk
t if the residual voltage of node k due to the fault on j is lower than

t. This is mathematically stated in Eq. (27). Because the binary matrices

are often employed in the placement algorithms, it is also possible to use

the definition of Eq. (28) instead of Eq. (27) for representing the MRA

of all nodes of the distribution network.

MRAt
k¼ k, jjvkj� Vdf

� �
, vkj � t

� �
, j¼ 1,2,…,Nfp: (27)

MRAt i, jð Þ¼ 1

0



if vij � t

if vij > t
(28)

The MRA matrix is of N�Nfp dimension for each candidate of meter

installation points (i.e., nodes) and fault positions. The binary MRA matrix

shows the sensitivity of each meter location to the voltage sag of each fault

position; that is, if the array (i, j) equals “1,” then the meter at node i is sen-

sitive to the fault that occurred at the fault position j with reference to the

threshold of t.

Here, the decision variable vector of X with the length of N is also

defined as the availability of a meter at a network. It is mathematically

expressed in Eq. (29).

X ið Þ¼ 1

0



if

if

monitor installed in node i

o:w:
(29)

Hence, if X multiplies with a column j of MRA, the result is the total

number of monitor reach areas of all meters that includes fault position j.

This shows the total observability of fault position j. Accordingly, the meter

placement problem can be expressed linearly within an optimization prob-

lem as Eq. (30) and shows good mathematical properties.

OF : min
XN
i¼1

X ið Þ

s:t:
XN
i¼1

X ið Þ�MRA i, jð Þ� bj, j¼ 1,2,…,Nfp

X ið Þbinary

(30)
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where b is a vector with the size of Nfp and is equal to “1” as the minimum

level of fault observability. It is also possible to reach various observability

levels applying a change in this parameter.

3.2.2 Modeling of VsSE based on MRA and measurements
As we already know, the installed meters for full fault observability can now

be employed to deal with the VsSE problem. Because the number of

measurements is usually fewer than the state variables, this problem is usually

underdetermined. The VsSE model is mathematically expressed in Eq. (31)

[22].

H ¼MX +E (31)

where,

H is the measurement vector representing the number of voltage sags

with a magnitude lower than t. This vector is obtained directly from

input measurements.

X is the vector of state variables and defined as the number of faults in

each fault position within the study area.

M is the binary measurement matrix relating measurements to the state

variables.

E is the vector of measurement errors associated with the input

measurements.

It should be emphasized that the VsSE model stated in Eq. (31) is basically

designed to yield the best estimation of the number of voltage sags at the

unmonitored nodes using the number of recorded voltage sags of the meters.

Note also that the state variable X is defined here as the number of faults

different from the number of voltage sags. Hence, it is required to relate

the number of faults with the number of voltage sags. To do so, the mea-

surement matrixM is defined as binary with the aim of relating the state vari-

ables to the measurements. Each element ofM represents a line segment and

a node. Thus, all network lines should be divided into some long enough

segments in which fault incidents will result in voltage sags. If the fault in

segment j results in a voltage sag below the threshold value of node i, then

the element (i, j) of matrix M must be equal to “1.”

In summary, to solve the VsSE problem, the items below need to be

taken into account:

• Line segment calculations.

• Calculation of the measurement matrix.

• VsSE constraints and modeling.
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• Estimation of the number of voltage sags.

For implementation purposes, the essential calculations for VsSE modeling

and solving are elaborated in the following.

Line segment calculations
The first step in VsSE modeling is properly defining line segments and their

boundaries. For this purpose, the short circuit analysis would be a merito-

rious alternative. Let t1 be the voltage sag threshold. The measurement

matrix calculated for t1 is represented as H1. Similarly, the state variables

and the total number of line segments are considered as X1 and S1, respec-

tively. All network lines should be divided in such a way that the calculated

residual voltages for nodes of interest are exactly higher or lower than the

voltage threshold of t1. The interesting nodes are candidate locations for

meter installation (m1, m2, …, mM) and/or nonmonitored points for which

we are interested in determining their PQ indices. To this end, the proce-

dure for assigning line segments can be followed as below:

• Eqs. (23)–(26) should be employed for the analytical calculation of the

residual voltage at nodes of interest according to the fault in a typical line

of l1.

• For each typical line of l1, the intersection points and the beginning and

end of each segment could be determined using the calculated residual

voltage curves. This is graphically shown in Fig. 11 for two nodes, that

is, the node of interest i and themeasurement nodem1. Hence, segments

of line l1 could be easily determined using the calculated residual volt-

ages of these two nodes for faults in line l1. Here, for voltage threshold t1,

the line l1 has been divided into four segments as s1
t1, s2

t1, s3
t1, and s4

t1.

1
1
ts 1

2
ts 1

3
ts 1

4
ts

1m

i

Fig. 11 The segmentizing procedure for the residual voltage calculation of a line.
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• This procedure should be applied to all other network lines and nodes of

interest. Alternatively, all calculated line segments will constitute the

matrix S1 for the threshold of t1.

After determining all line segments, the state variables will be simply defined

according to the size of all segments. Here, the vector of X1 is considered as

the state variable that corresponds to the threshold of t1. Each state variable

represents the number of faults that occurred at each line segment in the

study horizon.

Measurement binary matrix calculation
After the step above, the measurement matrix related to the t1 that is denoted

by M1 must be calculated. The matrix M1 has the dimension of

M�S1 according to the total measurement nodes (M) and the total line seg-

ments (S1). This matrix could be calculated using Eq. (32).

M1 : misið Þ¼
1 if vmi

� t1 fault in sið Þ
0 if vmi

> t1 fault in sið Þ

(
(32)

For example, according to Fig. 11, the measurement matrix for line

l1 would be determined as Eq. (33). The element of m1(1, 2) should be equal

to “1” because the fault on segment s2
t1 has led to a residual voltage lower than

the threshold of t1 at node m1. Hence, it should be considered a voltage sag

for this fault at the related segments. All other elements will be determined

similarly for all nodes of interest and network lines. Alternatively, each net-

work line adds a set of new columns (according to its total segments) to the

measurement matrix.

st11 st12 st13 s
t1
4

zfflfflfflfflfflffl}|fflfflfflfflfflffl{S
t1
l1

… St1L

M1 ¼

m1

mM

0 1 0 0 � �
� � � � � �
� � � � � �
� � � � � �
� � � � � �

2
66664

3
77775

(33)

Because some voltage sag monitors have multiple voltage thresholds,

various voltage thresholds might be considered. An example of three voltage

sag thresholds is represented in Fig. 12. Similarly, measurement matricesMi,

input measurementsHi, and state variables Xi should be determined for each

voltage threshold ti. Such a general matrix for various voltage thresholds

could be described as Eq. (34).
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H1

H2

H3

2
4

3
5¼

M1 0 0

0 M2 0

0 0 M3

2
4

3
5 X1

X2

X3

2
4

3
5 (34)

In a matrix form, for each distribution system assuming T voltage thresh-

olds, the general equation of the VsSE problem could be represented as

Eq. (35). Also, according to the total number of voltage thresholds, the total

number of line segments (S) is equal to the summation of all segments in each

voltage threshold.

H½ � ¼ M½ � X½ � (35)

Moreover, the total number of state variables is equal to the total number

of line segments (S). From a mathematical point of view, the compact form

Eq. (35) is underdetermined because the number of measurements is limited

and the voltage thresholds are more than the state variables as well. How-

ever, the new state variables are not completely independent and it is pos-

sible to define some relations for enhancing the solvability chance of the

problem, as will be further explained in the next step.

Constraints and formulation of VsSE problem
From the solvability point of view, the problem of Eq. (35) could be math-

ematically improved using the following constraints:

• Constraint 1: The summation of all state variables for a typical line and for

all voltage thresholds should be equal; this is because when a fault occurs

1m

i

1t

2t

3t

1
1
ts 1

2
ts

2
1
ts 2

2
ts 2

3
ts

3
1
ts 3

2
ts 3

3
ts 3

4
ts 3

5
ts

Fig. 12 Calculated residual voltage for a line and three voltage thresholds.
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at a line, it will be experienced in all segments. This constraint could be

mathematically expressed in Eq. (36) for variables associated with the

segments in Fig. 12.

xt11 + xt12 ¼ xt21 + xt22 + xt23 ¼ xt31 + xt32 + xt33 + xt34 + xt35 (36)

• Constraint 2: For the faults that either do not occur (zero) or occur (pos-

itive), let xi�0.

• Constraint 3: According to the line segments, some inequality constraints

could be extended for the segments that are entirely within other seg-

ments. For example, according to Fig. 12, because the segment s1
t2 is

completely positioned in the segment s1
t1, then it could be inferred that

x1
t2�x1

t1.

According to the constraints above, the VsSE problem can be formulated as a

linear programming (LP) problem Eq. (37) that is efficiently solved using

commercially available software.

OF : min xtk� γtk
XStj
k¼1

xtk

������
������, 8k, j, t

s:t: C0 : H½ � ¼ M½ � X½ �, xti�ℕ 8i� 1, 2,…,
XT

t¼1

XL

j¼1
Stj

n o
, t� 1, 2,…, Tf g

C1 :
XStj
k¼1

xtk�
XSt+1
j

k¼1

xt+1
k ¼ 0, 8j� 1, 2,…, Lf g, 8t

C2 : xtk� 0

C3 :
xtk�xt+1

k’
� 0 if atk� at+1

k’
and btk� bt+1

k’

xtk�xt+1
k’

� 0 if atk� at+1
k’

and btk� bt+1
k’

(
, xtk� atkb

t
k

� �
, xt+1

k � at+1
k’

bt+1
k’

h i

(37)

In the above equation;

j is the index of network lines.

t is the index of the considered voltage threshold.

i is the total segments of all system lines in all considered voltage

thresholds.

1 � k, k0 � Sj
t are the segments in which line j has been divided.

γt
k is the parameter equal to the quotient obtained from dividing the

length of the segment of xk
t by the total length of line j containing the

segment.
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The objective function in Eq. (37) has the most compatibility with fault

probability distribution in the network lines. This is very useful because

the uniform distribution for faults in the line should distribute the number

of faults according to the length of each segment.

Estimation of the number of voltage sags
The optimization problem in Eq. (37) yields an optimal number of faults,

X. On the other hand, it is necessary to determine the number of voltage

sags at the nodes of interest. To this end, the expected voltage sags at node

i would be calculated according to the binary measurement matrix of Mi.

The Mi matrix is calculated similarly to the matrix M for the measurement

nodes. For example, for node i represented in Fig. 11, theMimatrix could be

computed as Eq. (38).

st11 s
t1
2 st13 s

t1
4

zfflfflfflfflfflffl}|fflfflfflfflfflffl{lj

M1
i ¼ 1 1 1 0 � � �½ �

(38)

Hence, the number of voltage sag hi for node i of interest could be cal-

culated as Eq. (39). The method developed here could be easily extended to

various fault types [15,23].

hi ¼M1
i X

1 (39)

Finally, it should be noted that the VsSEmodels based on theMRA con-

cept do not utilize fault location methods. However, some researchers have

proposed the use of fault location methods in the VsSE models to enhance

performance [13,14] because, in this way, the solutionmethod is not affected

by fault properties such as the fault impedance and the prefault voltage.

Interested readers are invited to check out these methods as well.

3.3 An illustrative example of the voltage sag state estimation
problem
For both teaching and learning purposes, in this section, an illustrative exam-

ple of the VsSE problem is described. The method is also applied to the typ-

ical test system as previously shown in Fig. 10. The monitor locations are

calculated by the MRAmethod for a voltage sag threshold of 0.7pu. Hence,

any fault that resulted in a voltage below 0.7pu would be detected by at least

one monitor. As a consequence, nodes #3, #6, #8, and #17 are selected as

the installation points, and thereby, the number of voltage sags detected at

the monitored nodes forms the measurement vector.
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Different faults are assumed to have occurred concerning a predefined fault

distribution.Theirconsequences areanalyzedusing the short circuit calculation

by which the residual voltages at the network nodes are simply calculated.

Then, according to the voltage sag thresholds, the voltage sags are detected

at various locations. These values are considered as actual numbers of voltage

sags. On the other hand, the numbers of voltage sags recorded by the installed

meters are employed to implement theVsSEmodel ofEq. (37), and thereby, to

calculate thenumberof incident faults.After that, thenumberofestimatedvolt-

age sags for all other network nodes is determined using Eq. (39). These values

are finally considered as the estimated numbers of voltage sags.

The results for different voltage sag thresholds are plotted in Fig. 13. The

actual and estimatedvalues are representedby thedashed andbold lines, respec-

tively. As can be seen, theVsSEmodel has successfully estimated the number of

voltage sags inalmost all cases.Formonitorednodes, theestimatedvalues are the

same as the actual values. The maximum errors are obtained as 5.23%, 8.42%,

and 11.36% for 0.9pu, 0.8pu, and 0.7pu thresholds, respectively. The reason

why the error for lower-voltage thresholdshasbeen increased is that the current

set of meters guarantees that each voltage sag with a magnitude lower than

0.7pu has been certainly detected by at least one monitor. Therefore, voltage

sagswith amagnitude greater than 0.7pu could be recordedbymoremonitors,

resulting in better and more accurate estimates.

0.9 pu

0.8 pu

0.7 pu

Actual
Estimated

Fig. 13 Voltage sag state estimation results for IEEE 24-bus RTS.
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4 Transient state estimation

In power transmission and distribution system analysis, fault location, iden-

tification, and detection of the disturbance sources have crucial importance.

Therefore, transient state estimation (TSE) is basically proposed for the iden-

tification of transient phenomena due to various disturbances in the electrical

grids. The usual procedure for transient analysis is to simulate some probable

scenarios and investigate their impacts and consequences on system variables

[24,25]. Transient state simulation software such as EMTP and PSCAD is

mostly employed in simulations as well. However, this procedure is often

time-consuming and requires a large number of scenarios to be simulated.

Another solution is using TSE for analyzing transient effects in the electrical

system. TSE in both transmission and (modern) distribution systems could

be defined as follows.

Transient state estimation is a process in which by using synchronized high-resolution

measurements in monitored buses/nodes, a variety of transient phenomena due to

power system disturbances can be estimated in the unmonitored buses/nodes.

The concept of TSE is simply represented in Fig. 14. The transient

simulation is mainly employed for analyzing the impacts of transient

disturbances on the state variables of the system while TSE is utilized

for identifying the reasons for transient disturbances in the system. Hence,

if the TSE is completely implemented, it is possible to quickly locate

and identify various system disturbances. It is interesting to underline

that TSE could be considered the reverse process of the transient simu-

lation [24,26].

Fig. 14 Transient state estimation vs transient simulation.
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Given the TSE definition, two general requirements must be taken into

account in the TSE algorithm:

• Synchronized measurements are required for the proper estimation of

the dynamics of the network. Meanwhile, the data should be trackable

using GPS tags.

• The dynamic model of various system components is required. Note

that the network dynamic model is built using all individual models.

On the other hand, because the formulations of conventional SE problems

are mostly developed in the phasor domain for steady-state variables, new

formulations should also be employed for TSE modeling. In this context,

two general models have been proposed for modeling TSE: the state-space

(SS) and numerical integral substitution (NIS) models.

• State-space model: This model is formulated using the state-space model

of all network elements. The elements are modeled by differential equa-

tions and these equations are then rebuilt to establish a recursive algo-

rithm between the state-space variables. In this model, inductance

currents and nodal voltages are considered state variables [24,27,28].

Input data, network topology and parameters
State space or NIS model for individual elements

Establishment of TSE equations as Z = [H ]x + ε
Selection od the meter positions

First estimation?

Solving TSE equations x = [H TR -1H ]-1[H T]Z
Calculation of dependent variables

Importing previous step 
calculations

All time steps?

t = t + Δt Initial conditions 

END

No

No

Fig. 15 The general algorithm for the TSE problem
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• Numerical integral substitution: In thismodel, an equivalent dynamicmodel

usingDommel’smethod is employed [29]. The general method is based on

converting various elements into their Norton equivalents. In the NIS

method, the state variables are only nodal voltages [25,26,30–33].
The general algorithm implemented for the TSE solution procedure is illus-

trated through the flow chart depicted in Fig. 15 for both SS and NIS

models. Needless to say, the instantaneous measurements of voltages and

currents must be utilized for the step-by-step calculation of the state variables

from current inputs and previous results.

For TSE simulation purposes, a time step of 50μs is considered in almost

all studies. The 50μs time step is considered a standard criterion for transient

simulation and state estimation because it could properly represent and

record transients in the power transmission and distribution systems. More-

over, this time constant is the same as the default simulation time step in

EMTP and PSCAD. Hence, this criterion should be considered as the min-

imum required resolution for the PQmeters. On the other hand, smart mea-

surement devices with a high sampling rate (at least 20kHz) are rarely

installed in the power distribution systems at this time. Therefore, the

TSE algorithms may require more advanced measurement infrastructures

to be applicable. However, recent advancements in the field of microphasor

measurements have created expectations for the possibility of TSE algo-

rithms in the near future [33,34].

Another difference between TSE and other SE algorithms is the different

solutionmethods for solving it. Because only instantaneous voltages and cur-

rents are imported into the TSE algorithm, this model is linear. Therefore,

not only is it fast, but also both WLD and SVD methods could be easily

applicable. Furthermore, the observability level of the network could be

simply analyzed by evaluating the measurement matrix.

It has been noted in the literature that the establishment of the SS

model is time-consuming and nonoptimal, even for small networks [28].

Besides, this model could not handle inductive cutsets and capacitive loops.

Hence, the NISmethod has attracted more attention in recent years. For this

reason, the NIS model is only explained in this chapter. The reader could

follow both models in detail using the mentioned references.

4.1 TSE based on numerical integral substitution
The NIS method is currently the most generally accepted method for solv-

ing electromagnetic transients. As already mentioned, this method is faster

and more optimal compared to the SS method. In the NIS method, the
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system is modeled using a series of differential equations for various elements

to establish the dynamic model of the network. These models are then com-

bined using the numerical integral rule, which leads to a discrete dynamic

model. In the NIS method, each element is shown as an equivalent model

shown in Fig. 16 [25,26,30]. This model is the dynamic Norton equivalent

model of the element.

As previously stated, the modeling approach in the NIS method is based

on Dommel’s method [29]. This method is the basis of available commercial

software specifically developed for transient studies (e.g., EMTP). Consid-

ering an element between two nodes of k and m, as shown in Fig. 16, the

element model in the NIS method could be represented as Eq. (40).

G½ �v tð Þ¼ is tð Þ� Ihist (40)

where,

[G] is the conductance matrix representing the internal conductance of

the element.

is(t) is the input current of the element.

Ihist is the injection history for each memorial element (inductor and

capacitor).

In fact, the NIS method is equivalent to the nodal analysis method in the

electrical circuit analysis theory. In this method, the instantaneous voltages

of network buses/nodes are considered state variables.

The RLC elements have various models inDommel’s approach.With the

help of the circuit model in Fig. 16, the descriptive equations of each ele-

ment could be represented as follows in the NIS method:

• For resistor:

ikm tð Þ¼G vk tð Þ� vm tð Þð Þ (41)

Ihist t�Δtð Þ¼ 0 (42)

G¼ 1
R= (43)

G I hist (t-Δt)

ikm (t)

vk (t) - vm (t)

k

m

Fig. 16 Dynamic Norton equivalent model used by the NIS method.
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• For inductor:

ikm tð Þ¼G vk tð Þ� vm tð Þð Þ+ Ihist t�Δtð Þ (44)

Ihist t�Δtð Þ¼�Geff vk t�Δtð Þ� vm t�Δtð Þð Þ� ikm t�Δtð Þ (45)

Geff ¼ Δt

2L

(46)

• For capacitor:

ikm tð Þ¼G vk tð Þ� vm tð Þð Þ+ Ihist t�Δtð Þ (47)

Ihist t�Δtð Þ¼Geff vk t�Δtð Þ� vm t�Δtð Þð Þ+ ikm t�Δtð Þ (48)

Geff ¼ 2C


Δt (49)

It can be inferred that the dynamic model of the power distribution system

equipment is developed according to its internal modeling elements. For

example, for a small-scale generator (as distribution generation) that can

be modeled using an inductor and resistor, Eqs. (41)–(46) should be com-

bined to build its model. Dynamic models of all other equipment could also

be developed in the same way. Lastly, the complete dynamic model of the

distribution network can be easily obtained by means of the dynamic models

of all network equipment. Note finally that the network dynamic model is

actually similar to Eq. (40) for unknown instantaneous voltages of all nodes.

To develop a standard state estimation model, it is necessary to insert var-

ious measurements into the model and build a measurement matrix. The

rows of matrix H would be determined concerning the type of input mea-

surements. As already mentioned, the state variables in the NIS method are

the instantaneous nodal voltages. Hence, according to the individual model

of elements shown in Fig. 16 and the type of input measurements, the rth

row of the measurement matrix can be simply calculated as follows:

• For a nodal voltage measurement at node k:

hrk¼ 1 (50)

zr ¼ vmeas
k tð Þ (51)

• For voltage measurements from two ends of an RLC element:

hrk ¼ 1, hrm¼�1 (52)

zr ¼ vmeas
k tð Þ� vmeas

m tð Þ (53)

• For a current measurement of an RLC element:

hrk¼ 1


Geff

, hrm¼�1


Geff

(54)
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zr ¼ imeas
km tð Þ� Ihistkm tð Þ (55)

For eachmeasurement, all rows of the measurement matrix can be calculated

using Eqs. (50)–(55). Analogously, the standard state estimation model of

TSE could be mathematically expressed as Eq. (56). In this model, the nodal

voltages are considered state variables.

z¼ H½ �x+ ε (56)

The TSE model in Eq. (56) is linear, and therefore efficient estima-

tion techniques such as WLS (for fully observable systems) and SVD (for

partially observable systems) could be easily applied to find its state vari-

ables. Considering measurement variances, the solution of state variables

can be obtained using Eq. (57); this is exactly analogous to the approach

already mentioned. Because the state variables are considered as nodal

voltages, other network instantaneous variables such as line currents

and node injections would be directly calculated from nodal instanta-

neous voltages.

x¼ HTR�1H
� ��1

HT
� �

z (57)

The reader should keep in mind that the measurement models provided

in Eqs. (50)–(55) could also be extended for three-phase networks [25]. Fur-
ther, the transmission lines could be modeled using the PI model and

lumped elements. However, for this purpose, the following considerations

should be met:

• The transmission lines should be modeled with a lumped PI model con-

sidering phase couplings.

• The transformers should be modeled using three ideal single-phase

transformers including phase couplings. Different connection matrices

of transformers should also be implemented using Dommel’s method

for representing various windings of transformers.

• The active and reactive components of static loads should be modeled

using equivalent inductance and resistance.

The interested reader is referred to [25] for further details and more valuable

information about lumped three-phase models.

The models presented so far are only suitable for short lines with lumped

models. As described earlier, for transient simulation, short lines are repre-

sented by the PI model, which does not include the distributed nature of the

elements. For this reason, the frequency dependency of line parameters is
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not considered and the models are just valid for short lines. On the contrary,

it has to be kept in mind that if the distribution network includes long lines,

it is necessary to consider distributed models of line parameters too.

In long lines, the traveling time of the electrical waves passing through

the line is more than the standard time step of the simulation. Hence, one

criterion for considering long line models is to take into account the longer

traveling time of transient waves than the time step of the TSE algorithm. In

such a situation, frequency-dependent models or Bergeron models [33,34]

will be good alternatives. The frequency-dependent models can be imple-

mented if it is necessary to consider line geometry. Otherwise, the Bergeron

model is the usual choice for short circuit analysis in transient simulations.

With regard to the TSE simulation time step, it is possible to determine a

length limit for lines, which should be determined using distributed models.

Toward this aim, by assuming Δt¼50μs, the minimum length for long line

considerations can be easily calculated as Eq. (58).

length

Clight
> ttravelling Δt¼ 50μsð Þ) length> 15km (58)

In Eq. (58), C is the traveling wave speed within the line, which trans-

lates into the light speed. Hence, for lines longer than 15kmwithΔt¼50μs,
it is necessary to use the long line model in the TSE algorithm. More often

than not, the time step of 50μs is considered a standard criterion in such tran-
sient studies. The reader is referred to [33–35] for further details and addi-

tional discussion on how to insert the complete distributed line models into

the TSE problems.

5 Conclusion

In this chapter, a set of state estimation techniques for studying and analyzing

the power quality of distribution systems (i.e., HSE, VsSE, and TSE) was

introduced. All three subproblems of HSE, VsSE, and TSE as the main cat-

egories of the power quality state estimation problem were mathematically

modeled and their solution methods were then explained. Due to the

importance of power quality issues in future distribution systems and also

the lack of complete measurements for the entire distribution network, state

estimation techniques seem to be essential for determining the power quality

indices of the network.

To put it in a nutshell, in HSE, the steady-state behavior of the distribu-

tion network against harmonic distortions is analyzed. Among its
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advantages, determining harmonic content in the network and the identi-

fication and localization of harmonic loads are the main applications of

HSE algorithms. In VsSE, short-term voltage issues such as voltage sags

and swells are identified. In this vein, the number of occurred voltage sags

at unmonitored areas can be determined using the recorded voltage sags of

the meters. In TSE, the transient behavior resulting from various distur-

bances such as system faults is described. This analysis allows describing tran-

sient behaviors at unmonitored areas. In the case of full implementation, the

TSE model includes all other state estimation algorithms, that is, HSE and

VsSE. However, due to the required high sampling frequencies, the TSE

models are still a little far from fully fledged implementation.
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1 Introduction

The regulation of reactive power to enhance the productivity of the AC

supply network is referred to as reactive power compensation (VAR).

The amount of idle power generated by reactive elements such as inductors

or capacitors is known as the reactive component of power. The real part of
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the power must transit via the utility grid to reach the user, which necessi-

tates the use of a reactive component. One of the finest expenditures for

lowering energy expenses with a quick payback is power factor

correction [1].

In certain scenarios, the reactive component of power is critical to the

proper working of the utility grid. The active part cannot be delivered if

the network voltage is low. The potential levels required for active power

to conduct appropriate work are provided by reactive power. In utility grid

management and voltage profile management, the reactive component is

required to transport the active part via the grid network to users using var-

ious means. For the system administrator, the compensation of reactive

power gives a chance to reduce loss and enhance the voltage level. Because

capacitors and other electrical devices seem to be more economically justi-

fiable than series VAR compensating devices, they are commonly used for

reactive power correction in the utility grid. The requested energy and the

appropriate placement of deployed capacitors in the event of distinct distri-

bution network operation modes are two essential elements in the compen-

sation of reactive power. An electricity network with optimal reactive

power control can have less active power loss, a better voltage profile,

and lower reactive power generating costs.

The distributed generation resources and microgrid system are low-

potential sources. The distribution grid consists of small-capacity generators,

power storage, controlled and unregulated demands, localized and central

controllers, and a communication infrastructure. Microgrids are miniature

counterparts of traditional networks along with distributed energy sources.

They freely distribute locally generated power to a community of customers.

These are usually connected to a conventional system, but they can also run

in isolated mode when necessary. As a result, they are thought of as active

adaptable cells in a utility grid. Various renewable energy (RE) sources are

being linked to electricity grids in increasing numbers across the globe. Elec-

trical networks are presently facing several security and operational depend-

ability concerns as a consequence of the variable working of these resources,

in conjunction with the rapidly growing total demand. Such sources of

power may now be used as reactive power generators thanks to new

improved grid-interfacing techniques. Load frequency control (LFC) is a

network that controls tie-line exchange plans and maintains a nearly fixed

frequency of demand among generation sources. Because the power quality

is so important, an LFC is essential for a utility network.
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In an AC grid, there are two types of power: reactive and active. The

average output provided is zero when the reactive component is transported

from the generator to the demand and subsequently returned from the

demand to the generator. To maintain the network potential within an

acceptable range, reactive power correction is necessary. Dynamic and static

reactive power may be categorized based on the speed and ability to absorb

or create reactive power. Competitive processes have a lower impact on

reactive power. Reactive power correction is a type of auxiliary service that

system operators must get to keep grid stability inside the voltage limitations

specified in [2].

The utility grid is an AC network, and the majority of the demands we

encounter in our daily lives require reactive power. As a result, reactive

power compensation is defined as the control of the reactive component

to improve the AC system’s performance. Its adjustment may be seen from

two perspectives: demand and voltage support. From a load perspective, the

goal is to achieve a higher-quality power factor and a true power balance.

The reactive power flowing via the grid-connected microgrid must be ade-

quately managed and balanced in both circumstances. The compensation

strategy of reactive power is available in the reactive power planning of a

utility grid, allowing the active power loss to be decreased and the network

voltage level and power factor to be enhanced.

2 Related work

In a utility grid, reactive power production is commonly utilized to improve

voltage profiles. The economic benefit of reactive power production, on the

other hand, must be calculated because it has an impact on the network’s

frequency control capacity in [3]. For every form of energy demand to oper-

ate, real power is required. Reactive power is required to modify the voltage

profile of the network, which is necessary to supply the active power from

the generator to the demands. The required real power can’t be delivered if

the network’s potential is insufficient. As a result, a reactive power compo-

nent is utilized to keep the potential high for active power to accomplish

productive work in [4].

A utility grid is an AC network, and the majority of the demands in

everyday lives are inductive, requiring the reactive component of power.

At the demand side, extra reactive power is required to manage the potential

level or increase the power factor. Generally, there are two aspects to the
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issue of reactive power compensation, that is, compensation of demand and

voltage support. The objectives of compensation of demand are to raise the

network power factor and equalize the real power consumed. To reduce

voltage variation at a line’s termination, voltage support is typically neces-

sary. The reactive component that flows through the network can be con-

trolled effectively in both cases. In a utility grid, the compensation of reactive

power enhances grid stability by raising the highest active power that could

be delivered in [5].

The most economically attractive and successful technological method

for both classic and novel issues at various potential levels in a grid has

emerged through the compensation of reactive power using appropriate

mechanisms. In recent years, the requirement of VAR compensation at

the demand has grown [6].

The terms voltage and reactive power have been strongly linked to

maintaining the voltage profile of the overall network. The system should

have enough reactive power to meet the grid demand requirements and

minimize system losses; further, voltage control of the utility grid is primarily

accomplished by keeping a constant reactive power output, circulation,

and usage.

In the operation and control of power systems, reactive power regulation

has become one of the most accomplished works. The power quality can be

harmed by several characteristics of the utility grid and its demands.

Reactive power should be kept constant in the utility grid; otherwise, it

would degrade the network voltage profile and potentially collapse the volt-

age. As a result, optimizing and compensating the grid is critical for enhanc-

ing the voltage profile of the network, the power factor, and the efficacy of

the electricity. It is good for lowering losses in the network. In [7], it is the

most important energy-saving technological solution with a low initial cost

and fast recovery.

As a result, static VAR compensators could be utilized to correct it, min-

imizing its flow among the demands and the generator and therefore

enhancing the grid’s voltage stability. The regulation of the reactive com-

ponent of power to improve the power quality of the supply is known as

compensation of demand. VAR producers coupled in series or in parallel

could be utilized for reactive power adjustment in [8].

Throughout the operation, the reactive power generated by the alterna-

tor is stored in a reactor or capacitor. The reactive power varies between the

producer and the demand at double the rated charge of the frequency. The

majority of the demands, however, are inductive loads that consume reac-

tive power, causing a low lagging power factor in [9].
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Reactive power is absorbed by transformers, induction motors, and

other inductive components from the grid during operating hours, reducing

the network power flow problem to some degree. The requirement of reac-

tive power would be met by a compensating device, which will reduce the

flow of reactive power within the network, reduce system loss due to reac-

tive power flow, and enhance the network’s operational state. In [10], this

phenomenon is referred to as compensation of reactive power.

The fundamental rule of compensation of reactive power is divided into

three areas: voltage stratification, facility grid division, and indigenous bal-

ance. Reactive power should be regulated within the system; otherwise, it

may exacerbate the voltage of the system and potentially collapse the net-

work’s voltage. Furthermore, if the potential is lower, instrumentation

use will be reduced, resulting in an increase in actual loss. As a result, opti-

mization of the grid and correction are quite important for improving the

quality of supply, energy issues, and thus the strength of the service offering.

It’s also beneficial for reducing network losses.

To overcome the problem of voltage stability, the management of

dynamic reactive power reserves dependent on optimal load flow and the

Bender’s decomposition method can be utilized. The effect of fault locations

and fault duration on the induction motor, generator response on the unbal-

anced system, reaction of various demand models under different network

scenarios affects the reactive power compensation.

Compensation for both basic wave reactive power and reactive power at

a disturbance will be included in the reactive power compensation. Because

the provider is responsible for this, and if it surpasses the mentioned amount,

various customers/companies compel consumers to pay for it and minimize

electricity usage. If the customers improve the power factor, theymust spend

energy prices for the total load in kVA plus the units utilized. In [11], an

increase in the plant’s capability is achieved by improving the power factor.

When it comes to the management and planning of a utility grid with

higher photovoltaic and wind energy integration, the compensation of reac-

tive power is a critical challenge. The required operating and management

measures to be performed in terms of improving the voltage level and sta-

bility in a utility grid are referred to as the management of reactive power. At

the design phase, the effective management of reactive power could be

obtained by coordinating an optimal regulation of the voltage value at

the source side and at the VAR settings. During the reactive power delivery

phase, effective reactive power allocation might be accomplished by coor-

dinating optimal regulatory oversights of the voltage reference value at the

source point and at the VAR configurations in [12].
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The most vital point is to limit the flow of reactive power and, as a con-

sequence, power prices. In comparison to using a filter and compensation

device, the most suitable approach for correcting the flow of reactive power

is to utilize a power capacitor that is both affordable and effective. The indi-

vidual, collective, and mass power factor correction approaches depend on

the amount of consumers; however, capacitor banks have poor efficacy and

less dependability [13].

One of the most efficient strategies to minimize electricity usage and

enhance power quality is to use reactive power support. The advantages

are as follows:

• Minimize consumer expenses and boost income.

• Reduce system losses.

• Enhance network capability and minimize the installation cost of new

infrastructure.

• Enhance power factor.

• Increase the availability of power.

Power electronic equipment is utilized to enhance and regulate the mini/

microgrid level. Any equipment linked in parallel or series with demand

and is able to deliver the load of reactive power is referred to as a reactive

power compensation mechanism in [14].

The production of reactive power is a separate service that is directly tied

to ensure an appropriate potential level and power quality. Reactive power

generation and transmission are intertwined with actual power generation

and transmission. Reactive power can originate from alternators, but it

can also be produced from other components/sources such as capacitors,

with transmission network operators often deciding. The reactive power

supply could be fast or slow depending on the production source. Reactive

power could be utilized for two things: maintaining voltages in a safe range

under typical operating levels, and stopping voltage instability under a severe

grid situation.

3 Reactive power management techniques

These techniques can be broadly categorized under two categories.

3.1 Decentralized method (DM)
Independent reactive power managing devices are put directly in the system

in decentralized compensation reactive power. It is possible to compute the

ideal capacity of managing equipment and implement wherever needed for

various time periods.
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3.2 Centralized method (CM)
Thewhole system’s uniquemanagingdevices are all centralized.Thiswill beuti-

lized to keep node potentials and power factors stable. For centralized compen-

sation, reactive power control units are utilized. For compensation, the present

market standard is to adopt a decentralized technique. Independent managing

devices are put directly in the system for the distributed compensationof reactive

power. Purchasing the managing equipment and installing it wherever needed

for various time periods in [15] is quite expensive and unprofitable.

The decentralized reactive power compensation techniques are prefer-

able due to economic and technical restrictions. Further, reliability and flex-

ibility are the major concerns in decentralized reactive power compensation.

Because of these issues, a centralized solution will become more appropri-

ate for distribution grid integratedmicrogrid systems. In [16], centralized com-

pensation can supply reactive power to various demands to enhance the quality

of service for grid integrated distributed energy resources and microgrids.

4 Reactive power compensation methods
in the grid-connected system

Planners indicate that a voltage control technique will also be installed to

agitate the reality of active power and dynamical energy ways. According

to power system experts, only a small change in voltage over a particular sys-

tem will result in voltage collapse and other problems. Components of the

utility grid, such as transformers, supply a good amount of reactive power in

phases to perform the reactive power compensation [17].

Reactive power compensation can be performed in three different ways:

1. Series

2. Shunt

3. Dynamic

These classes principally aided in the development of ways to connect the

capacitance bank to the system. Voltage-ampere compensation techniques,

both series and shunt, are used to alter the intrinsic electrical properties of an

electrical facility. Shunt compensation adjusts the equal load electric charac-

teristic while series compensation adjusts the electrical phenomenon attri-

bute of the distribution network.

4.1 Series compensation
On the other hand, series capacitors have no control over the current flow.

The load current is always sent via the series capacitor bank because it is
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linked serially to the demand. The system’s voltage control has been

enhanced. A series capacitance bank, on the other hand, has a distinct draw-

back. The voltage across the capacitor is additionally elevated up to 15 times

its nominal value during fault situations. As a result, the protective instru-

mentation for series capacitance must be developed and made sophisticated.

As a result, the use of series capacitor banks is limited to the higher-voltage

circuit [2].

4.2 Shunt compensation
A shunt capacitance is introduced, attracting current and causing the voltage

level to rise. It draws a nearly constant amount of leading current that is

superimposed on the demand current, reducing reactive sections of the

demand and thus improving the system’s capability concern. Furthermore,

capacitance banks installed on the load side with low-required power are

unable to exchange their extra capacity with demand sites that have a

high-required power. As a consequence, capacitance banks installed in

active distribution network do not appear to be utilized quickly for reactive

power adjustment [18].

4.3 Dynamic compensation
The goal of dynamic reactive compensation is to combine the shunt and

series compensation systems’ compensating characteristics. Dynamic reac-

tive power compensators are an instrument capable of measuring the reac-

tive power utilized inside the innovation that it’s installed in and giving the

reactive power required in a very progressive manner, from zero to maxi-

mum electrical phenomena and maximum inductive. They’ll be used in

single-phase and three-phase systems, substations, distribution lines, and at

a specific client’s door.

5 Requirement of reactive power management

There are three reasons that managing reactive power and controlling volt-

age are critical [19].

(a) Both user and equipment are assumed to function inside a voltage

range, often within 5% of the nominal voltage. Different types of tech-

nology perform poorly at low-voltage levels; induction motor drives

could be overheated and destroyed, and several electronic devices will

not work.
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(b) The transmission line and generating sources absorb reactive power.

Reactive power flows must be decreased to optimize the value of actual

power that can be moved through an overloaded transmission link. The

real-power capability of a generator can be limited by a reactive power

generating plant.

(c) Real-power losses are incurred when reactive power is moved via the

power grid. To compensate for these losses, both capacity and power

must be provided.

6 Basic principle of reactive power compensation

The reactive power regulation and compensation method has three aspects

at its core [20]:

• Voltage stratification.

• Power grid partitioning.

• Local equilibrium.

7 Need of reactive power compensation

There are three types of reasons why flexible reactive power compensation is

required [20]:

(i) The importance of ensuring the stability of the alternator. Because the

rotor angles of synchronous machines fluctuate fast, voltage manage-

ment using reactive power compensation can have a good stabilizing

impact on the system during disruptions. The transient and dynamic

instability of a network could both be improved. It’s also feasible to

use regulated compensators to intentionally push voltages beyond their

typical steady-state boundaries for many seconds after a failure or other

large disruption to boost the stabilizing effect even further.

(ii) To provide excellent service to demands, voltage must be controlled

between reasonable boundaries around the intended steady-state value.

This might be essential to achieve a potential enhancement in as little as

a few cycles of the power frequency followed by certain rapid varia-

tions in the demand or network structure as a consequence of change-

over activities. A few seconds of enhancement will be sufficient for

other voltage problems. Voltage abnormalities that have not been

addressed, even if they are just temporary, are also improved.

(iii) The requirement to alter system voltage levels to avoid unneeded reac-

tive power flows on the grid. Reactive power adjustment could be
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utilized to keep network losses to a bare minimum in this case. While

reactive compensation should be updated or altered on a regular basis

to ensure minimum losses, the modifications may be performed only

sometimes and take multiple minutes to finish.

8 Reactive power compensation techniques

The centralized approach will be vital for the regulating procedure in the

active distribution network where dispersed power resources and a micro-

grid are coupled. By absorbing reactive power at the point of common cou-

pling, the effect of employing reactive power compensation to regulate the

potential increase impact and therefore enabling an increase in renewable

generation is accomplished. Only the reactive energy absorbed is insufficient

to keep the voltage within acceptable boundaries in this instance, hence

active electricity production is reduced [21].

8.1 Regulation of reactive power of synchronous generator
The alternator’s reactive power is controlled by its field current, which is

constantly changing. Let’s assume that a synchronous generator is linked

to the system’s ability to supply reactive power.

8.2 Compensation of reactive power by capacitors
To compensate for capacitive loss, shunt or series capacitors will be con-

nected with regard to loading. For an industrial utility grid, a common reac-

tive power compensation scheme is used. The location is essentially decided

by the justification for compensation. The justification for compensation

type is the primary determinant of placement.

• Direct.

• Cluster.

• Central compensation at low voltage (LV).

• Central compensation at high voltage (HV).

8.3 Static VAR compensators (SVCs)
Static VAR compensators (SVCs) are designed to compensate reactive

power for regulating the voltage at a specific node. SVCs have been widely

employed in comparison to other shunt flexible alternating current transmis-

sion system (FACTS) devices because of its advantages of simplicity, low

losses, low harmonic output, and inexpensive cost. SVC is a shunt-linked
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FACTS controller with an outcome that is frequently modified to transmit

capacitive or inductive currents with the associated network. This current is

managed to handle particular utility grid characteristics at a particular bus. It’s

an adjustable device that controls the flow of electricity through a reactor

and is regulated by back-to-back thyristor valves. The thyristor has played

a crucial role in the realization of the SVC and the modification of its reac-

tive power flow control. It could be utilized as a switch or a continuously

regulated valve by controlling the firing angle. It’s worth noting that the

SVC current can have some harmonic content, which is something to keep

in mind when using the style approach in [17].

8.3.1 Component of SVC
Fig. 1 shows the various components of the SVC.

• Thyristor-controlled reactor (TCR).

• Thyristor-switched capacitor (TSC).

• Harmonic filter (FC).

• Mechanically switched capacitor bank (MSC) or reactor bank (MSR).

8.3.2 Operation of SVC
The SVC concept is based on controlling shunt susceptance by changing the

thyristor’s firing angle. The SVC’s primary goal is to maintain a specified

voltage profile. The SVC in [22] provides some steady-state potential con-

trol inside the steady state to maintain a specified value at a voltage bus. Fig. 2

shows the operation of SVC.

Static Var
Compensator

Filters

Bus

TCR TSC

Fig. 1 Component diagram of SVC.
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9 Artificial intelligence techniques for reactive
power/voltage control

Different artificial intelligence (AI) techniques are utilized to control the

reactive power flow in the utility grid system.

9.1 Expert system
This is a category of AI approaches that is well established. Expert sys-

tems (ES) are primarily composed of information and thinking mech-

anisms that deliver expert-level responses via arguments dependent on

certain fields of expert information in a topic to replicate human expert

judgment.

Fig. 2 Operation of SVC.
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This technique is commonly utilized in voltage and reactive power

management to combine existing knowledge or experience of voltage

and reactive power control with regulations, producing knowledge and

understanding of expert systems [23].

9.2 The fuzzy theory
The original fuzzy set theory, with the addition of linguistic variables and

fuzzy logic approximation reasoning, combined with an intelligent reason-

ing technological network is known as fuzzy theory (FT). Fuzzy control is a

set of real ways for simulating the natural fuzzy reasoning and decision-

making procedure and regulating it as per established principles.

Network potential and reactive power regulation by power system

degeneration, operational circumstances, and system factors frequently

modify the parameters of reactive power and demand under a variety of sce-

narios, making it hard to precisely estimate the impact [24].

The following are the main issues with fuzzy intelligence for controlling

the voltage and reactive power: (1). Basic fuzzy data processing reduces the

network’s management efficiency while increasing the precision of convo-

lution layers, leading the regulation to broaden the scope of the search and

slow down decision-making (2). It is hard to determine exact control objec-

tives in the absence of a systematic design methodology. (3). Control the

rules of selection.

9.3 Artificial neural network
An artificial neural network (ANN) is a huge amount of simple artificial neu-

rons joined collectively in a specific manner that simulates human transmis-

sion and processing of essential information properties.

In comparison to fuzzy, ES and ANN are defined by neurons, and they

both should cope with weight issues related to tacit knowledge. They have

the following benefits:

• Metadata of distributed storage.

• Robust fault tolerance.

• Capacity to learn, understanding of self-organization may be obtained.

• To fulfill the data processing needs.

This technology may be used in a generation station to obtain better out-

comes in terms of voltage and power factor management as well as reducing

capacitor and main transformer tap adjusting times [25]. ES, ANN, and FT

show the AI application in a utility grid for the voltage and reactive power

regulation.
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10 Conclusion

As reactive power management is the critical issue in present power systems,

this chapter provided a detailed overview of the basic concept of reactive

power requirements with generation and control. Different methods for

reactive power compensation and voltage control were discussed in detail.

Further, different artificial intelligence techniques such as expert systems,

fuzzy theory, and artificial neural networks were discussed for reactive

power and voltage control in a utility grid system.
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1 Introduction

The electric power system is significantly important for a country because it

determines the level of economical, technological, and social advancement

of a nation [1–4]. A power distribution network supplies power to customers

but aging infrastructure, poor design and operation practices, radial operat-

ing status, and high exposure to environmental conditions are the main fac-

tors responsible for reliability problems. To improve customer reliability,

different methods can be used. A reliability assessment of the distribution
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network is performed to find a suitable enhancement method to get better

reliability and to reduce the costs of energy due to outages.

To evaluate the distribution network reliability, reliability indices are

utilized. The dependability of a distribution system is a measure of the con-

sistency and quality of the power supply to customers, which is primarily

determined by the interruption profile and is based on system topology

and component reliability data. In order to measure the system reliability

indices, different reliability parameters are employed in the distribution

system.

There are a variety of indicators used to assess the dependability of the

power system as a whole. IEEE standard 762 addresses generating reliability

indices, IEEE standard 859 addresses transmission facility reliability indices,

and IEEE standard 1366 addresses distribution reliability indices [5]. Simple

measures such as tree trimming on a regular basis, the installation of lightning

arresters, the use of animal guards, the replacement of overhead bare con-

ductors with covered conductors or underground cables, protection

scheme modification, and so on have traditionally improved distribution

system reliability. In addition, there are various traditional techniques for

improving reliability as well as sophisticated reliability enhancement mea-

sures that are now classified as smart grid technology. The existing Ethiopian

grid has various problems that affect the reliability of the distribution system,

including poor protection, poor infrastructure, line loss, poor efficiency,

voltage profile, high interruption rate, etc. Because of these, power black-

outs or power shading have increased in recent times. Many consumers

complain that the frequency as well as the duration of power cuts has also

risen, with outages lasting many hours or even days. The problem is partic-

ularly worse in industrial areas more so than residential ones. Because of this,

customer satisfaction is decreasing. This book chapter utilized the practical

data of the medium voltage feeder’s interruption of the Injibara Ethiopian

Electric Utility District. For the Injibara Radial Distribution Network,

the monthly average number of interruptions (frequency) and duration of

interruptions for the years 2013, 2014, and 2015 were 23.84 interruptions

and 20.74 h, respectively.

The main causes of interruptions are distribution permanent earth fault,

distribution permanent short circuit, distribution temporary earth fault, dis-

tribution temporary short circuit, and operational issues, such as when

medium voltage feeders are interrupted voluntarily for maintenance. Fur-

thermore, the other operational issues are load transfer and new transformer

installation. The power system is composed of many elements that are
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exposed to failures and require removal from operation for maintenance. It is

not possible to prevent all component failures in the electric system, but it is

possible to minimize them. To find relevant alternative improvement tech-

niques for this problem, a historical reliability assessment is an important task.

2 Traditional grid power distribution networks

Thetraditional power grid is basically the interconnection of various power

system elements such as synchronous machines, power transformers, trans-

mission lines, transmission substations, distribution lines, distribution substa-

tions, and different types of loads. They are located far from the power

consumption area and electric power is transmitted through long transmis-

sion lines [6].

Presently, the grid is facing a multitude of challenges that can be outlined

in three categories. The first is that there are infrastructural problems because

the system is out of date and unprepared to deal with increasing demand. As a

result, network congestion is occurring much more frequently because it

does not have the ability to react to such issues in a timely fashion. Ulti-

mately, such imbalances can lead to blackouts, which are extremely costly

for utilities because they spread rapidly due to the lack of communication

between the grid and its control centers. The second issue is the need for

more information and transparency for customers to make optimal decisions

relative to the market to reduce their consumption during the most expen-

sive peak hours. Finally, the third issue is the present grid’s inflexibility,

which prevents the development of renewable energy or other technologies

that might make it more sustainable. Renewable energy sources such as

wind and solar in particular are intermittent, posing a serious challenge

for a system that does not transmit data to control centers quickly. The smart

grid solves all these issues by enhancing communications technology, which

has significant advantages for both the supply and demand sides of the power

market [7]. The current utility grid is a centralized system in which electric-

ity travels in one direction from generation resources to the consumer via

the transmission-distribution system, as depicted in Fig. 1.

3 Smart grid power distribution networks

The smart electrical distribution network distributes the electrical energy in

reliable manner. It utilized different smart grid technologies to distribute the

electrical energy in more adequate way. Information and communication
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technologies are the backbone of smart distribution network. To put it

another way, it’s an electrical grid that combines electric infrastructure with

information technology [8].

The phrase “smart grid” refers to a traditional electric power system that

has been upgraded with modern technology for reasons such as increased

dependability, ease of control and management, and the integration of dis-

tributed energy resources and electricity market activities [5]. Further, a

smart distribution grid is an electricity distribution network that can intel-

ligently integrate all available energy resources with the actions of all users

connected to it, in order to efficiently deliver sustainable, economic, and

secure electricity supplies [9,10]. Fig. 2 presents the layout of smart grid

power distribution networks.

4 Comparisons of traditional and smart grid power
distribution networks

The smart grid has many distinguishing benefits over the traditional grid,

including new levels of power transmission and distribution. The aspects

of handling uncertainties, failure prediction, and automatic system control

make power restoration easier. Data acquisition and information transfer

attain a level of stability with digital bi-directional communication

and system interconnectivity while the existing distribution operates at

the level of electromechanical devices and analog communication [11].

The smart grid answers the question of reliability, which is the concern

of this book chapter, with high priority to customers that enables rapid

power restoration to as many customers as possible [12]. A comparison

between traditional distribution and smart grid power distribution networks

shows:

Traditional grid Smart grid

Electromechanical Digital

One-way communication Two-way communication

Centralized generation Distribution generation

Manual monitoring Self-monitoring

Manual restoration Self-healing

Slow response to power quality Power quality a priority

Limited customers Many customers given priority

Vulnerable to attacks More or less secured from attacks
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5 Reliability indices in distribution system

In the distribution system, two types of reliability indices are employed to

evaluate system performance: load point reliability indices and system reli-

ability indices [13]. Reliability indices used for assessing a distribution sys-

tem’s load point are average failure rate λi (failure rate/year), average

outage duration ri (h), and annual outage time Ui (h/year).

These indices are expressed in Eqs. (1)–(3).

λi¼
Xn
i¼1

λ (1)

Ui¼
Xn
i¼1

λiri (2)

ri¼Ui

λi
¼

X
i¼1

λiri

Xn
i¼1

λ

(3)

5.1 Customer-oriented reliability indices
These reliability indices comprise the system average interruption frequency

index (SAIFI, interruptions/customer/year), the system average interrup-

tion duration index (SAIDI, hours/customer/year), and the energy not sup-

plied (ENS, kWh/year). In addition, these indices can be used for reliability

prediction analysis and for the identification of weak PCC links or chrono-

logical changes within the power system network.

Several studies have been done on the reliability assessment of power sys-

tems using a minimal cut set, which is a step-by-step approach in evaluating

the reliability of a composite power system. This was tested with an IEEE 6

bus, a 14 bus and a single area IEEE RTS 96 system. It was validated using

the classical node elimination method, conditional probability, and the

Monte Carlo simulation method [14]. In an independent data acquisition

center (IDAC) for reliability evaluation of power distribution companies

in Nigeria using the System Average Interruption Duration Index

(SAIDI) and System Average Interruption Frequency Index (SAIFI) [15].

The analytical method is utilized for investigating the effects of a hybrid

system consisting of photovoltaic (PV), wind turbine generator (WTG),

electric storage system (ESS), and diesel generator on distribution system

reliability. This method was validated using the RBTS distribution

network [16].
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5.2 Analytical reliability assessment of distribution network
Reliability assessment helps customers and investors make informed deci-

sions about the performance of the power system utility [17,18].

A standard IEEE set of equations is used for the analytical evaluation of sys-

tem reliability indices, as defined in [13].

Ø System average interruption duration index (SAIDI) [h/year,

cust]: This is the average duration of interruption per customer served.

SAIDI¼ Sum of customers interrupt durations

Total number of customers served
¼
X

UiNiX
Ni

(4)

where, Ui¼ annual expected outage time of load point i,

Ni¼ total number of customers interrupted.

SAIDI can also be expressed as

SAIDI¼ASUI∗8760 (5)

Ø Customer average interruption duration index (CAIDI) [h/int]:

This is the average duration of interruption for customers during a year.

CAIDI¼ Sum of customers interrupt durations

Total number of customer interrupt
¼
X

UiNiX
λiNi

(6)

where, Ni¼ total number of customers interrupted,

λi¼ failure rate of each load point.

Ø System average interruption frequency index (SAIFI) [int/year,

cust]: This reliability index is used to measure the average frequency

and duration of supply interruptions.

SAIFI¼Total number of customer interrupt

Total number of customers served
¼
X

λiNiX
Ni

(7)

where, λi ¼ the failure rate of the load point i,

Ni¼ the number of customers at load point i.

Ø Customer average interruption frequency index (CAIFI) [int/

year, cust]: This can be expressed as defined in Eq. (8).

CAIFI¼Total number of customer interrupt

Total number of customer interrupt
¼
X

λiNiX
Nai

(8)
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Nai¼Number of customers interrupted at load point i.

CAIFI is mostly useful in observing chronological trends in the reli-

ability of a particular distribution system:

Failurerate λð Þ¼ 1

MTTR
(9)

Ø Expected repair rate (μ) occurrence per year: This is the frequency
of repair in a calendar year and is denoted by (μ). It can be expressed

mathematically as in Eq. (10).

μ¼MTTR

8760
(10)

Ø Mean time to failure (MTTF): Mean time to failure is the probable

time (in years) the component will remain in a failed condition.

MTTR¼MTTF¼ 1

λ
(11)

Ø Mean time between failures (MTBF): This is the expected time in

years a component fails.

It can be expressed mathematically as defined in Eq. (12).

MTBF¼MTTF+MTTR

8760
(12)

Ø Average service availability index (ASAI): This can be expressed

mathematically as in Eq. (13).

ASAI¼ customer hours of available service

customers hours demanded
¼ 8760�

X
UiNi

8760
(13)

Ø Average energy not supplied (AENS): This can be expressed math-

ematically as in Eq. (14).

AENS¼ Total Energy not supplied

Total number of customers served
¼
X

LiUIX
Ni

(14)

Where Li is the average load connected to load point i.
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Ø Average service unavailability index (ASUI): This can be

expressed mathematically as defined in Eq. (15).

ASUI¼ 1�ASAI ¼Customer hours of un� available service

Customers hours demanded

¼
X

UiNi

8760
(15)

Total monthly hours THð Þ¼No of days�24h (16)

Total outage in a month TMð Þ¼Noof outage�No of outage hour

(17)

Total service hour in a month¼TH�TM (18)

Mean time between failure MTBFð Þ¼MTTF+MTTR (19)

Ø Power system availability: This can be expressed as Eq. (17).

Availability¼ MTBF

MTBF+MTTR
(20)

Unavailability¼ 1� μ

λ+ μ
¼ 1� m

m+ r
(21)

Loss of load expectation LOLEð Þ
Xn
i¼1

Pi Ci�Lið Þday=period (22)

where,

μ ¼ expected failure rate,

r¼mean time to repair¼MTTR¼ 1
μ,

Available capacity on day i,

Li¼ Forecast peak load on day i,

Pi Ci�Lið Þ¼Probability of loss of load on loadi, Probability of average

power availability¼
X

P� μ

λ+ μ

� �� �
(23)

Mathematical model for power security function S (t) is given as

defined in Eq. (21).

S tð Þ¼
X
i

Pi tð ÞQi tð Þ (24)

where, Pi(t)¼Probability that the system is operating in its normal

operating state,
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Qi(t)¼Probability that there is a breach of system security at time

t in the future.

6 Existing Injibara distribution system reliability
indices evaluation

Reliability indices are statistical aggregations of reliability data for a well-

defined set of loads, components, or customers. Most reliability indices are

average values of a particular reliability characteristic for an entire system,

operating region, substation service territory, or feeder. The distribution

system reliability indices indicate the annual average performance of the

network in terms of interruption frequency and duration. The basic function

of a distribution system is to supply electrical energy from a substation to the

individual customer load points. Service continuity is, therefore, an important

criterion in a distribution system. Service continuity can be described by three

basic load point indices and a series of system indices [19]. The three basic load

point reliability indices usually used are the average failure rate λ, the average
outage time r, and the average annual unavailability or average annual outage

time U. It should be noted that these indices are not deterministic values but

are expected values of an underlying probability distribution and hence are

long-run average values. The three primary load point indices are fundamen-

tally important parameters. They can be aggregated to provide an appreciation

of the system performance using a series of system indices. Fig. 3 shows the

existing Injibara power distribution network.

The additional indices that are most commonly used are defined in the

following sections. Table 1 presents the base case Injibara power distribution

network system indices.

FromTable 1, it can be concluded that with the base case system indices

(no DG), SAIDI is 621.789h/customer year, suggesting that the system’s

average interruption duration for each customer is 621.789 a year; SAIFI is

630.128125 inter./customer year, marking the system’s average interrup-

tion frequency for each customer during a year; CAIDI is 0.982h/cus-

tomer interruption, suggesting that the system’s average interruption

duration for the customers that experience interruption is 0.982h a year

while system availability and unavailability are 92.90% and 7.10%, respec-

tively. Also, the expected energy not supplied (EENS) of a system due to

the failures is 3268.927MWh/year and the energy not supplied per cus-

tomer is 306kWh/year. Finally, the expected interruption cost of the sys-

tem is $2.86881344 million/year. Therefore, the system reliability indices

show that the Injibara distribution substation is an unreliable distribution

system.
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Fig. 3 Existing Injibara power distribution network.

Table 1 Base case Injibara power distribution network system indices.

Indices Units Value

SAIFI Inter./customer Year 630.209793

SAIDI h/customer Year 621.789

CAIDI h/customer interruption 0.982

ASAI % 92.90195582

ASUI % 7.09804418

EENS MWh/year 3268.927

EIC m$/year 2.86881344

AENS kWh/ca. year 306
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7 Distribution network reliability improvement methods

The main purpose of reliability data quantification and information extrac-

tion is to take reliability improvement measures. The reliability of the dis-

tribution system can be improved by increasing distribution system

protection, decreasing equipment failure, system automation, installment

of reclosing and switching devices, and system reconfiguration. The resto-

ration time of a momentary outage will be short. Hence, the duration that an

outage will last will be diminished. Similarly, system configuration produces

effective improvement in reliability. During faults that last a long time, the

distribution system can be configured into a set of network topologies. The

distribution network will have an alternative supplying network after recon-

figuration. These topologies provide an alternative path for power flow by

sectioning the faulted part. Configuration can be important during mainte-

nance and a permanent fault event. During the disconnection of a portion of

the distribution system for maintenance, the existence of an alternative way

of supplying customers enables reconfiguration, as shown in Fig. 4. Hence,

customers experience little outage time. Additionally, reclosing and switch-

ing devices provide patterns to help localize fault points and disconnect

faulted lines. This leads to just a few customers being affected. Sectionalizing

devices also enable choosing a supply path during a contingency. By chang-

ing the status (ON/OFF) of the sectionalizing switches, network reconfi-

guration is established. Such capability improves reliability by reducing

the duration and frequency of interruption. The study considers automation,

the installment of reclosing and switching devices, and system reconfigura-

tion for reliability improvement. One of the methods of reliability enhance-

ment is to increase the level of protection of a distribution system. A increase

in protection gives the option of a selective protection system; thus, any fail-

ure in some part of the distribution network may not affect other parts of

distribution [20]. Selective automation of the distribution system can also

improve its reliability by more than half by placing an automatically con-

trolled switch midway in the distribution system; any downstream fault away

from the switch cannot affect customers in the upstream [21]. Hence, this

improves the reliability by 50% for faults that occur in the downstream por-

tion. This also is related with designing alternative power supplying laterals

for emergency cases. Any fault occurring between normally opened and

normally closed can be cleared by opening the middle normally closed

switch. Similarly, any fault between the normally closed switches can be iso-

lated by opening the remotely controlled middle switch. As explained
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above, the network reconfiguration capability of a system enables customer

power access and a reduction in the unserved energy of the system. Sectio-

nalizing and a tie switch system option create a power path searching alter-

native with the existing laterals. This improves the supply reliability and
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Fig. 4 Existing Injibara power distribution network with sectional switches.
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power availability. It’s also related to a fault searching mechanism with

remote control capability to identify which line to connect and disconnect.

The resulting reconfigured network can have multiobjective functions such

as achieving maximized reliability and reduced power loss [22,23]. In this

study, the distribution system’s reliability was improved by incorporating

smart grid technologies such as optimal installation of sectional switches

and incorporating distributed generation with optimal sizing and location

into existing distribution networks.

7.1 Optimal placement of sectional switches in the
distribution network
The main consideration of this study is to introduce distribution sectionaliz-

ing switch optimal placement that explicitly considers the customer outage

costs as well as sectionalizing switch investment, operation, andmaintenance

costs. Furthermore, the importance of the customer types and load density in

determining the sectionalizing switch placement strategy in distribution sys-

tems is investigated through several sensitivity analyses and by step-by-step

inserting each sectional switch in each branch. Distribution sectionalizing

switch installation brings major benefits to distribution utilities. However,

its implementation requires economic justification because it is usually

site-specific and should be targeted to areas where improved performance

provides measurable benefits [24]. The benefits of sectionalizing switches

can be quantified in terms of reduced outage duration and reduced number

of customers affectedduring permanent faults by the fast restoration of

power to customers. This can be done by isolating the faulty part of the net-

work by switching sectionalizing devices and supplying the unfaulty part

from other routes. Hence, the distribution network configuration, the num-

ber and type of customers upstream and downstream of the sectionalizing

switch, etc., can dramatically affect the benefits of sectionalizing device

placement. Here, the objective is to find the optimal number and location

of sectionalizing switches to minimize customer outage costs in conjunction

with sectionalizing switch capital investment, installation, and annual oper-

ation and maintenance. In this study, the optimal placement of the sectional

switch is determined by considering each branch and taking the optimal

values of indices according to the standards. Fig. 4 presents the existing Inji-

bara power distribution network with sectional switches.
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7.2 Optimal sizing and siting of distributed generation
on existing distribution network
A number of approaches and algorithms have been proposed for siting and

sizing of DGs. The majority of the previous works in this area aim to reduce

active power losses and improve the voltage profile [25,26]. The solution

methods applied to the problems can be broadly classified as mathematical,

heuristic and metaheuristic, and hybrid [27]. Mathematical techniques

including mixed integer linear programming [28,29], mixed integer

second-order cone programming [30], and multiperiod optimal power flow

[31] have been used in the literature to resolve DG sizing and placement

planning. In [32,33], the power flow algorithm was used to determine

the optimumDG size at all load buses, assuming every load bus is connected

to the DG source. However, such a method is inefficient due to a number of

load flow computations. The genetic algorithm (GA) is used to determine

the size and location of DG, as is presented in [34–36]. GA is suitable for

multiobjective problems such as DG allocation and can give near-optimal

results, but it is computationally demanding and slow in convergence. In

Ref. [37], an analytical method to place DG in radial as well as meshed sys-

tems to minimize the power loss of the system was presented. In this

method, separate expressions for radial and meshed network systems are

derived and a complex procedure based on phasor current was proposed

to solve the location problem. However, this method only optimizes the

location and considers the size of the DG as fixed.

In this paper, the proposed technique for optimal sizing and siting of DG

units in an active distribution network system is performed by the weighted

sum harmony search algorithm.

7.2.1 Weighted sum harmony search algorithm
A harmony search algorithm (HSA) is a metaheuristic optimization algo-

rithm stimulated from the managing process of music in search of the perfect

harmony sound [38]. This paper adopts and implements a grid strategy as a

secondary criterion in one of the most efficient population-based metaheur-

istic algorithms for a multiobjective problem for optimal siting and sizing of

DGs. It is simple for programming, faster in convergence, and efficient in

searching for the optimal solution among other heuristic algorithms. The

procedural steps of the proposed HSA for optimal DG sizing and placement

result in the lowest active and reactive power loss and voltage deviation, as

shown in the flowchart in Fig. 5.
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The main aim is to determine the optimal DG locating and sizing by

minimizing the planning objectives instantaneously for the existing Injibara

distribution networks. The objective functions are active power loss, reac-

tive power loss, and voltage deviation, and the constraints are bus voltage,

DG capacity, and branch thermal limit (rated current).

The optimal placement and sizing of DGs to solve the problem of distri-

bution network reliability improvement is highly dependent on their optimal

Start

Initialize / Set HSA parameters

Input system data from feeder loading and evaluate existing load
flow by using BWFWSLF to take power losses& voltage deviation

HSA initialized with population of random decision var iables
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Fig. 5 Proposed weighted sum HSA for optimal DG sizing and placement.
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placement and sizing. After sizing and placing as shown in Fig. 6, the DG in

the network, the total voltage deviation, and the active and reactive power

losses are reduced from 15.6075pu, 519.3944kW and 518.3686kvar to

1.027pu, 95.398kW, and 90.978kvar, respectively. With the incorporation
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Fig. 6 Proposed Injibara power distribution networks with DG and sectional switches.
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of the proposed work, reliable power is delivered with an improved bus volt-

age profile.

After applying the aforementioned smart grid technologies on existing

distribution networks, the reliability indices will become optimized.

As shown in Table 2, the line losses should be reduced for stable and

enhanced voltage profiles, which is only possible by distributing active and

reactive power support to the system. Economically, it is not possible to deliver

support on an individual bus. Therefore, the most suitable site and size of DG

should be selected by using optimization techniques from where maximum

benefits could be achieved. The quantity of active power from DG changes

from 0% to 100% of the total active load, with generation and voltage con-

straint. The main objective in selecting DG size and location is to minimize

the total system power losses by injecting active power. The relationship

between DG size and losses follows the parabolic curve. Thus, in this study,

DG is selected for its size and location optimally by employing a weighted

sum harmony search algorithm. Once DG is installed at 15kV bus, the

expected energy not supplied (EENS) and (expected interruption cost

(EIC) are improved by 97.98% and 97.87% , respectively. This is because

the circuit will be supplied by the DGunit. However, the DGwould be used

when there is a failure of the grid, which is why reliability indices are slightly

better. There are clearly significantly improvements when the DG is placed at

any other point distant from the supply point. SAIFI and SAIDI are reduced

whileDG is further from the supply point.On the other hand,CAIDI tends to

be slightly higher when the distance from the supply point increases. The EIC

index presents the cost due to outages.

Table 2 System indices after applying DG and sectional switches on the distribution
network.

Indices
Base case (No
DG)

(3.15MW) DG at 15kV bus number
28

SAIFI 630.128125 11.759062

SAIDI 618.477 12.680

CAIDI 0.982 1.078

ASAI (%) 92.93976058 99.85524675

ASUI (%) 7.06023942 0.14475325

EENS (MWh/year) 3268.927 65.945

AENS (KWh/

year ca.)

306 6

EIC (million $/year) 2.86881344 0.0578733927
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8 Conclusions

The distribution system is the core part of a power system network that

delivers power to the end user. Reliable power delivery plays a key role

in profitability and customer satisfaction, but achieving reliable power deliv-

ery has been a major challenge. The problem facing electric power utilities is

that the power demand is increasing, but power problems in the distribution

system occur several times due to overloading, short circuits, improper allo-

cated distribution transformers, poor maintenance, and limited protective

devices. An unreliable power supply not only slows down or damages pro-

duction or shuts down the plant, but it also leads to equipment damage, addi-

tional maintenance, and damaged reputations. This study investigates the

proper placement of sectional switches as well as DG location and size to

solve these problems for reliability assessments of the Injibara power distri-

bution system, based on reliability improvement, voltage profile improve-

ment, and power loss reduction.
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1 Introduction

Production, transmission, and distribution are all typical components of an

electricity system. An electricity industry prioritizes network demand and

also customer needs by guaranteeing minimal operational cost under condi-

tions that are appropriate to ensure the smooth running and reliability of

electric power [1]. An electricity distribution infrastructure is made up of

multiple substations linked by feeders, which are electric conductors that

transmit electricity from a substation to satisfy load needs along their course.

This is a component of the power distribution system, which delivers elec-

tricity to end consumers. As a consequence, it is the largest component of the

power network, and it is mostly essential for power losses. According to
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some research, as much as 13% of the overall electricity produced is wasted as

a result of losses in the distribution grid [2].

Power distribution system long-term planning includes a number of

studies with the goal of determining when and where a device should be

installed. The typical planning process is 10years or longer. It is known that

the addition of the problem’s multimodal character and a large range of

instances, including both intermediary decades and the perspective year,

increases the complexity of the selected problem.

The growth of the system, which is not only connected to the reinfor-

cing of the current network but also involves substantial changes to the

topology of the network, raises several key technical challenges. Further-

more, when it comes to optimal planning, the remedy for unconnected sys-

tems must be addressed from the outset of the procedure [3].

Distribution system (DS) expansion planning aims to maximize reinfor-

cing techniques with reducing total energy losses and expense, all while

adhering to a number of performance and reliability restrictions. It has been

one of the most complicated issues, with a long history of continual attempts

and advancements toward better answers. In emerging nations throughout

the world, where energy consumption has been rising in recent days, distri-

bution expansion planning is a major issue. Substantial contributions in the

field of powermanagement, on the other hand, have significantly slowed the

pace of growth in power consumption. Nevertheless, rapid expansion

appears to be unavoidable in the foreseeable future. Constructing and

strengthening distribution substation units, the deployment of distributed

generator (DG) units, and the installation or replacement of distribution lines

are all part of the DS expansion planning [4].

The electric distribution utility is a critical component of the grid system,

which suffers from significant energy losses, voltage variation, and reliability

concerns. The voltage profile must be maintained, losses must be reduced,

and reliability must be improved using various approaches. One such

approach is network reconfiguration of the electric distribution grid. Proper

network reconfiguration using tie/sectional switches or reclosers can

improve the voltage profile as well as the system’s dependability, resulting

in acceptable loss reduction.

Furthermore, the widespread use of DG resources creates additional

obstacles in the management and planning of a distribution grid, such as

increased energy loss, aggregation of harmonic distortion, overloading of

the equipment, and quality issues of supply. As a result, there is a lot of space
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for development. To meet these difficulties, different innovations are nec-

essary to deal with a changing system, create a robust distribution grid with

higher renewable integration, and provide dependable and economical net-

work operation. Operators of electric grids fail to define the sources of sys-

tem losses; fail to apply proper methods to reduce losses, operational

expenses, and greenhouse gases; and fail to maintain losses at a minimum

via appropriate distribution grid planning using low emission techniques

[5,6]. Considering their clean, green, and environmental friendliness, vary-

ing green energy sources such as wind and solar are considered potential

choices. Nevertheless, integrating renewable energy sources into advanced

distribution networks is heavily reliant on advancements in power storage

techniques as well as enhanced restrictions to encourage the utilization of

storage devices with green energy sources [7].

The optimum functioning of these resources in stable and unstable active

distribution systems was explored recently [8,9]. Numerous methodologies,

including minimizing loss [10] or yearly expenditure [11] in a network, bal-

ancing demand [12], improving the voltage profile [12], and enhancing the

hosting capacity of renewables [13] in the utility grid, have been adjusted for

the optimumworking of the system. Such optimum issues were solved using

a variety of single and multiobjective approaches. By utilizing Pareto opti-

mality, an optimization problem was constructed in Ref. [14] for minimiz-

ing power losses, load balancing, and enhancing distributed generation (DG)

integration. Using the various objective functions independently, four DGs

and network reconfiguration (NR) were appropriately scaled to achieve this

goal. Furthermore, because reversals of powers are permitted, the given

goals were not adequately managed concurrently utilizing NR alone, result-

ing in consecutive distributed generator integration and increased energy

losses. Rather than a specific tie-line, a lossless soft open point was ideally

assigned after selecting the optimum arrangement among Pareto options.

The soft open point’s installation was more successful than the NR deploy-

ment in terms of decreasing energy losses and demand balancing. It also

improved the developed soft open point capacity to move DG-supplied

energies from lighter to heavier demanded lines. To reduce both the oper-

ating expenses of the utility grid and the storage system capital cost, a single

objective optimal problem is written in Ref. [15]. Comparative research was

presented to explore the benefits of using specific techniques when devel-

oping storage devices. Hourly network reconfiguration, soft open points,

and distributed generator deployment are among the approaches. In this
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study, two types of distributed generators were used: DG depending on

inverters and DG running at the unity power factor. In terms of overall cost,

DG depending on inverters outperformed the unity power factor distributed

generators. Also, this work included a short-term periodic network recon-

figuration technique for optimizing the load flow equations and illustrated its

advantages in battery storage planning. The appropriate size and location of

soft open points as well as green distributed generators were strongly sug-

gested in this research for enhanced battery storage development [16–18].

2 Related work in network reconfiguration

Due to the enormous number of discrete switching parts, the challenge of

distribution grid reconfiguration is a very complicated, multimodal, nondif-

ferentiable optimization problem. Furthermore, in a massive distribution

grid, the radial limitation often adds to the complexity of the reconfiguration

issue [5]. The challenge of distribution grid reconfiguration is a mixed-

integer nonlinear programming problem that falls within the domain of

nondeterministic combinatorial optimization techniques [6]. Traditional

approaches for tackling reconfiguration issues in a massive distribution grid,

such as mixed-integer linear programming (MILP), have indeed been uti-

lized. However, these techniques are likely to settle to a local optima rather

than a global solution.

2.1 Classical optimization methods
In Ref. [19], network reconfiguration was accomplished by utilizing a cus-

tomized linear programming approach for a lower load flow issue, in which

the simplex technique was adapted to resolve a distribution grid layout that

minimized losses while remaining within line capacity restrictions. The pro-

gram begins with each node’s power balancing calculations, ignoring system

losses and voltage limitations.

With all these presumptions, a fast and simple linear programming

method could be used to find a realistic option to the radial distribution sys-

tem reconfiguration issue with the least amount of loss. However, while this

method can help with loss minimization, it can’t help with other goals such

as reducing the amount of variable speed events. Furthermore, this strategy

only produces a suboptimal result. In Ref. [20], the same technique was used

with a DG integrated distribution grid, with the goal defined as the weighted

total of absolute power flows across all network branches, energy production
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from each controlled DG system, and, if required, the demand being limited

by DR operations. As a result, only the active energy integration and line

impedances were taken into account throughout the optimization process.

In Ref. [21], the authors described an MILP strategy for reducing losses

and the amount of switching frequency. The aim was minimized to losses,

which included line overloading and the amount of control activities

(including appropriate line-switching procedures). The linear programming

with mixed variables was developed. For problems with convex constraints,

the deterministic “branch-and-bound” decomposition approach can yield

optimum outputs. Franco et al. [22] proposed an MILP technique to solve

network reconfiguration for the distribution grid with dispersed generating.

The load flow was modeled by utilizing linear assumptions in relation to the

active and reactive components of the voltage, bearing in mind the net-

work’s usual operating circumstances. ThisMILP technique was successfully

deployed to sample the network and two practical systems. The demands

were modeled as constant power, current, and impedance, respectively.

2.2 Heuristic algorithms
Numerous studies have used heuristic methods to solve the issue of NR to

minimize losses. In Ref. [23], the aim of NRwas to decrease losses and reba-

lance the demands, and several searching methods were utilized to find

answers. To ensure the network’s radial layout, a branch interchange mech-

anism was implemented. The sensitivity assessment performed to determine

whether a line must be opened or closed at each stage determines the var-

iations amid the search techniques. As a result, the network’s radial architec-

ture restriction is enforced indirectly bymetaheuristics rather than directly in

the model.Metaheuristic strategies use knowledge from a performancemea-

sure to identify answers to optimization issues through trial and error. The

techniques utilized for NR include the evolutionary technique [24], the

genetic algorithm [25,26], simulated annealing [27,28], and ant colony

optimization.

3 Network reconfiguration problem development

This section discusses the distribution network reconfiguration problem in

detail.
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3.1 Power loss of distribution system
The impedance of the wires is a source of system losses. Copper losses [29],

which are functions of the square of current flowing through the line,

account for the majority of active power losses in the utility grid.

Ploss ¼ I2 �R (1)

where I represents the current and R represents the resistance of the

conductor.

3.2 Power flow analysis
The current at node n is given by [29],

In ¼Pn +Qn

Vn

(2)

The complex load flow equations are as follows,

Pn¼
XNL

n¼1

|Zn,n+1VnVn+1|cos θn,n+1 + δn�δn,n+1ð Þ (3)

Qn¼�
XNL

n¼1

|Zn,n+1VnVn+1| sin θn,n+1 + δn�δn,n+1ð Þ (4)

Power loss between buses n and n+1 is as follows,

Ploss n, n+1ð Þ ¼Rn,n+1

P2
n,n+1 +Q2

n,n+1

|V 2
n+1|

� �
(5)

PTloss¼
XNL

n¼1

Ploss n, n+1ð Þ (6)

Power loss after reconfiguration is,

P0
loss n, n+1ð Þ ¼Rn,n+1

P
02
n,n+1 +Q

02
n,n+1

|V 02
n+1|

� �
(7)

P0
Tloss¼

XNL

n¼1

P0
loss n, n+1ð Þ (8)

Reduction in the net power loss is presented as,

ΔPTloss¼
XNL

n¼1

Ploss n, n+1ð Þ �
XNL

n¼1

P0
loss n, n+1ð Þ (9)
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3.3 Problem formulation
The goal of the distribution grid reconfiguration problem is to modify the

network’s design by changing the position of present links and sectionalizing

switches with the goal of reducing or enhancing specific operational attri-

butes such as reliability, power losses, and voltage profile [30,31].

3.3.1 Objective function

OF1¼ min SAIFI , SAIDI , EENSð Þ (10)
where,

SAIFI¼ Total number of interruption

Total number of customer served
int=cus=yr (11)

SAIDI ¼Total duration of all interrupions in customers

total nomber of customer served
h= int=yr (12)

EENS¼
X

Li �Ui (13)

OF2¼ min PTlossð Þ (14)

OF3¼
XNL

n¼1

Kn �Rn

P2
n �Q2

n

V 2
n

� �� �
(15)

where SAIFI represents system average interruption frequency index, SAIDI

represents system average interruption duration index, EENS represents

expected energy not supplied, Li is the average connected load at load point

i, and Ui is the average annual outage time at load point i, n�NL, subject to

the following constraints.

3.3.2 Constraints
Voltage limits,

Vm,min �Vm �Vm,max (16)

Feeder’s capability limits in the nth branch;

Kn=Pn=�Pnmax n�NL (17)

Kn=Qn=�Qnmax n� NL (18)

Kn=In=� Inmax n�NL (19)

Tswitch ¼ NL�Nbusð Þ+1 (20)
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where,Qn represents reactive power in the nth branch, Pn is active power in

the nth branch, Vm is the magnitude of voltage at node m, Kn is the status

topology of the branches (if branch n is closed Kn¼1 and if it is open

Kn¼0), NL is the set of branches in the network, Nbus is the total number

of buses, and Tswitch is the total number of switches.

4 Different techniques utilized for distribution network
reconfiguration

There are several techniques used by different researchers for optimal net-

work reconfiguration. A few of these techniques are:

4.1 Improved genetic algorithm [32]
Because of its stability and the necessity to pick just a few parameters, the

method used in this study is dependent on selected improved genetic algo-

rithm optimization. Some rules have been specified in the developed

program to construct only viable persons during start up and to rectify infea-

sible individuals when they surface across the initial search. Fig. 1 presents a

flowchart of the improved genetic algorithm for optimal network

reconfiguration.

4.2 Multiobjective shark’s smell (MSSO) [3]
The SSO is based on the shark’s habit of attacking its prey once it detects

blood in a search region. This motivates the simulation of a search process

with the goal of finding the optimal output in a particular search region.

Fig. 2 presents a flowchart of the multiobjective shark’s smell optimization

for optimal network reconfiguration.

4.3 Improved particle swarm optimization (PSO) [33]
Kennedy and Eberhart published the first particle swarm optimization (PSO)

approach in 1995 [34]. It is a population-based metaheuristic optimization

approach. Each swarm in a PSO’s search region tracks a defined inertia and

velocity via related iterations. The direction and speed of the velocity are in

tune based on the swarm’s most recent local best knowledge and previous

best knowledge in its neighborhood. Fig. 3 presents a flowchart of the

improved PSO method for optimal network reconfiguration.
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Fig. 1 Flowchart of improved genetic algorithm.
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Fig. 2 Flow chart of multiobjective shark’s smell optimization.
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Fig. 3 Improved PSO algorithm for network reconfiguration.
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5 Conclusion

This chapter provided a high-level overview of the distribution grid’s opti-

mal network reconfiguration problem. The optimal network reconfigura-

tion problem is explained in depth. Different optimization strategies such

as GA, PSO, and SSO are also explored to tackle the optimal network recon-

figuration problem.
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1 Introduction

Demand response (DR) aggregators contribute significantly in the user mar-

ket by providing personalized, automated controls for demands and devices

that allow remote access while bringing choices and social behaviors into

consideration. Such aggregators can bridge the data communication tech-

nology gaps that exist in today’s power networks. DR aggregators can offer

administrators a cost-effective way to reduce grid infrastructure needs while

also allowing them to incorporate renewable energy (RE) technology [1].

These are entrants into the electricity industry that assist in incorporating

345
Active Electrical Distribution Network Copyright © 2022 Elsevier Inc.
https://doi.org/10.1016/B978-0-323-85169-5.00008-3 All rights reserved.

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



load-side solutions by using improvements in information and communica-

tions technology (ICT) and smart metering technology to bring new prod-

ucts that involve and motivate consumers to engage in the electricity

industry [2]. Power storage devices and electric vehicles (EVs) could be

employed for variable demand or power production in a DR scheme in this

way. Some DR schemes integrate distributed energy sources with a storage

device, such as rooftop solar photovoltaics (PVs), with the objective of

recharging the battery bank at times of cheap energy costs or substantial

excessive energy output from distributed energy sources [3]. While benefit-

ting from a greater power tariff, an aggregator analyzes the discharge of Bat-

tery Energy Storage System (BESS) throughout a congested or maximum

price of electricity to fulfill its legal responsibility of lowest cost assurance.

Users may obtain greater value from existing solar PV systems with the

aid of an aggregator, according to the research. A DR or electric vehicle

aggregator can also collaborate with operators of electric car systems to opti-

mize their accessible energy and storage [4]. Despite the fact that EV aggre-

gators have always been in the pilot phase of development and have yet to be

mechanically implemented in the industry, their variable energy production

and storage capacities make them a valuable resource to the electrical net-

work, and they are anticipated to become key players in the long term [5].

DR benefits the energy industry in a unique manner. Moving demand

away from peak times–that is, shifting from production availability to net-

work sufficiency–increases network efficacy and reduces the requirement

for peak production investment. It may also be used to balance wind and

solar electricity at a cheap cost [6]. It increases stable operation and lowers

loads for coal and gas-fired spinning reserves, as generators must burn fuel

continuously to be able to introduce more energy on an urgent basis. In

regions where system capability is restricted, DR can also decrease the need

for local network expenses by moving usage away from peak times. The

much more important aspect of DR is that it rewards customers for the

worth of their demand-side flexibility. Lastly, by enabling third-party net-

work operators to join and encouraging forward-thinking, service-oriented

businesses, DR improves competitiveness in the market [7].

Demand response achieves these goals by giving control signals and/or

financial incentives to customers—residential, commercial, or industrial—to

reduce or alter their consumption at opportune periods. As a result, demand

response allows end users to directly profit from market competition as well

as the smart grid. The term “commercial” refers to all structures and enter-

prises that are not directly industrial or residential in nature. To put it
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another way, municipal structures, Small and mid-size enterprises (SMEs),

and companies such as hotels and office spaces are all included [8].

2 Type of DR

DR techniques can be classified as follows [9]:

• Incentive-based or explicit DR techniques.

• Price-based or implicit demand response.

2.1 Incentive-based or explicit DR techniques
These techniques are basically incentive-based. The total cumulative

demands are provided to energy markets, supplying similar amenities to

resources at the supply end and getting the same rates of prices for those ser-

vicers. This is most commonly seen in the proper balance, capability, or bulk

electricity industry. Customers get direct compensation when they wish to

modify their usage, which is usually prompted by the implementation of bal-

ancing measures, pricing variations in energy, or a network restriction. Indi-

vidually or via a contract with an aggregator, users can profit from their

flexibility in power use. A third-party aggregator or the customer’s retailer

can be the latter. Direct DR necessitates the development of established pro-

tocols between balancing responsible parties and independent aggregators as

well as suitable programmed participation rules, communication, and mea-

surement technology [10].

2.2 Price-based or implicit demand response
Customers can choose to be connected to variable energy rates or variable

system tariffs (or both). These systems present a portion of the energy price

and/or transmission over multiple time periods. Customers can respond to

those rate differences depending on their own capabilities and limitations. It

is clear that neither DR type can be substituted by the other DR. Numerous

consumers take part in incentive-based DR via an aggregator while also get-

ting involved in price-based DR via somewhat dynamic tariffs [11].

Each necessity and advantage is distinct and builds on the previous one.

Within the markets, both are utilized for a variety of purposes. Further, both

DR schemes are worth varying amounts of money. Although engaging in a

variable costing method will generally result in a cheaper bill, engaging in a

direct DR program will result in direct revenue. Direct DR, maybe most
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crucially, offers network administrators a useful and dependable strategy to

ensure adjusting demand to alleviate operational difficulties.

Price-based DR is not really a tactical instrument; instead, it enables cus-

tomers to profit on bulk electricity industry rate changes toward the degree

that they really are capable and willing. As a result, a variable tariff

scheme prohibits a user from participating in a balanced market. These

are now the most lucrative income streams for customers.

Further, price-based DR necessitates sufficient customer communica-

tion and measuring instruments, revised operator transaction and payment

processes, and customer feedback/communication methods. It also need

proper information, including through online sites, such that users are

not punished by variable rates that are not tailored to actual utilization

behavior; it also needs appropriate customer protection mechanisms for vul-

nerable individuals.

3 Advantages of aggregation

Several customers lack the ability to participate actively inside the electricity

market because they are too small, for instance, to deal with the complex-

ities. To engage, organizations will need the assistance of an aggregator.

Aggregators pool a variety of demands with varied characteristics and, as part

of the pooling process, offer backup for single demands, boosting the quality

and reliability and lowering the danger for specific participants. Aggregation

providers are important in fostering active demand-side engagement and

DR [12].

Customer flexibility is “aggregated” by the aggregator in order to

“construct” dependable DR solutions. Companies work out deals between

corporate, business, and domestic power users to pool their capacity to cut

power use and/or transfer demands at a moment’s notice. They combine

several specific customer demands into a unique “pool” of aggregated con-

trolled demand and offer it as a specific asset. Ventilation, heating systems,

water boilers, crushers, industrial facilities, pumping stations, refrigerators,

and other demands fall into this category.

It’s critical to understand that accumulating customer demands necessi-

tates a set of extremely particular skills that are unique to this position. To

illustrate, in order to accommodate unique needs in a certain market, the

aggregator needs substantial industrial expertise to determine the additional

flexibility in diverse sectors, technological assets, and procedures, and the

constraints of such flexibilities. Customers are frequently unaware of their
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own versatility capability, necessitating professional assistance. Aggregation

can attain quality standards similar to or greater than production and meet

market criteria for dependability. Because the grid operators may combine

specific consumers, the aggregated demand-side capability can be used as a

specific asset. This gives the network administrator a wide range of options.

Among the most important advantages of aggregation is the variety of the

aggregated portfolio and assurances that the aggregator will provide the

pledged capability although certain specific customers are unable to do

so [13].

By developing personalized, automatically generated control mecha-

nisms for customer demands and equipment that enable remote access even

with trying to take priorities and social behavior tendencies into account,

DR aggregators play a critical role in trying to tap into the end user market.

Such aggregators can close the technology and information mismatch that

electricity systems are now experiencing. DR aggregators can concurrently

supply operators with a cost-effective method for lowering network

requirements and a mechanism of incorporating green technologies. DR

aggregators seem to be newcomers to the electricity industry that help to

integrate DS techniques by leveraging developments in communication

and information techniques as well as smart meter facilities to design new

ones that interact and inspire end users to engage in the electricity industry.

In this sense, primary batteries and electric cars can be used as a flexible

demand or a form of electricity in a DR scheme. Several DR schemes, such

as a rooftop solar PV with a battery energy storage system, aim to recharge

storage during periods of low electricity tariffs or large excess power output

from distributed energy resources (DERs) [13].

An aggregator considers battery energy storage system discharge

throughout a congested or peak price of power to fulfill its legal requirement

of cheapest price assurance despite profiting from the greater energy value.

The study also shows that with the help of an aggregator, end users may get

more value out of their solar PV installations. Additionally, aggregators may

work with proprietors of electric vehicles (EVs) and vehicle-to-grid (V2G)

devices to maximize their accessible energy and storage that could be clas-

sified as a DR or V2G aggregator. Because V2G aggregators are in the pro-

totype phase and about to be practically deployed in the industry, their

flexible energy output and storage capabilities make them a valuable

resource in the energy market, and they have been expected to be important

participants in the near future. Aggregators of electric vehicles must take into

account the characteristics of their functioning that essentially “ramp up”
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and “ramp down” at high levels with short reaction times. EVs may also link

to and disengage from the power network for charging [13].

4 DR schemes

Administrators in electrical systems deployDR schemes to keep the network

economical and secure at periods of peak load, peak distributed energy

resource production, or peak energy tariffs. Users respond to controller

instructions by reducing or transferring specified demands or production

in return for an inducement or compensation in such systems. The advan-

tages of managing these demands or productions include savings on electric-

ity bills and incentives for users; secured volatility in the market; savings on

power system infrastructure; efficiency; enhanced power system stability and

reliability while minimizing variable costs throughout peak timings; and

offering operational flexibility that could be utilized to incorporate

RES [14].

The classification of DR schemes into “implicit” or “explicit” tech-

niques is a common practice. Users choose whether to participate for

implicit initiatives, which convey high power tariffs to them. The users

receive a defined compensation for a certain demand or production curtail-

ment or transfer in explicit DR schemes. Implicit DR schemes could only be

engaged in the electricity industry because network administrators have little

influence over the result. However, explicit DR schemes are predefined

agreements that provide some command and may thus engage in electricity,

capability, and reactive power management service markets as needed. Bid-

ding at the demand side, which allows big users or aggregators of DR to

actively bid significant amounts of controllable demand into electricity ten-

ders as a substitute for existing generating supplies, allows DR to engage in

the bulk electricity sector in some areas.

If indeed the DR offer is acceptable, the central controller will deploy it

based on the need to reduce the electricity price of power generation.

Because the expenses of allowing DR are far less than the price of operating

a power-producing facility, bidding on the demand side through DR has the

potential to successfully replace conventional producers from the bulk elec-

tricity industry. Network administrators utilize reactive power management

facilities in real time to preserve system stability and dependability in the

event of unforeseen disruptions or supply-demand fluctuations that create

resilience concerns. A capacity system enables DR initiatives to also be man-

aged as a different source of power purchasing from the bulk power
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electricity sector, and people can be used to reserve the capacity of future

load forecasts or in response to a backup. Such marketplaces improve power

system efficiency while lowering electricity prices, as DR schemes utilized

for power reserves can offer cheaper tariff models compared to conventional

power generation. Hardly larger industrial users have generally engaged in

DR schemes because they are more financially sustainable for facilitating

DR and have sophisticated systems of controllable demands [14].

Bulk users could reduce demands such as illumination, heaters, air flow,

and air conditioners, but their demand shedding possibilities are also deter-

mined by their specific manufacturing applications, which might allow for

the closure of certain processes. In accordance with the needs of DR instruc-

tions, commercial entrants can modify illumination, washers, conditioners,

air conditioning, refrigeration, heaters, and pool pumping systems. Demand

response regulation over heating and cooling as well as water heaters has

been used by some domestic customers to engage in DR schemes.

Residential user engagement has indeed been restricted because the

allowable price of DR is greater for such customers. Home facilities are loca-

tions of individual connectedness, making it difficult to encourage engage-

ment of residential users if it implies interrupting their style of living,

particularly if the bill money saved is considered insignificant by the user

and thus not worth the hassle. Moreover, residential consumers were pre-

viously unable to perceive a flexible power tariff and had flat fee meters fitted

on their venue. With the emergence of smart meters, this really is evolving

[14] (Fig. 1).

DR Schemes

Incentive Dependent

Dynamic pricing Time of Use

Load Bidding

Interruptible demand Demand control in
Direct Manner

Shedding of load Scheduled demand

Time dependent

Fig. 1 DR schemes.
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4.1 Energy storage and electric vehicle technology
In the context of energy storage and EVs, aggregators would like to establish

a bilateral agreement only with EVs and/or battery holders in which the

aggregator would monitor and control the EV in exchange for a reward.

As an added incentive for interacting shareholders while alleviating societal

issues about rechargeable battery damage, aggregators frequently substitute

and retain the battery. The majority of the existing literature concludes that

EV and/or battery aggregators are very suitable to supply reactive power

management facilities to network administrators, with an emphasis on the

reserve capacity for providing regulation in frequency, and that will be

the primary business concentration for this category of aggregator. Even

though conventional large-capacity power stations can provide lower-

priced sources of energy than DR aggregators focused on electric vehicles/

batteries, the reserve capacity tariff requires payouts for “backup” capability

as well as payouts for the “real” power dispatched, allowing electric vehi-

cles/battery aggregators to compete effectively [15].

4.2 Smart meters
These are instruments that help end users of electricity get information such

as device power utilization statistics, load curves, time varying tariffs, disrup-

tion occurrences, overvoltages, phase loss, and asymmetry. Customers may

now react to energy signals and make wiser power utilization choices as a

result of their intellect, allowing them to become regular players in the elec-

tricity industry. Because conventional energy markets are not designed to

observe distribution systems, smart meters include a supervision system that

is searchable and viewable, which is critical for DER connection success.

Despite the fact that the deployment of such a technique is a critical

enabler for residential participation in DR, these consumers are difficult

to motivate for the reasons stated above. As a result, maximizing resident

potential necessitates the development of personalized capabilities that help

customers take part without trying to make demand shedding too complex.

A network administrator might not even be able to bear the extra burden of

creating such personalized profile information for occupants, which might

necessitate evaluating their specific utilization patterns and choices to suc-

cessfully enable their involvement [16].

4.3 Demand response aggregator
In the power industry, DR aggregators operate as third-party intermediaries

among energy industry players and electricity users in the industrial,
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business, and domestic sectors. Such intermediaries recognize that end users

can supply system capability by maintaining demand/productions during

critical times such as peak demand or transferring specific processes to a

lower priced time of each day. The aggregator makes use of this capability

by interacting with plenty of end users to build up sufficient aggregated capa-

bility to meet the demands for joining the bulk power industry.

Network administrators as well as other key stakeholders purchase DR

aggregator capability as supplementary facilities, buffers of capacity, or bal-

ancing measures. As a result, DR aggregators give the electricity market a

way to capture potential capabilities that might not have been recognized

or considered important enough to join the network as individual pieces.

This is especially beneficial for administrators who just want to acquire addi-

tional capability utilization as the percentage of RE on the grid grows [17].

4.4 Virtual power plant (VPP)
The notion of a virtual power plant (VPP) is presented to combine the ben-

efits of demand response schemes and distributed energy resources in a group

of consumers who may also participate in the energy sector. Corporate VPP

(CVPP) and technological VPP (TVPP) are two types of VPPs. Power net-

work constraints are included in the TVPP power management approach,

but not in CVPP. Such VPPs employ a bidding technique that takes into

account their resources and electrical industry conditions. Furthermore, bat-

tery storage-incorporated VPPs could add to the sufficiency and dependabil-

ity of a production source in a low-voltage system, where the charging and

discharging of battery storage must be determined by an optimization tech-

nique. Fig. 2 presents the implementation of DR Schemes [17].

4.5 Communication modules
These are also required for data transfer between the HEMS/BEMS system,

equipment/demand controllers, sensing, graphical user interface, and rele-

vant players to be effective. Conventional load management solutions send

and receive information using wired network modules and standards such as

power line carriers, fiberoptics, and Internet standards. These modes of com-

munication, though, have greater implementation expenses connected with

their hardware needs than their wireless equivalents. New progress in wire-

less connectivity technologies and protocols such as Zigbee, 6LoWPAN,

WiFi, Bluetooth, and Z-Wave have enabled a much more cost-effective

and flexible type of communication that matches the evolving power sys-

tem’s dispersed topology [18].
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5 Different considerations regarding implementation
of DR schemes

5.1 Technical considerations
DR aggregators should be able to interact successfully with end users.

Aggregators ought to be able to independently connect equipment or pre-

defined demands that the end user has specified as well as execute demand

management to recover a certain DR capability. Aggregators also need to

provide users with a rational graphical user interface (GUI) to interact with

DR messages and enable a certain tier of user customization.

Home energy management systems (HEMS) and building energy man-

agement systems (BEMS) have been developed as a result of advancements

in information and communication technologies and smart metering, which

provide dynamic conditions that permit the effective control of sensitive

demands and offer strong communication abilities. Smart metering is

described as a system that detects, analyzes, gathers, and evaluates informa-

tion on electricity characteristics and the quality statistics that go with them.

The technology can interact with meters and central/distributed controllers

on a predetermined timetable [17].
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protocols

Explicit or Implicit or both DR
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Market clearly rates for supplied or
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Fig. 2 DR scheme implementation.
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5.2 Economic considerations
The economical features of DR aggregators in relation to the capability to

produce income, investment and trading activity as well as implementation,

service, and operating expenses are influenced by a variety of factors, which

can be classified as follows:

1. The type of economy as well as the circumstances and community in

which it exists.

2. Market access constraints.

3. Does the location have any updates or infrastructural facilities?

4. The density of the population of the geographic region.

The administrator site has signed up to engage in disaster recovery initiatives

that get launched in both the auxiliary company and capacity markets.

Due to a shortage of information and the expense of establishing

enhanced monitoring, domestic users typically have greater incremental

costs connected to DR schemes. Based on knowledge from past experience

with DR schemes and their inclination to have some preexisting equipment,

aggregators may find that the extra cost of permitting industrial and com-

mercial users to engage in a DR scheme is significantly lower [19].

Aggregators could also help network administrators save money by

deferring network development by using DR aggregators to modify the

demand characteristics to save network assets from overheating through

peak times. For instance, a company can use a DR aggregator to entice con-

sumers to engage in a DR scheme by raising their demands amid significant

RE sources and/or lowering their demands amid peak usage.

5.3 Social and political considerations
In several ways, the political and social consequences of DR aggregators are

interwoven. As a result, sociopolitical issues and their interrelationships, are

discussed in detail. The study demonstrates how state rollouts of DR key

enablers, such as smart meters, promote market involvement by facilitating

a user’s active engagement via scale economies. Some users may consider it

an infringement of privacy to have their device energy usage rates observed

and modified by different energy market players.

As a result, it is the aggregator’s responsibility to guarantee that the

appropriate security solutions are implemented to alleviate this societal issue.

Difficult problems in the Internet of Things and privacy security are cyber-

security and intrusion/theft/fraud detection in smart meters.
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Retailers can use the aggregator’s facilities to mitigate their exposures

toward economic uncertainty by enabling the aggregator to manage their

customers’ peak load. DR aggregators also include a form of peak usage mit-

igation that may compete with peak generators because they have lower

marginal costs and produce less carbon dioxide than conventional generating

techniques. Another benefit is that DR aggregators usually reply quicker,

whereas traditional generators almost always have operational constraints

that limit their capacity to rapidly alter their energy generation [20].

6 Strengths and weaknesses of DR schemes

6.1 Strengths
The following are some of a DR aggregator’s major strengths [21]:

• The incremental cost of allowing DR for urban and business users is

modest. Furthermore, the expenses of permitting bidirectional power

in battery-only cars are quite cheap.

• Technological advancements have lowered the price of equipment and

broadened the variety of products and devices that can be utilized for

disaster recovery. In addition, battery storage technology production

prices are falling, giving V2G aggregators additional opportunities to take

advantage of the existing technology.

• Enabling a high number of domestic DRs helps diversify the investment

and reduce risk.

• DR aggregators have reduced peak load operation and maintenance

expenses than conventional generation stations, allowing them to pro-

vide fair rates.

• By giving access to the common market, DR aggregators can increase

capital productivity.

• DR aggregators offer a capacity resource with a low carbon impact.

• EVs offer quick reaction times and high power capacity, giving V2G/

battery aggregators strategic benefits over conventional producers and

peak generators.

6.2 Weaknesses
The following are a few of a DR aggregator’s potential flaws [21].

• The incremental costs of enabling each existing residential end users

are high.
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• Qualified technical personnel are expected, but they come at a consid-

erable cost to the company.

• Users may be irritated by having to modify their usage habits.

• Consumer preference conduct has a significant impact on obtainable

profits.

• Starting and ongoing costs of marketplace participation and beginning

fees are considerable.

• Because domestic users are generally unaware of dynamic energy rates,

appropriate advertising involvement is required.

7 Conclusions

This chapter examinedDR aggregators from a variety of viewpoints, includ-

ing legal, financial, societal, and technical. As a result, a thorough examina-

tion of a standard DR aggregator’s capabilities, shortcomings, possibilities,

and dangers has been undertaken. This research confirms that the DR aggre-

gator has the ability to play a vital role in generating value for a power net-

work and consumers as a whole. This article discussed the role of DR

aggregators in the energy sector as well as the benefits that these aggregators

bring. It also explored the idea of who obtains such benefits and what pos-

sible difficulties this concept may bring.
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Abbreviations
AHOM absolute Hilbert output matrix

APSO adaptive particle swarm optimization

ASOM absolute values Stockwell output matrix

CVT curvelet transform

DWT discrete wavelet transform

EL extreme learning

FCM fuzzy c-means clustering

FES fuzzy expert system

FFNN feed-forward neural network

GT Gabor transform
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GWC Gabor wavelet coefficients

HPQDLI hybrid power quality detection and location index

HSPT hybrid signal processing technique

HT Hilbert transform

IEEE Institute of Electrical and Electronics Engineers

MATLAB matrix laboratory

MI momentary interruption

ML machine learning

MNN modular neural network

NN neural network

PNN probabilistic neural network

PQ power quality

PQI power quality detection index

RBDT rule-based decision tree

RBFNN radial basis function neural network

RE renewable energy

RT ridgelet transform

RTDS real-time digital simulator

RV reconstructed voltage signal

SRE signal reconstruction error

ST Stockwell transform

STFT short time Fourier transform

WFD PQ disturbance detection weight factor

WFDL PQ disturbance detection and location weight factor

WT wavelet transform

1 Introduction

The power quality (PQ) indicates the degree to which the voltage waveform

is approaching the standard specifications. Major power quality events with a

distribution network include harmonic distortions, frequency variations,

and voltage magnitude-related disturbances such sags, swells, momentary

interruptions (MI), spikes, and notches [1]. In recent decades, smart meters

for monitoring PQ disturbances have become essential tools for utilities.

Further, continuously increasing the integration of nonlinear loads and gen-

erators to power grids using power electronics technology initiated the

requirement of smart PQ monitoring devices [2]. The voltage-related PQ

disturbances are commonly observed with a power supply system. These

can be monitored using the signal processing-based hybrid methods [3].

Commonly applied signal processing approaches for the detection of distur-

bances include wavelet transform (WT), discrete wavelet transform (DWT),

Gabor transform (GT), Short time Fourier transform (STFT), Hilbert trans-

form (HT), Stockwell transform (ST), curvelet transform (CVT), and
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ridgelet transform (RT) [4]. The commonly used techniques for the catego-

rization of PQ disturbances include the probabilistic neural network (PNN),

modular neural network (MNN), neural network (NN), feed-forward neu-

ral network (FFNN), fuzzy c-means (FCM) clustering, adaptive particle

swarm optimization (APSO), fuzzy expert system (FES), rule-based decision

tree (RBDT), image processing, extreme learning (EL), and machine learn-

ing (ML) [5]. A hybrid technique using the ST and machine learning

method to detect different PQ events is designed in Ref. [6]. Due to the

good time-frequency resolution features of ST, a proposed algorithm has

high efficiency and it requires fewer features compared to the WT-based

PQ identification algorithm. In Ref. [7], the authors designed an approach

to identify and classify PQ events with a power distribution network using

the radial basis function neural network (RBFNN) and WT. PQ classifica-

tion is achieved using fewer features in comparison to the conventional

techniques. Weights are so selected that high classification accuracy is

achieved using RBFNN. A PQ recognition technique using ST in the pres-

ence of wind and solar energy in the utility grid under various operational

scenarios is reported in Refs. [8,9]. A hybrid method using the ST and FCM

to detect various operational events and PQ disturbances associated with

these events in a utility grid with high wind energy penetration is designed

in Ref. [10]. Operational events are rated in terms of associated PQ distur-

bances using a PQ index. The effectiveness of the algorithm is analyzed on

an IEEE-13 bus test system and real-time validation is performed using a

real-time digital simulator (RTDS). In Ref. [11], the authors introduced

a method to identify PQ issues pertaining to a utility grid with high pene-

tration of solar energy in various loads. Harmonic analysis is also performed

using the hardware set-up.

After a detailed study of the above-discussed literature, it is pointed

out that voltage magnitude-related PQ disturbances commonly occur

on the distribution network due to the nonlinear nature of loads, high

RE penetration, operational events, and faulty events. Further, the hybrid

use of signal processing methods helps to design an efficient online PQ

monitoring smart meter. The following are the main contributions of this

paper:

• A hybrid signal processing technique using GT, ST, and HT is designed

for a smart PQ monitoring meter to detect voltage sags, swells, and MIs.

• A PQI and HPQDLI are used to detect and locate the voltage

magnitude-related PQ disturbances accurately.

• Features computed from PQI and HPQDLI are used for the categoriza-

tion of the disturbances using decision rules.
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• The proposed hybrid algorithm is more efficient compared with the

DWT method, specifically in noisy conditions.

This paper is organized into seven sections. General introduction, literature

review, and research contribution are discussed in the Section 1. Section 2

details the mathematical formulation used for the generation of investigated

PQ disturbances. The designed hybrid PQ identification algorithm is detailed

in Section 3. A discussion of simulation results is included in Section 4 and the

categorization of PQ events is discussed in Section 5. A performance compar-

ative study is included in Section 6 and the conclusion is made in Section 7.

2 Generation of PQ disturbances

Voltage with a pure sinusoidal nature, voltage sags, swells, and MIs are sim-

ulated using the mathematical formulation reported in Refs. [3,12] which is

described below.

• Voltage signal without any disturbance

V tð Þ¼A sin ωtð Þ
• Voltage signal with sag disturbance

V tð Þ¼ 1�α u t� t1ð Þ�u t� t2ð Þð Þ½ � sin ωtð Þ
• Voltage signal with swell disturbance

V tð Þ¼ 1+ α u t� t1ð Þ�u t� t2ð Þð Þ½ � sin ωtð Þ
• Voltage with MI disturbance

V tð Þ¼ 1�α u t� t1ð Þ�u t� t2ð Þð Þ½ � sin ωtð Þ:
In the above equations, the nomenclature used is as follows: A—amplitude of

signal, f—frequency of signal, V—voltage signal, T—time period (T ¼ 1/f ),

ω—angular frequency, u(t)—unit step function, and t—time instant. Standard

parameters and simulatedparameters used for this study are available inRef. [12].

3 Hybrid signal processing technique to design
smart PQ monitoring meter

The hybrid signal processing technique (HSPT) for smart PQ monitoring

meters to detect voltage amplitude-related disturbances is designed by

the hybrid use of GT, ST, and HT. The detailed mathematical expression

of GT, ST, and HT used for the study is available in Refs. [13–16].
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The recognition of voltage magnitude-related PQ disturbances is completed

in two steps. The first step involves the detection of PQ disturbances and the

second step involves the categorization of these PQ disturbances.

3.1 Detection of voltage magnitude-related PQ disturbances
The following are the steps to implement HSPT to detect voltage

amplitude-related PQ disturbances:

• Generate voltage with PQ disturbance (V) using the mathematical for-

mulation detailed in Section 2.

• Decompose voltage with the PQ disturbance using GT, compute the

complex Gabor wavelet coefficients, compute the absolute values, and

designate this as GWC.

• Reconstruct the signal with the PQ disturbance (RV) and compute the

signal reconstruction error (SRE) by the difference between the original

signal and the reconstructed signal.

SRE¼V �RV

• Decompose the reconstructed signal (RV) using the Stockwell transform

and compute the Stockwell output matrix (SOM). Compute the abso-

lute values of the SOM to compute the absolute Stockwell output matrix

(ASOM).

ASOM ¼ abs SOMð Þ
• Compute the summation of values of every column of ASOM

SS¼ sum ASOMð Þ
• Decompose the reconstructed signal (RV) using the Hilbert transform

and compute the absolute Hilbert output matrix (AHOM).

AHOM ¼ hilbert RVð Þ
• Compute the PQ disturbance detection index (PQI) by the multiplica-

tion of AHOMwith SS element to element. A PQ disturbance detection

weight factor (WFD) is used to normalize the value of PQI. The value of

WFD is considered equal to 0.555, which is selected after the testing

method on different magnitudes of voltage sag, swell, and MI

disturbances.

PQI ¼AHOM�SS�WFD

• Compute the hybrid power quality disturbance detection and location

index (HPQDLI) by the multiplication of AHOM with SS and
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GWC element to element. A PQ disturbance detection and location

weight factor (WFDL) is used to normalize the value of the HPQDLI

index. The value of WFD is considered equal to 166.67, which is

selected after the testing method on different magnitudes of voltage

sag, swell, and MI disturbances.

HPQDLI ¼AHOM�SS�GWC�WFDL

• An analysis of the plots of PQI and HPQDLI associated with a voltage

signal having PQ disturbance and comparing these plots with the respec-

tive plots of pure sine wave, PQ disturbances related to voltage magni-

tude such as sag, swell, and MI can be identified effectively.

3.2 Categorization of voltage magnitude-related
PQ disturbances
The voltage-related PQ disturbances are categorized using simple decision

rules designed using the features computed from the PQI and HPQDLI.

A detailed description of the decision rules is available in Ref. [17]. The

computation of features is detailed below:

• F1: Variance of PQI

F1¼ var PQIð Þ
• F2: Variance of HPQDLI

F2¼ var HPQDLIð Þ
• F3: Standard deviations of ASOM

F3¼ stdðASOMÞ
• F4: Standard deviations of AHOM

F4¼ stdðAHOMÞ

4 Simulation results and discussion

Simulation results for the detection of voltage magnitude-related PQ distur-

bances are discussed in this section. PQI, HPQDLI, and signal reconstruc-

tion plots for the investigated disturbances of voltage sag, voltage swell, and

MI have been discussed. These plots for the sinusoidal waveform are con-

sidered as reference plots and are also discussed in this section.

4.1 Sinusoidal waveform
A voltage signal without a PQ disturbance is simulated and shown in

Fig. 1A. This signal is decomposed using GT to compute the absolute values
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of GWC. The signal is reconstructed, and this is shown in Fig. 1B. SRE is

computed by the difference between the original signal and the recon-

structed signal, which is plotted in Fig. 2. The reconstructed signal (RV)

is decomposed using the ST and the ASOM is calculated. The summation

of the values of every column of ASOM (SS) is computed. Further, the RV

signal is also processed using HT and the absolute values of the output matrix

are computed (AHOM). The PQI index is computed by the multiplication

of AHOM, SS, and WFD, which is detailed in Fig. 1C. HPQDLI is com-

puted by multiplying the AHOM, SS, GWC, and WFDL, which is illus-

trated in Fig. 1D.

Fig. 1 Voltage without PQ disturbance: (A) Original voltage signal, (B) reconstructed
voltage signal, (C) PQI plot, (D) HPQDLI plot.

Fig. 2 Reconstruction error for voltage without a PQ disturbance.
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It is inferred from Fig. 1A and B that the disturbance is not associated

with the voltage signal. Fig. 1C shows that the magnitude of the PQI index

is constant and equal to the unit over the entire time period of the signal,

which indicates that signal is pure sinusoidal in nature and not associated

with a PQ event. Fig. 1D shows that the magnitude of the HPQDLI index

is constant and equal to the unit over the entire time period of the signal,

which indicates that the signal is pure sinusoidal in nature and not associated

with a PQ event. Fig. 2 shows that the reconstruction error is zero for a pure

sinusoidal voltage signal.

4.2 Voltage sag
A voltage signal with a sag disturbance is simulated and shown in Fig. 3A.

This signal is decomposed using GT to compute the absolute values of the

GWC. The signal is reconstructed, which is detailed in Fig. 3B. SRE is com-

puted by the difference between the original signal and the reconstructed

signal, which is plotted in Fig. 4. The reconstructed signal (RV) is processed

using ST and the ASOM is computed. The summation of values of every

column of ASOM (SS) is computed. Further, the RV signal with sag event

is also processed using the HT and the absolute values of output matrix are

computed (AHOM). The PQI index is computed by the multiplication of

AHOM, SS, and WFD, which is illustrated in Fig. 3C. HPQDLI is com-

puted by the multiplication of AHOM, SS, GWC, and WFDL, which is

illustrated in Fig. 3D.

It is inferred from Fig. 3A that the voltage magnitude has reduced

between 0.05 s and 0.15 s, which indicates the availability of the sag distur-

bance. It is observed from Fig. 3B that the voltage magnitude of the recon-

structed signal has been reduced between 0.05 s and 0.15 s, which detects the

availability of the sag event. Fig. 3C shows that the magnitude of the PQI

index is reduced between 0.05 s and 0.15 s, which indicates the availability of

the sag event associated with voltage. Fig. 3D shows that the magnitude of

the HPQDLI index is reduced between 0.05 s and 0.15 s, which indicates the

availability of the sag event pertaining to voltage. Further, high peaks are

seen with the plot HPQDLI at time instants of 0.05 s and 0.15 s, which indi-

cates the start and end of the sag event. Hence, the proposed PQI and

HPQDLI indices effectively identified and located the voltage sag event

in the time domain. Fig. 4 shows that the reconstruction error is nonzero

at the start and end of the voltage sag disturbance and zero at all other times.

Hence, the plot for the reconstruction error effectively localizes the sag PQ

disturbance in the time domain.

368 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



4.3 Voltage swell
Voltage with a swell event is simulated and shown in Fig. 5A. This signal is

decomposed using GT to compute the absolute values of GWC. The signal

is reconstructed, which is illustrated in Fig. 5B. SRE is computed by the dif-

ference between the original signal and the reconstructed signal, which is

plotted in Fig. 6. The reconstructed signal (RV) is processed using ST

Fig. 3 Voltage with sag event: (A) Original voltage, (B) reconstructed voltage, (C) PQI
plot, (D) HPQDLI plot.

Fig. 4 Reconstruction error for voltage with sag disturbance.

369Hybrid signal processing technique

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



and the ASOM is computed. The summation of values of every column of

ASOM (SS) is computed. Further, the RV signal with swell disturbance is

also processed using HT and the absolute magnitudes of output matrix are

computed (AHOM). The PQI index is computed by the multiplication of

AHOM, SS, andWFD, which is detailed in Fig. 5C. HPQDLI is computed

by the multiplication of AHOM, SS, GWC, andWFDL, which is described

in Fig. 5D.

Fig. 6 Reconstruction error for voltage with well event.

Fig. 5 Voltage with well event: (A) Original voltage, (B) reconstructed voltage, (C) PQI
plot, (D) HPQDLI plot.
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It is inferred from Fig. 5A that the voltage has increased between 0.05 s

and 0.15 s, which indicates the availability of the swell disturbance. It is

observed from Fig. 5B that the voltage magnitude of the reconstructed signal

has increased between 0.05 s and 0.15 s, which indicates the availability of

the swell disturbance. Fig. 5C shows that the PQI index is increased between

0.05 s and 0.15 s, which indicates the availability of the swell event associated

with voltage. Fig. 5D shows that the magnitude of the HPQDLI index is

raised between 0.05 s and 0.15 s, which indicates the availability of the swell

event associated with voltage. Further, high magnitude peaks are observed

with the plot HPQDLI at the time instants of 0.05 s and 0.15 s, which indi-

cates the start and end of the swell disturbance. Hence, the proposed PQI

and HPQDLI indices effectively identified and located the voltage swell dis-

turbance in the time domain. Fig. 6 shows that the reconstruction error is

nonzero at the start and end of the voltage swell disturbance and zero at

all other times. Hence, the plot for the reconstruction error effectively local-

izes the swell PQ disturbance in the time domain.

4.4 Momentary interruption
Voltage with theMI PQ event is simulated and shown in Fig. 7A. This signal

is processed using GT to compute the absolute values of GWC. The signal is

reconstructed, which is described in Fig. 7B. SRE is computed by the dif-

ference between the original signal and the reconstructed signal, which is

plotted in Fig. 8. The reconstructed signal (RV) is processed using ST

and the ASOM is computed. The summation of values of every column

of ASOM (SS) is computed. Further, the RV signal withMI PQ disturbance

is also processed using the HT and the absolute values of output matrix are

computed (AHOM). The PQI index is computed by the multiplication of

AHOM, SS, andWFD, which is detailed in Fig. 7C. HPQDLI is computed

by the multiplication of AHOM, SS, GWC, andWFDL, which is described

in Fig. 7D.

It is inferred from Fig. 7A that the voltage magnitude is reduced below

0.1 pu between 0.05 s and 0.15 s, which indicates the availability of the MI

disturbance. It is observed from Fig. 7B that the voltage magnitude of the

reconstructed signal has decreased below 0.1 pu between 0.05 s and

0.15 s, which indicates the availability of the MI event. Fig. 7C shows that

the magnitude of the PQI index is reduced below 0.1 pu between 0.05 s and

0.15 s, which indicates the availability of the MI event associated with volt-

age. Fig. 7D shows that the magnitude of the HPQDLI index is reduced
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between 0.05 s and 0.15 s, which indicates the availability of the MI distur-

bance associated with the voltage signal. Further, high magnitude peaks are

observed with the plot HPQDLI at the time instants of 0.05 s and 0.15 s,

which indicates the start and end of the MI disturbance. Hence, the pro-

posed PQI and HPQDLI indices effectively identified and located the volt-

age MI disturbance in the time domain. Fig. 8 shows that the reconstruction

Fig. 7 Voltage with MI event: (A) Original voltage, (B) reconstructed voltage, (C) PQI plot,
(D) HPQDLI plot.

Fig. 8 Reconstruction error for voltage with MI disturbance.
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error is nonzero at the start and end of the voltageMI disturbance and zero at

all other times. Hence, the plot for the reconstruction error effectively local-

izes the MI PQ disturbance in the time domain.

5 Classification of voltage disturbances

Investigated voltage-related PQ disturbances have been categorized using

the decision rules based on features F1, F2, F3, and F4. The numerical values

of F1-F2 used for this study are included in Table 1. Decision rules used for

the classification and classification tree are illustrated in Fig. 9. If F1>0.90,

then a momentary interruption is detected. Further, for the sine wave fea-

tures, F1, F2, and F3 are zero. Subsequently, if F1>0.2, then the voltage

swell is observed; otherwise, a voltage sag is detected. Hence, all the inves-

tigated voltage magnitude-related disturbances have been recognized effec-

tively using the proposed algorithm.

The classification accuracy of the algorithm is tested using 60 datasets of

each disturbance computed by changing the parameters such as time of dis-

turbance, change in voltage magnitude, signal time period, etc. Correctly

detected signals, incorrectly detected signals, and the accuracy of classifica-

tion are included in Table 2. It is inferred that the algorithm effectively iden-

tified the voltage magnitude-related PQ disturbances with an accuracy

higher than 99%.

6 Performance comparative study

The performance of the proposed algorithm is compared with ST and the

decision rules algorithm reported in Refs. [18,19]. The algorithm reported

in Refs. [18,19] has an accuracy of 96%. However, the proposed method has

Table 1 Features for the classification of disturbances.

S. no. Voltage disturbance F1 F2 F3 F4

1 Voltage signal without PQ

disturbance

0 3.0708 0 0

2 Voltage sag 0.1963 4.2687 0.2720 0.1487

3 Voltage swell 0.3552 5.5555 0.2709 0.1488

4 Momentary interruption 0.9651 11.4218 0.8171 0.4563
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an accuracy higher than 99%. Hence, the performance of the designed algo-

rithm is better compared to the algorithms based on ST and the decision

rules algorithm reported in Refs. [18,19]. As a future study, the performance

of proposed algorithm may be compared with the techniques reported in

Refs. [20–28].

Fig. 9 Classification tree for disturbances.

Table 2 Features for the classification of disturbances.

S. no.
Voltage
disturbance

Number of
tested signals

Correctly
classified

Wrongly
classified

Classification
accuracy (%)

1 Voltage signal

without PQ

disturbance

60 60 0 100

2 Voltage sag 60 59 1 98.33

3 Voltage swell 60 59 1 98.33

4 Momentary

interruption

60 60 0 100

Overall Accuracy 99.165
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7 Conclusion

This research designed a hybrid signal processing technique using GT, ST,

HT, and decision rules for smart PQ monitoring meters to detect voltage

magnitude-related PQ events such as sags, swells, and MIs. This was

achieved using the proposed PQI, HPQDLI, and decision rules driven by

various features. It is concluded that the designed hybrid signal processing

technique effectively recognized and localized the voltage magnitude-

related PQ disturbances. These disturbances have been categorized with

an accuracy higher than 99%. The proposed hybrid algorithm performs bet-

ter compared to the ST and decision rule-based algorithm reported in the

literature.
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1 Introduction

An electric conductor carrying power from a substation to end users to meet

load demands along its path that is the most extensive part of the electrical

system in which it is primarily responsible for energy losses due to improper

planning [1–3]; An electric conductor carries power from a substation to end

users to meet the load along its path. It is an extensive part of the electrical

system that is primarily responsible for the energy losses. Installing new dis-

tribution networks and strengthening current distribution networks are crit-

ical to meet the rapidly rising demand of consumers. Distribution networks,

on the other hand, get the greatest share of strained circumstances due to

their aim, planning, and operation margins [4]. The additional power
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demand at all points of electric distribution systems necessitates the expan-

sion of electricity supply chain components [5–7]. One of the steps taken by

planners to deal with increased electric demands is distribution system

expansion [8–10]. Distribution system (DS) expansion planning is chosen

as this study’s major topic of interest. The challenge of distribution system

expansion planning involves the placement, size, and efficacy of distribution

equipment installation.

As a result, the distribution system expansion planning challenge is a mul-

tiobjective problem with many dimensions, including investment and oper-

ating costs that must be minimized while meeting electrical and geographical

restrictions. One of the fundamental and basic aspects of the power system

expansion planning challenge is uncertainty. This problem is more difficult

to solve in the context of optimum distribution network expansion planning

in a smart grid setting with demand and generation forecasts. If the distribu-

tion is done correctly, planned growth will ensure that the power systems

run smoothly, assisting in the development of the economy and society. Sev-

eral approximation ways to solve the distribution-planning issue have been

created over the last decades [11–17] as a result of various investigations on
expansion problem methods. Initially, the study concentrated on typical

planning problems such as substation feeder placement and distributed gen-

eration (if any) routing to reduce voltage variation (better voltage profile) at

each node as well as distribution network power losses [18–20].
Increasing load needs, limited expansion choices, extremely competitive

electricity market situations, and environmental problems all contribute to

strained transmission and distribution network operations. Owing to their

aim, planning, and operation margins, distribution networks get the greatest

share of strained situations [21].

The major issue confronting Ethiopia’s electric power providers today is

that electricity consumption is quickly increasing while supply is restricted

by economic, environmental, and other common issues. This has necessi-

tated the development of more comprehensive explanations for additional

system facilities as well as improvements in fabrication and power usage.

The development and management of a distribution network system based

on a consistency assessmentmethodology gives a chance to rationalize one of

Ethiopia’s most scrutinized and vulnerable economic sectors. This results in

a high frequency of interruptions, a large numeric value of power losses, and

voltage variations in DebreMarkos distribution networks. The following are

the main causes of the aforementioned issues: the power grid conductor size

and transformer capacity are too small and outdated while networks were

built without proper planning.
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To address the aforementioned issues and provide reliable and uninter-

rupted electricity with a better power system profile, a good expansion plan

for the Debre Markos DS is required, taking into account the optimal sizing

and placement of distributed energy and sectional switches to meet current

and future electricity demand.

The primary goal of DSplanning is to provide for demand to increase

revenue and reduce operating costs, which necessitates coping with typical

issues such as power losses and the voltage profile. Optimal DS expansion

planning has been a hot area of research. Due to the fast-growing electric

power demand in Ethiopia, particularly in Debre Markos, additional circuits

have been added to the existingDS under smart grid standards in recent years.

Distribution expansion planning is done to provide a distribution

infrastructure in a smart grid manner that meets electricity customer require-

ments in terms of capacity, reliability, and quality in the most cost-effective

manner. This entails the need to model, reinforce, and develop the existing

infrastructure in a phase-wise manner so that infrastructure expansion is

appropriate with the evolving electricity requirements. To fulfill the load

estimates defined by the planning horizon, distribution planners must

guarantee that there is acceptable substation capacity (i.e., distribution trans-

former) and feeder capacity [8,22–24]. The multiobjective particle swarm

optimization (MOPSO) algorithm is used in this chapter to conduct the

proposed optimization approach for optimal sizing and placement of the

DG unit sectional switch in an active distribution network system.

2 Smart grid technology

Traditional and smart grid technologies are the two categories of grid tech-

nologies. Consumers are connected to an electric network, which is regu-

lated by DS operators, in a conventional structure. Energy is provided by

large, semicentralized utilities. The energy flow in a traditional grid technol-

ogy is one-directional, more predictable, and controlled. The typical distri-

bution is depicted in the diagram below.

3 Methodology

This chapter uses articles, theses, dissertations, reference works, textbooks,

recognized and regulated documents, media, and software such as

MATLAB,Microsoft Excel, and Visio for analysis and simulation to perform

optimal expansion planning, implement optimization techniques, and the

materials used in this work.
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The methods exercised on optimal expansion planning in a smart grid

environment of a radial distribution network are data collection, including

ratings distribution transformers, cable size, voltage profile, and customer

load. From the data collected in the distribution network, a single line

diagram has been prepared with Visio.

Load flow analysis was performed using MATLAB2020 utilizing the

backward/forward sweeping technique after gathering data for the system’s

above-mentioned parameters. The voltage profile at each node, the overall

voltage deviation, and the active and reactive power loss for the present sys-

tem are all analyzed as a result of this study.

The system under consideration has had its load forecasts done for the

years 2027/28. Separated feeders, upgraded feeders, and upgraded feeders

with DG and sectional switches are the three phases that the system should

take to attain the offered solutions. In this study, all stages were subjected to a

backward/forward power flow analysis to determine the optimum option.

Using MOPSO techniques, we were able to achieve optimal DG and

sectional switch sizing and location.

4 Overview of study area

Debre Markos is a town in the Amhara National Regional State, East

Gojjam Zone, northwestern Ethiopia.

This work involves only one feeder, which is Debre Markos feeder 3. It

is circled in red in Fig. 1 below. This feeder is supplied from Debre Markos

substation by a 63 MVA three-winding transformer. There are three addi-

tional feeders with a 15 kV rating: D/M feeder 4, Amanuel feeder, and

Lumame feeder, which are also supplied by the same three transformers.

It feeds the towns of Amanuel and Lumame, respectively. There is another

line with a 66 kV rating, i.e., Finote Selam town, which is supplied from

D/M substation by the same 63 MVA three-winding transformer.

4.1 Existing Debre Markos distribution network
The system data of the study distribution network is described and the peak

load on each feeder recorded from 2013/14 to 2017/18 at the DebreMarkos

distribution system is shown in Table 1.

For the last of 2017/18, there were 106 existing three-phase distribution

transformers installed in this feeder. This distribution network is the

radial-type distribution network in which the power is delivered from

the source to the customer in a straightforward manner. This is cheap to
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design and protect but it is less reliable and subject to disturbances easily. In

these medium-voltage 15kV line feeders, aluminum conductors are used.

The 15kV Debre Markos feeder 3 existing distribution network feeder that

is at 2017/18 is shown in Fig. 2.

4.2 Demand forecasting
The least square approximation approach is employed in this study to

anticipate trends. The following equation [25] may be used to determine

the current load demand for all load buses as well as the future load demand

at the end of the year nth.

Pn¼Po 1+ gð Þn (1)

where Pn is load demand at the end of the nth year, Po is initial load, g is

annual load growth rate, and n is number of years.

Based on the collected data, the forecasting of power demand in the

period of 2017/18–2022/23–2027/28 in all the feeders are evaluated.

The forecasting of the year (nth) can be computed based on the mathemat-

ical expression by using Eq. (1).
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Table 1 The loading condition of the 15kV feeders from 2013/14 to 2017/18.

Feeder name Year

Yearly peak
power
demand (MW)

Voltage level
(kV) Current (A)

Total
number of
transformers Length (km)

Total
transformer
capacity (kVA)

D/M feeder 3 2013/14 28.67 15 106.88 106 63.1601 23260

2014/15 32.29 15 120.43

2015/16 37.15 15 138.42

2016/17 39.7 15 165.3

2017/18 49.68 15 188.2

D/M feeder 4 2013/14 21.22 15 79 No details No details No details

2014/15 24.2 15 90.22

2015/16 27.59 15 102.92

2016/17 26.4 15 120

2017/18 32.76 15 124.9

Amanuel feeder 2013/14 0.24 15 112.71 No details No details No details

2014/15 33.23 15 123.89

2015/16 36.29 15 135.33

2016/17 26.4 15 130.7

2017/18 36.6 15 140.5

Lumame feeder 2013/14 30.97 15 115.42 No details No details No details

2014/15 34 15 126.78

2015/16 27.78 15 103.58

2016/17 29.6 15 113.78

2017/18 35.88 15 136.9
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Using the forecasting technique stated above and Eq. (1), the forecasted

electrical load of the distribution network from Table 2 for D/M feeder 3 is

as follows:

• For the year 2017/18, the demand was 3.9MW.

• For the year 2022/23, demand will be 7.66MW.
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Table 2 Forecasting for 2017/18–2027/28 (in MW).

Year

Existing demand@feeder Predicted loading@feeder

D/M 3 D/M 4 Amanuel Lumame D/M 3 D/M 3 growth rate (%) D/M 4 D/M 4 growth rate (%)

2013/14 2.39 1.77 2.52 2.58 2.364 1.801

2014/15 2.69 2.02 2.77 2.83 2.694 13.95840677 1.982 10.04164739

2015/16 3.1 2.3 3.02 2.32 3.070 13.94989174 2.180 10.00841043

2016/17 3.31 2.2 2.20 2.47 3.498 13.95222584 2.398 10.01529052

2017/18 4.14 2.73 3.05 2.99 3.986 13.93520724 2.639 10.04169562

2018/19 – – – – 4.543 13.96613004 2.904 10.04104831

2019/20 – – – – 5.176 13.94239589 3.195 10.0143472

2020/21 – – – – 5.898 13.95910481 3.515 10.01564945

2021/22 – – – – 6.721 13.94461712 3.866 10.0284495

2022/23 – – – – 7.659 13.96156231 4.256 10.04093945

2023/24 – – – – 8.728 13.94842781 4.683 10.02545526

2024/25 – – – – 9.945 13.95015755 5.152 10.01957644

2025/26 – – – – 11.333 13.95173454 5.673 10.02911679

2026/27 – – – – 12.914 13.9569086 6.237 10.02646281

2027/28 – – – – 14.716 13.95108731 6.862 10.02137894

Where D/M is Debre Markos.
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• For the year 2027/28, loading will be 14.72MW.

Forecasting for the D/M distribution network shows that the electrical

demand grows dramatically, an increase shown in Fig. 3 below.

5 Result and discussion

The total peak demand taken from the existing networks and the results of

load forecasting stated above in 2017/18, 2022/23, and 2027/28 will be

3.9MW, 7.66MW, and 14.72MW for feeder 3, respectively. Use back-

ward/forwardMATLAB code to analyse the load flow on D/M distribution

networks in cases of peak demand in 2017/18 and peak forecasted demands

in 2022/23 and 2027/28 and determine the total voltage deviation, bus volt-

age, current, and power losses in each branch. The analysis results are shown

in Table 3.

Results show that the present DS was not able to supply the future

demand. Thus, appropriate expansion planning is the only solution, and

it is done below. This expansion planning consists of separating and adding

new feeders, with upgrading the separated and integrating optimal placing

and sizing of DGs and sectional switches.

5.1 Divide present feeders and add new feeder
Due to covering the maximum demand loads of the town and the length of

the conductors is also maximum, this is around 32km from the distribution

stations. This feeder has also maximum power losses and voltage deviation.

Therefore, the feeder is separated into two: D/M F3A and D/M F3B.

As the feeder is separated, even if the losses and drop are reduced as

shown in Table 4, there are transformers and feeders with overloading. Con-

sequently, this separated feeder is upgraded to overcome the overloading

problems.
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Fig. 3 Loading of D/M feeder 3 from 2016/17 to 2026/27.
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Table 3 Analysis of the existing network (at peak load) in 2017/18, 2022/23, and 2027/28.

Feeder name

Total current
(A)

Line data Demand@

Total
power
loss (kW)

Total
reactive
power
loss (kvar)

Total
voltage
deviation
(p.u)

Overloaded
lines

Overloaded
Trs@2017/18

Demand
(MW)

D/M feeder 3 188.2 4.14 2017/18 2017/18 519.3944 518.3686 15.6075 Yes Yes

2017/18 2022/23 2040.4 2033.9 31.0227 Yes Yes

2017/18 2027/28 7434.9 7391.8 58.6952 Yes Yes
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Table 4 Result analysis of the separated network in case of peak load 2017/18, 2022/23, and 2027/28.

Feeder
Line
data Load @

Total
power loss
(kW)

Total reactive
power loss
(kvar)

Total voltage
deviation (p.u)

Overloaded
lines

Overloaded
Trs

D/M feeder 3 F3A 2017/18 2017/18 55.9532 57.81423 2.1528 No No

2017/18 2022/23 170.6984 175.9568 3.8814 Yes Yes

2017/18 2027/28 376.8642 388.5580 5.7412 Yes Yes

D/M feeder 3 F3B 2017/18 2017/18 93.6031 96.7861 4.1405 No Yes

2017/18 2022/23 296.7958 307.8825 7.3219 Yes Yes

2017/18 2027/28 665.4087 690.7357 10.9415 Yes Yes
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5.2 Upgrade and installed new lines and distribution
transformers
According to the current flow through the line resulted from the load flow

on MATLAB software, the suitable wire size is selected [8,26] (Table 5).

Themajority of the transformers are overburdened and required replace-

ment. Additional transformer capability could be chosen based on the pro-

jected electricity demand in 2027/28 [8].

As shown in Table 6, the load flow analysis result, the power losses, and

the voltage deviation are minimized radically while the line is also sufficient

to conduct, but the distribution network faces transformer-overloading

condition on the targeted year 2027/28. To overcome these challenges,

DGs and sectional switches are incorporated with the appropriate places

and capacity.

5.3 Integration of DGs and sectional switches in upgraded
separated feeder
MOPSO techniques are executed on the two feeders (D/M F3A and D/M

F3B) for the optimal place and size of DG and sectional switches, which are

used to radically reduce the system voltage deviation and power losses. Fig. 4

represents the existing D/M feeder 3 with 129 buses.

As shown in Table 7, the load flow analysis result, the power losses, and

the voltage deviation are minimized radically while the lines and trans-

formers overloading conditions are sufficient to conduct future loads on

the targeted year 2027/28. MOPSO is used to optimally place and size

DGs for D/M F3A and D/M F3B, and these are at bus 15, 1.9128MVA

and at bus 18, 1.9999MVA, respectively. The optimal numbers of sectional

switches for D/M F3A and D/M F3B are nine and eight, respectively. In

addition, the optimal placement of the sectional switches for D/M F3A

and D/M F3B are at buses 3, 4, 9, 12, 15, 17, 18, 21, and 23 and at bus

5, 13, 16, 22, 25, 26, 36, and 37, respectively. The optimal locations of

DGs and sectional switches for D/M F3A and D/M F3B are illustrated in

Figs. 4 and 5.

Table 5 Upgraded conductors for future demand.

Feeder Existing Distance (km) Upgraded wire type

F3A AAC-95 7.458 AAC-200

2.452 AAC-200

F3B AAC-95 13.5281 AAC-200
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Table 6 Upgraded separate and existing network load flow results (@ peak demand in 2027/28).

Feeder Line data Demand@
Total active
power loss (kW)

Total reactive
power loss (kW)

Total voltage
deviation (p.u)

Overloaded
lines

Overloaded
Trs

Upgraded

separated

feeder D/M F3

Upgraded D/M F3A 2027/28 210.412 306.4271 3.7929 No Yes

Upgraded D/M F3B 2027/28 338.621 510.6102 6.9762 No Yes

Total 2027/28 545.238 814.4205 10.7691
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Table 8 shows the optimum location, size, and real power losses before

and after DG placement in the existing two separated feeders, D/M feeder 3

(Table 9).

Figs. 6 and 7 show the voltage profiles for the separated feeders F3A

and F3B.
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Table 7 Upgraded separated result analysis of feeders with DGs and sectional switches in case of peak load in 2027/28.

Feeder Line data Demand @
Total active
power loss (kW)

Total reactive
power loss (kvar)

Total voltage
deviation (p.u) Overloaded lines Overloaded Trs

Upgraded

separated

feeder

Upgraded D/M

F3A

2027/28 210.412 306.4271 3.7929 No Yes

Upgraded D/M

F3B

2027/28 338.621 510.6102 6.9762 No Yes

Upgraded

separated

feeder with

DG

Upgraded D/M

F3A with DG

at bus

15 (1.9128MVA)

2027/28 22.385 21.876 0.179 No No

Upgraded D/M

F3B with DG

at bus

18 (1.9997MVA)

2027/28 75.017 105.103 0.313 No No
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Fig. 5 Separated feeder D/M F3B with its DG and sectional switches utilizing MOPSO.

Table 8 Result of MOPSO on reduction in real and reactive power loss and voltage
deviation with optimal placement of DG and sectional switches.

Feeder Method Bus
Optimum
capacity (MVA)

Loss (active)
(kW)

Loss
(reactive)
(kvar)

Variation
(voltage)
(p.u)

F3A MOPSO 15 1.9128 22.385 21.876 0.179

F3B 18 1.9999 75.017 105.103 0.313
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Table 9 Result of MOPSO with DGs and sectional switches.

Different scenarios

Loss (active) (kW) Loss (reactive) (kvar) Variation (voltage) (p.u)

F3AU F3BU F3AU F3BU F3AU F3BU

Without DG 210.412 338.621 306.4271 510.6102 3.7929 6.9762

With DG by MOPSO 22.385 75.017 21.876 105.103 0.179 0.313

Reduction (%) 89.36 77.85 92.86 79.42 95.28 95.51
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6 Conclusion

This chapter presented the optimal expansion planning of the smart DS.

A practical case study of D/MDSwas utilized. In expanding the distribution

network, feeder separation, upgrading the components, and incorporating

DG with a proper capacity level were done. The MOPSO technique was

used to size and place DG in the distribution network to minimize losses

and improve the voltage prolife.
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1 Introduction

The development of industry and the rapid advancement of digital technol-

ogy in combination with the increase in population have had a profound

effect on increasing the demand for electricity around the world. Today,

renewable energy (RE) resources play an important role in meeting the

increasing demand for electricity. The most common sources of renewable

power generation are solar, hydro, wind, geothermal, and tidal energies.

Solar power is the most popular energy source because of its clean emissions

and reliability that are not harmful to the environment [1].

Due to the poor efficiency of solar PV modules, many researchers have

focused their efforts on improving the conversion efficiency using the

401
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parameter extraction procedure, which is known as maximum power point

tracking (MPPT). The presence of varying radiation levels as well as tem-

perature changes in the surrounding environment has a significant impact

on the output of solar panels, resulting in a loss of efficiency. As a result,

parameter extraction and the MPPT algorithm are employed to boost over-

all efficiency. The cost of producing and installing PV panels is very high. As

a result, solar panel simulation is critical for determining the properties of

solar PV panels under various environmental variables, including tempera-

ture (k) and irradiance (w/2).

Several studies have offered numerical and analytical approaches for

extracting parameters from PV panels using the manufacturer’s data sheet

in recent years. The values of these parameters, however, were not precise

enough [2].

In this chapter, a brief introduction about optimization algorithms is pre-

sented and an overview of the most popular types applied for PV parameter

estimation in the literature is also discussed.

2 Types of optimization algorithms

2.1 Optimization definition
The goal of optimizing an objective function is to identify a set of inputs that

results in a maximum or minimal function evaluation. Optimization prob-

lems are already part of our lives, such as how we optimize our way to work,

the way to finish our work tasks, and the way to educate our children.

Example 1: how much daily exercise is optimal?

Suppose every human has a fixed number of heartbeats during his life, so

what is the optimal use of this number?

One idea is to stay in bed as the heartbeat is slow at rest.

Another idea is that a well-trained heart is slower than an untrained one

in rest, but the heartbeats are very fast during training time. So how we can

optimize the daily exercise time?

Example 2: Planning of transportation task

Create a system that instructs a logistics business on how to complete all

transportation requests with the lowest possible cost. Locate routes on a map

and try to get the shortest overall distance between numerous depots and

pickup and delivery sites. It is given that vehicles (trucks and trains) have

capacity restrictions, that pickup and delivery windows exist, and that there

are constraints and rules, as shown in Fig. 1.
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2.2 Optimization process
The main steps of the optimization process are presented in Fig. 2.

2.3 Design variables
The initial stage in the optimization process is the identification of the prob-

lem design variables. The design variables are extremely important to the

design’s correct operation and are changed during the optimization phase.

Design parameters usually remain fixed or vary in relation to the design

variables [3].

2.4 Constraints
The lower and upper limit of the design variable and design parameters

according to the optimization problem.

2.5 Objective function
The objective function is a mathematical expression in terms of design var-

iable and design parameters. The main target of optimization is to minimize

or maximize the objective function by finding the best values for the design

variables and parameters within the defined constraints. For example, min-

imize the problem cost or time or maximize the equipment lifetime.

2.6 Variable bounds
This is the minimum and maximum number of design variables; this factor

usually is not important for optimization algorithms.

Fig. 1 Transportation planning optimization problem.
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2.7 Optimization algorithm selection
There are many optimization algorithms in the literature. It is a challenging

problem to choose one algorithm among hundreds of popular optimization

algorithms. The selection of a suitable algorithm depends on the type of

optimization problem. In the literature, different classifications of optimiza-

tion problems have been proposed [4]:

2.7.1 Discrete optimization versus continuous optimization
Discrete optimization:

– The model sense for only discrete values of variable and parameters

often a set of integers.

Under stand optimization
problem

Setup variables bounds

Choose an optimization
algorithm

Obtain solutions

Formulate objective function

Formulate constrains

Choose design variables

Fig. 2 Optimal design procedure main steps.
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– Many discrete optimization algorithms generate a sequence of contin-

uous sub problems.

Continuous optimization:

– The model sense for only continuous values of variable and parameters

often a real value.

– Easier to use.

2.7.2 Unconstrained optimization versus constrained optimization
Variables constraint is an important factor that distinguishes between opti-

mization problems.

Unconstrained optimization: no constraints for the variables

Constrained optimization: the variable values should be within the con-

straint’s lower and upper limits. Based on the characteristics of constraints,

this problem can be categorized as linear, nonlinear, quadratic, convex, etc.

Further, based on the smoothness of the functions, it is categorized as dif-

ferentiable or nondifferentiable.

2.7.3 None, one, or many objectives
The classification factor here depends on the number of objective functions.

No objective functions: this type of optimization problem has no objec-

tive function.

One objective function: There is just one objective function in this sort

of optimization problem.

Multiobjective function: This type of objective problem has more than

one objective in a multiobjective function.

2.7.4 Deterministic versus stochastic optimization
Deterministic optimization: It is commensurate with the problems that have

accurate data. However, knowing the data for most of the real problems can-

not be identified for more than one reason. Deterministic methods are better

suited to linear than nonlinear optimization problems.

Stochastic optimization:These techniques produce and utilize random var-

iables; therefore, to find the optimal solution, these techniques search the

space in a global way. Metaheuristic algorithms are one of the most often

used stochastic approaches. Metaheuristic algorithms are based on numerous

natural concepts such as evolutionary and swarm intelligence algorithms as

well as physical theory, as shown in Fig. 3. Evolutionary algorithms simulate

the principals of evolution in nature [5].
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3 Solar cell models

There are different mathematical models for photovoltaic (PV) solar cells [6].

Basically, solar cells can be classified by three different mathematical models,

which are as follows:

1. Single diode (SD) model

It is the simplest PV model. It has five unknown parameters, which

are as follows: PV current (Ipv), saturation current of the diode (ID), the

factor of ideality a, series resistance (Rs), and parallel resistance (Rsh). This

model has accuracy issues. Fig. 4 shows the single diode model.

2. Double diode (DD)

This PV model is more elaborate. This model has the advantage of

more precision but more complexity due to the addition of other

unknown parameters of the second added diode. Other parameters are

similar to the single diode model. Fig. 5 presents the double diode model

of a PV cell.

Nature-Inspired Algorithms

GA

Physics Based
Algorithms

Swarm Intelligence
Algorithms

Evolutionary
Algorithms

GP

ES

DE

PSO

HHO

GWO

WOA KH

GSA

CSS

HGSO

Fig. 3 Nature-inspired algorithm main classification.

A

V

Iph

Ipv

Vpv
Id

Rs

Rsh

Fig. 4 Single diode model.
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3. Three diode (TD) model

It is a more detailed model to deal with low solar radiation in large PV

plants. In this model, new parameters of leakage current are seen with

gain limits. The model has nine parameters to compute.

4 Overview of the optimization parameters used
in PV parameter extraction

PV parameter extraction is considered a big research area of recent years due

to its direct effect on the cost and time of PV cell design. Different methods

in the literature are applied to obtain the best parameters as well as an accu-

rate PV model. The main classifications of this method are analytical or

mathematical optimization and stochastic optimization [7,8]. Two subclas-

sification methods are hybrid mathematical optimization and stochastic opti-

mization and hybrid stochastic optimization; see Fig. 6.

Analytical methods use mathematical analysis to obtain the required

model parameters. One of the famous analytical methods is curve fitting

using the Newton-Raphson algorithm and gradient-based information

methods [9]. This method has the advantage of fast and accurate perfor-

mance, so it is suitable for simple models such as the SDmodel in PVmodels.

But with more complex and nonlinear models such as the DD model and

TDM, using these methods will be very complex and they may be trapped

in local optima solutions.

Stochastic optimization techniques have been applied in the literature to

overcome the drawbacks of analytical methods. As described in Section 2,

stochastic optimization starts its search by random values. In each iteration

change, this value is based on the learning rate and the required objective

function; the popular types of stochastic techniques used for DD and TD

models are metaheuristic algorithms [10]. The history of the application

of this method is presented in [8,9]. The literature review in the previous

A

V

Iph

Ipv

Vpv

Id1

Rs

RshId2

Fig. 5 Double diode model.
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work focuses on SD and DD but the work on TD is missed. As this history is

very large and to avoid repetition from other reviews [8,9], a brief notice

about this work is presented in Table 1. The detailed study in this section

focuses on the missed work in these references.

Classifications of the applied algorithms
for PV parameters estimation in literature

stochastic algorithmsAnalytical algorithms

Hybrid between two stochastic
algorithms

Hybrid between Analytical
algorithms

and stochastic algorithms

Fig. 6 Classifications of the applied algorithms for PV parameter estimation in the
literature.

Table 1 A brief summary of the previous work in SD and DD.

Ref. Technique Type Year

[11] Memetic algorithm Combines metaheuristic

and gradient-based

techniques

2015

[12] Chaotic optimization approach

(COA)

Metaheuristic 2019

[13] Hybridized optimizer(HISA) 2019

[14] Chaotic heterogeneous

comprehensive learning particle

swarm optimizer (HCLPSO)

Metaheuristic 2019

[15] Improved opposition-based whale

optimization algorithm

(OBWOA)

Metaheuristic 2018

[16] Particle swarm optimization with

adaptive mutation strategy

(MPSO)

Metaheuristic 2018
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Hybrid mathematical optimization and stochastic optimization are used

in the literature to employ the advantages of the two types in solving com-

plex problems such as the DD model and TD model. The normal way is to

simplify the optimization problem by calculating one or two of the problem

parameters by an analytical method and estimate the rest of the parameters by

stochastic techniques [11,17–19].
Hybrid stochastic optimization: this is implemented by make a hybrid-

ization between two stochastic techniques. The idea behind this way is to

improve and enhance the performance of one algorithm to enhance and

improve some drawbacks in one algorithm by the second one. This way

is helpful for some special objective functions but it cannot be generalized

for all problems. Table 1 presents a brief summary of the previous work

in SD and DD.

In this section, a focus on recent optimization algorithms for PV param-

eter estimation is presented. The work is concentrated mainly on TDmodel

application as it was missed in a different literature review. A summary about

this work is presented in Table 2. Table 2 presents the algorithm in each ref-

erence, the type of algorithm based on the above classification, the PVmodel

selected in each study, the proposed selected real PV systems, and finally the

year of publication of each work. A detailed discussion is presented below:

Ref. [20] presents an application of the marine predators algorithm for

the parameter estimation of the TDmodel. Ref. [21] presents an application

of the improved wind-driven optimization algorithm. This improvement is

based on hybridization between the differential evolution algorithm and the

wind-driven optimization algorithm, to improve the exploration of the

wind-driven optimization algorithm. InRef. [22], an application of different

metaheuristics for the parameter estimation of SD, DD, and TD is presented.

These algorithms are genetic algorithm (GA), particle swarm optimization

(PSO), Harmony Search (HS), flower pollination algorithm (FPA), simu-

lated annealing (SA), and teaching-learning-based optimization (TLBO).

In [17], the extraction of the SD model PV parameters is done through ana-

lytical methods using the three main points: short circuit current (Ish, 0),

open circuit voltage (0,Voc), and maximum power point (Im, Vm). These

three points are always presented in the datasheet of the PV cell by the man-

ufacturer. The advantages of this method are fast implementation procedure

and good accuracy. But the disadvantage here is the increasing complexity of

calculation using two-dimensional and three-dimensional models. The PV

parameters of the modified double diode model (MDDM) and modified tri-

ple diode model (MTDM) are estimated using two metaheuristic algorithms
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Table 2 A summary of the previous work in SD, DD, and TD models.

Ref. Technique Type Model Application Year

[20] Marine predators algorithm Metaheuristic TD KC200GT, MSX-60 2020

[21] Improved wind driven

optimization by differential

evolution algorithm

Hybrid

metaheuristic

TD LG300N1C-A3, JAP6-60-250W/

3BB(M2), Avancis Power Max

smart 125W(M3)

2020

[22] Different algorithms (GA),

(PSO), (HS), (FPA), (SA),

(TLBO)

Metaheuristic SD, DD, TD 5 W polycrystalline 2020

[17] Analytical method Analytical

Method

SD BP3235T, KC200GT, BP-SX 150,

and MSX60 PV modules

2020

[23] Improved wind driven

optimization

Metaheuristic SD, DD Kyocera—KC200GT 215 and RTC

France solar cell

2017

[24] Closed-loop particle swarm

optimization and elephant

herd optimization

Metaheuristic MDD, MTD MCSSC of area 7.7 cm2 from

Q6-1380 and CS6P-240P

2021

[25] Particle swarm optimization Metaheuristic TD 30XLS 2019

[10] Grasshopper optimization

algorithm

Metaheuristic TD Kyocera KC200GT and Solarex

MSX-60

2020

[18] Sun flower optimization

algorithm

Metaheuristic

and analytical

TD (Multicrystal KC200GT,

polycrystalline MSX-60, and

monocrystalline CS6K-280M)

2019
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[19] Harries-Hawks optimization

algorithm

Metaheuristic

and analytical

TD (Multicrystal KC200GT,

monocrystalline CS6K280M)

2020

[26] Tree growth based

optimization algorithm

Metaheuristic SD, DD, TD RTC France solar cells and PVM

752 GaAs thin-film cell

Photowatt-PWP201

2020

[27] Elephant herd algorithm Metaheuristic SD, DD, TD Perovskite solar cell (PSCs) 2019

[28] Elephant herd algorithm Metaheuristic SD PSCs for energy efficiency

improvement

2020

[29] An interval branch and bound

global optimizer

Metaheuristic

and analytical

SD, DD, TDD RTC France solar cells 2020

[29] Turbulent flow of water

optimizer

Metaheuristic SD, DD, TDD RTC France solar cells 2021

[30] Elephant herd optimizer and

closed loop PSO

Metaheuristic Modified DD

and Modified TD

MCS solar cells 2021

[31] Forensic algorithm Metaheuristic SD, DD, TD RTC France solar cells 2021

[32] Improved bonobo optimizer Metaheuristic SD, DD, TD RTC France solar cells 2021
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in [24]. The change is accomplished by connecting an electric resistance in

series with the second diode to simulate grain boundaries that limit cell con-

ductivity. Closed-loop particle swarm optimization (CLPSO) and elephant

herd optimization (EHO) are the two methods used. According to the find-

ings of the paper, MTDM is more accurate than MDDM. Ref. [25] presents

a simple application PSO for the parameter extraction of nine parameters of

PV TDM. The PSO has an advantage of increasing the probability of reach-

ing the global minimum solution for the problem in a short time. Ref. [10]

proposes an application of the grasshopper optimization algorithm (GOA)

for the parameter estimation of TDM using two examples (Kyocera

KC200GT and Solarex MSX-60). In Ref. [18], a simplification for the

complexity of the TDM nine parameters estimation has been proposed

by calculating two parameters analytically (series resistance (Rs) and

Photo-generated current (Iph)). The rest of parameters are estimated using

the sunflower optimization algorithm. The proposed previous process is

retained on the three main point measurements (short circuit point, open

circuit point, and maximum power point). The authors of [18] presented

a combination method between analytics and Harries Hawks optimization

in [19]. The main advantages of this method are the complexity reduction

for TDM parameter estimation and saving the time of real experiments by

using the main three manufacturer measurements listed in solar cell data-

sheets. In [26], a metaheuristic algorithm called the tree growth-based opti-

mization algorithm was used to estimate the parameters of the SD, DD, and

TD models.

5 Conclusion

This chapter presented an overview of the various optimization techniques

utilized for the purpose of solar photovoltaic parameter optimization.

A detailed overview of the different optimization techniques based on the

various characteristics was presented. Further, different types of PV models

such as single diode, double diode, and three diode were discussed.

A comparative analysis between the single diode and double diode models

was also presented in tabular form.
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1 Introduction

Photovoltaic (PV) systems are capable of generating electricity directly from

the sun, thus making the PV a clean alternative energy generation technol-

ogy [1]. Apart from electricity, the photovoltaic systems also produce a sig-

nificant amount of heat during the photovoltaic process. Thus, a major

portion of the incoming solar energy is lost in the form of heat. This waste

heat can be utilized to generate electricity using a thermoelectric generator

(TEG). This is made possible by the Seebeck effect, which is the generation

of electricity at the junction of two dissimilar metals when exposed to a tem-

perature gradient. A combination of PV and TEG systems can effectively

utilize the incoming solar radiation because the PV mostly uses the visible

and ultraviolet parts while the TEG relies on the infrared part. The

photovoltaic-thermoelectric generator (PV-TEG) hybrid system can be

developed using the direct coupling or spectrum splitting technique [2].

In the spectrum splitting method, beam splitters are used to discretize the

incident solar irradiation at a precise cut-off wavelength for energy utiliza-

tion using the PV and TEG, respectively [3]. On the other hand, the direct

coupling method eliminates the requirement of the beam splitter because in

a parallel arrangement, the TEG is attached to the PV backplate [4].

One of the effective means of improving the performance of stand-alone

and hybrid systems is by implementing geometry optimization. Fan et al. [5]

developed a numerical model to determine the optimal thermoelectric (TE)

leg length and area for achieving TEG optimum power output. Their find-

ings showed that increasing the TE leg length decreased the TEGmaximum

power output density.

Li et al. [6] optimized TE geometry in a hybrid PV-TEG system under

steady conditions and found out that the optimal geometries in TEG and

PV-TEG were different. Also, a comprehensive model was used by Hashim

et al. [7] in investigating the optimal TE geometry in a PV-TEG system.

Their findings postulated that the amount of TEmaterial used must be taken

into account when performing geometric optimization for maximum

power. Lamba et al. [8] established that the temperature gradient varied

inversely with TE leg length in the concentrated photovoltaic-

thermoelectric generator (CPV-TEG) system hybrid. Also, Zhu et al. [9]

developed a three-dimensional (3D) model to analyze a CPV-TEG system.

It was shown that the CPV-TEG system provided an additional 4% increase

in the power output due to the incorporation of the TEG. Shittu et al. [10]

used COMSOL multiphysics software to investigate TE geometry in the

CPV-TEG system under changing climate conditions.
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From the literature reviewed, the feasibility of aCPV-TEGhybrid system

and its ability to improve the performance of a stand-alone concentrated pho-

tovoltaic system have been demonstrated. Further, the merits of performing

transient analysis instead of steady have been shown and the consequence of

utilizing 3Dmodels in place of two-dimensionalmodels has been established.

However, there is no study on the optimization of thermoelectric geometry

in a CPV system using a segmented thermoelectric generator (STEG). In

addition, the impact of TE leg geometry such as leg length, cross-section

area, ceramic length, and fin length is yet to be studied in a hybrid concen-

trated photovoltaic system with a segmented thermoelectric generator.

Hence, this study presents a comprehensive 3D numerical analysis on

optimum geometry in a CPV-segmented TEG (CPV-STEG) subject to

fluctuating weather conditions. Also, the effect of TE geometric parameters

such as leg length, area, and ceramic length on the overall performance of the

CPV-STEG is studied. Apart from this, a real-time performance comparison

of the CPV-STEG with and without optimum geometry is performed

under dry season meteorological conditions peculiar to the University of

Nigeria, Nsukka, Enugu, Nigeria, climate. Finally, the effect of concentra-

tion ratio on the CPV-STEG performance is analyzed.

The subsequent sections of this work are arranged thusly: an overview of

the hybrid system arrangement and the thermoelectric materials adopted in

this study is depicted in Section 2. The numerical model employed in the

analysis of the CPV, STEG, and hybrid system is presented in Section 3

while Section 4 shows the results obtained accompanied by subsequent dis-

cussions. Finally, Section 5 presents the conclusions.

2 System description and materials

Fig. 1 depicts the exploded view of the hybrid CPV-TEG system containing

the CPV, STEG, and heat sink systems. The CPV used in this study is a poly-

crystalline silicon PV module comprising different layers of top glass cover,

ethylene vinyl acetate (EVA), PV cell, and tedlar polyester tedlar (TPT). The

EVA is the encapsulation for binding the solar cell, cell top surface, and TPT.

The STEG is made up of p-type DDFeCoSbS and n-type InCoSb at the hot

regions while p and n-type BiTe are used at the cold regions. This arrange-

ment is preferred due to the optimal performance of the materials at the

given temperature range. The thermoelectric properties considered for

the analysis of the hybrid system are temperature-dependent. Furthermore,

the STEG is comprised of ceramic plates (specified as 96% alumina), copper

electrodes, and solder paste. The cooling method used is water cooling and
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the heat sink material is aluminum. Throughout this study, the convective

heat transfer coefficient and concentration ratio of 500W/m2K and 30,

respectively, are used.

3 Numerical model

The numerical model consists of CPV, TEG, and CPV-TEG hybrid system

models. Initially, the CPV and STEG systems are modeled independently

and then assembled as the hybrid system.

3.1 Concentrated photovoltaic system
The 3D energy equation for a homogenous and isotropic medium gives the

temperature distribution in the photovoltaic layers as [11,12]

ρdCp

∂T

∂t
�r! � krTð Þ¼ qabs�PPV (1)

(1) CPV glass
(2) EVA
(3) Si panel
(4) TPT
(5) Hot junction ceramic
(6) n-type InCoSb
(7) n-type BiTe
(8) p-type DDFeCoSbS
(9) p-type BiTe
(10) Copper electrode
(11) Solder paste
(12) Cold junction ceramic
(13) Fin base
(14) Fin

(1)

(2)

(3)

(4)

(5)

(6) 

(7) 

(8) 

(9) 

(10)

(11)

(12)

(13)

(14)

Fig. 1 Exploded view of the hybrid system.
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where Cp, k, ρd, T represent the specific heat capacity at constant pressure,

thermal conductivity, and the density and temperature of each layer, respec-

tively. In addition, qabs and PPV are the absorbed solar energy and polycrys-

talline silicon layer power output, respectively.

The solar energy absorbed by the nth layer is expressed as

qabs,n¼C�Gabs,n�An�αn (2)

Gabs,n¼Gabs,n�1� 1�αn�1ð Þ�ρn�1

� �
(3)

where ρn, αn, and An are the reflectivity, absorptivity, and area of the nth

layer, respectively. Also, C and Gabs,n are the concentration ratio and the

incident solar radiation on the nth layer, respectively.

The CPV efficiency and power output are given as [13]

ηCPV ¼ ηr 1�βPV TPV �Trð Þ½ � (4)

PCPV ¼ qabs,3�ηPV (5)

where Tr, ηr, and βPV are the reference temperature (298.15K), efficiency

(17%), and PV thermal expansion coefficient (0.00451K�1), respectively.

Also, ηPV is the PV efficiency and qabs,3 is the absorbed solar energy by

the PV cell layer. The thermal-electric coupled field equations are simulta-

neously solved with the finite element method.

Radiative heat loss at the PV glass top surface is given as

qrad ¼ εσ TPV
2 +Tsky

2
� �

TPV +Tsky

� �
(6)

where σ and ε are the Stefan-Boltzmann constant and emissivity, respec-

tively. Likewise, Tsky is the sky temperature, expressed as [14]

Tsky¼ 0:0552Ta
1:5 (7)

where the ambient temperature is Ta.

At the PV top glass surface, the convective heat transfer is taken. The

convection heat transfer coefficient is specified as [15]

hconv ¼ 5:7+ 3:8v (8)

where v is wind speed in ms�1.

3.2 Segmented thermoelectric generator
The STEG temperature distribution is obtained by solving the coupled field

equations [14]
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r! � kr! T
� �

+ J2ρ�T
dS

dT
J
! � r! T ¼ 0 (9)

where k, ρ, S, T dS
dT
, and J

!
are the temperature-dependent thermal conduc-

tivity, electrical resistivity, Seebeck coefficient, Thomson coefficient, and

current density vector, respectively.

The STEG power output and efficiency are given as

PSTEG ¼ I2RL (10)

ηSTEG ¼PSTEG

Qh

(11)

where I, RL, and Qh are the electric current, external load resistance, and

STEG heat input, respectively.

3.3 Hybrid system
The CPV-STEG power output and efficiency are expressed as

PCPV�STEG ¼PCPV +PSTEG (12)

ηCPV�STEG ¼ ηCPV + ηSTEG (13)

4 Results and discussion

Transient real-time meteorological variations are considered in this study for

dry season conditions at the University of Nigeria, Nsukka, Enugu, Nigeria

on March 1, 2010. The simulations were performed for 24h to include day

and night weather variations. Fig. 2 shows the hourly meteorological data

taken from the Centre for Basic Space Science, University of Nigeria,

Nsukka [16]. The transient solar radiation is depicted in Fig. 2A while atmo-

spheric temperature and wind variations are captured in Fig. 2B.

4.1 Effect of thermoelement leg geometry
The variations of TE leg geometry parameter and leg length affect the STEG

performance and thus, significantly alter the CPV-STEG system’s overall

performance. Hence, the effect of varying the TE leg length on the perfor-

mance of the CPV, STEG, and CPV-STEG system is depicted in Fig. 3

using reference values at a maximum operation time of 3p.m. Fig. 3 dem-

onstrates that the CPV cell average temperature increases with increasing leg

length, thus decreasing the CPV and CPV-STEG power output and effi-

ciency. This infers that using STEG with long legs will greatly reduce the
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Fig. 2 Hourly meteorological data: (A) solar radiation, (B) wind speed and ambient
temperature [16].

421Parametric optimization of a segmented thermoelectric generator in CPV system

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



thermal conductivity of the STEG. This in turn, will lead to a build-up of

heat at the hot junction ceramic plate attached to the PV back plate, thus

increasing the CPV cell temperature. Typical values show that using a leg

length of 1mm in comparison with 10mm provided a 58% and 60% increase

in the efficiency and power output, respectively.

The effect of increasing leg length on the STEG performance parameters

including the temperature gradient, conversion efficiency, and power out-

put has been captured in Fig. 4A–C. It is seen that the STEG temperature

gradient, conversion efficiency, and power output increase linearly with the

leg length. This is because increasing the leg length directly increases the

thermal retention capability of the STEG, thus increasing its temperature

gradient and performance parameters. This demonstrates the merits of per-

forming a parametric optimization because the conditions for obtaining

maximum system performance in a STEG differ from a CPV-STEG system.

4.2 Effect of fin length
Because the STEG cold junction is cooled using a heat sink, it becomes cru-

cial to analyze the effect of the fin geometric parameters on the CPV-STEG

system performance. Using an optimal leg length and area of 1mm and

480
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Fig. 3 Effect of length of TE leg variation on the temperature of the CPV cell and the
power output of CPV-STEG.

422 Active electrical distribution network

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



(a) 

(b) 

(c) 

11.5

11

10.5

10

9.5

9

h C
P

V
-S

T
E

G
 (%

)

0.07

0.06

0.05

0.04

0.03

0.02

0.01

P
S

T
E

G
 (W

)

hCPV-STEG (%)

hCPV (%)

h C
P

V
 (%

)

ΔT (K)

ΔT
 (

K
)

PSTEG (W)

hSTEG (%)

h S
T

E
G

 (%
)

PCPV (W)

P
C

P
V

 (W
)

8.5

3.5

4

3

2.5

2

1.5

1

0.5

8

7.5

1 2 3 4 5
L (mm)

6 7 8

140

120

100

80

60

40

20

11

10

9

8

7

6

5

4

3

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0
9 10

1 2 3 4 5
L (mm)

6 7 8 9 10

1 2 3 4 5
L (mm)

6 7 8 9 10

7

Fig. 4 Effect of length of TE leg variation on (A) CPV-STEG efficiency and STEG
temperature gradient, (B) STEG power output and CPV efficiency, (C) STEG efficiency
and CPV power output.

423Parametric optimization of a segmented thermoelectric generator in CPV system

This book belongs to Kitab Liaison (ocd1996@gmail.com) Copyright Elsevier 2023



33μm2, respectively, as well as a ceramic length of 0.2mm and a fin base

length of 1.4mm at a peak operating time of 3p.m., the effect of increasing

fin length on the hybrid CPV-STEG system performance is depicted in

Fig. 5A and B. It is seen that increasing the fin length decreases the CPV

cell average temperature, which in turn results in a corresponding increase

in the CPV-STEG power output and efficiency. This is due to the enhanced

rate of heat removal along the length of the longer fins, further showing that

longer fin lengths are suitable for hybrid CPV-STEG systems.

4.3 Effect of concentration ratio
In concentrated PV systems, a very crucial operating parameter is the con-

centration ratio. Employing an optimum leg length and area of 1mm and

33μm2, respectively, as well as a ceramic length of 0.2mm, a fin base and

fin length of 1.4mm and 5mm, respectively, and a heat transfer coefficient

of 700W/m2K at a peak time of 3p.m., The effect of concentration ratio on

the performance of the CPV-STEG system is shown in Fig. 6A and B. It can

be observed that an increase in the concentration ratio results in an increased

CPV cell average temperature, which results in decreased CPV and

CPV-STEG power output and efficiencies. This of course is a result of

the increased STEG heat input. This implies that the concentration ratio

in a CPV-STEG system should be the lowest possible to reduce overheating

the CPV cell while generating substantial power output from the

coupled STEG.

4.4 Effect of STEG geometry optimization
A very crucial result depicting the merits of optimizing a hybrid CPV-STEG

system is shown in Fig. 7A–C. Utilizing reference values for heat transfer

coefficient and concentration ratio of 500W/m2K and 30, respectively,

which are maintained throughout this study, the performance of both sys-

tems is compared under fluctuating climate conditions as shown in Fig. 2, for

a period of 24h in order to capture day and night meteorological variations.

Fig. 7A reveals that the CPV cell average temperatures obtained from the

hybrid systems with optimized and original geometries were 378.53K

and 460.92K, respectively. Hence, it is clearly demonstrated that the

CPV cell average temperature can be significantly reduced by optimizing

the STEG in a hybrid CPV-STEG system. Fig. 7B reveals that the

CPV-STEG system with the optimum geometry generated a higher power

output compared to the initial geometry. In addition, it is observed that the
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CPV-STEG with the optimized geometry was able to reduce the adverse

effects of fluctuating weather conditions compared to initial geometry,

which generated the lowest power output at very high solar radiation inten-

sities. Thus, we postulate that STEG geometry optimization is key to alle-

viating the negative effects of fluctuating weather conditions. Under peak

solar radiation value obtained at 3p.m., the CPV-STEG with optimized

geometry increased the power output by 45.7% when the initial geometry

was used. This significant increase illustrates the necessity of STEG geometry

optimization in hybrid CPV-STEG systems. Fig. 7C further discloses that at

3p.m., the hybrid system with optimized geometry provided a 45.9%

increase in efficiency when the hybrid system with original geometry

was used.

5 Conclusions

The parametric optimization of TE geometry in a CPV-STEG hybrid sys-

tem is carried out in this paper. A comprehensive 3D numerical analysis of

the optimized segmented TEG geometry in a hybrid concentrated photo-

voltaic system under transient fluctuating climate conditions was implemen-

ted. The effects of TE leg length, concentration ratio, and fin length on the

overall performance of the proposed systemwere parametrically investigated

and the optimal values were determined. The numerical analysis was imple-

mented for 24h to encompass day and night weather variations under dry

season meteorological conditions at the University of Nigeria, Nsukka,

Enugu, Nigeria. In addition, the effect of concentration ratio on the hybrid

system performance was examined. The following conclusions were made:

• The adverse impact of fluctuating meteorological conditions can be sig-

nificantly reduced by optimizing TE geometry in the CPV-TEG hybrid

systems.

• At peak sunshine, this hybrid system with optimum geometry increased

the maximum power output by 45.7% when initial geometry was used.

• Under very high solar radiation intensity, the CPV-STEG system with

optimized geometry reduced and increased the CPV cell average tem-

perature and efficiency by 21.8% and 45.9%, respectively, when the ini-

tial geometry was used.

• When the leg length is decreased from 8 to 1mm, the STEG and

CPV-STEG system power outputs are decreased and increased by

83.7% and 60.3%, respectively.
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with sectional switches, 317–319, 318f

Instantaneous reactive power theory

(IRPT), 230, 233–236, 234f,
238–239f

Insulated gate bipolar transistor (IGBT), 207

Integer linear programming algorithm, 67,

71

Interconnected network, 9, 11, 11f

Internal combustion engine (ICE), 147,

182–183
vehicles, 201–202, 218

Internal combustion engine vehicles

(ICEVs), 123–125
Iterative Newton-Raphson (NR) method,

252

J
Jacobian matrix measurement, 251–253

L
LA92 period, 165, 167–170, 168–169f, 176
Least square approximation approach, 385

Life cycle analysis (LCA), 127

Linear neural network battery model,

164–165
Liquid hydrogen tank, 106

Lithium (Li)-ion battery, 201–203, 207
Load flow analysis, 384

Load frequency control (LFC), 288

Load point reliability indices, 311

Lumame feeder, 384, 386t

M
Machine learning (ML), 362–363
Magnitude-related power quality

disturbance detection, 365–366
Maximum power point tracking (MPPT),

204–206, 401–402
Mean absolute percentage error (MAPE),

158

Mean time between failures (MTBF), 85,

313

Mean time to failure (MTTF), 85–86, 313
Mean time to repair (MTTR), 85–86
Measurement model, 48–49
Mechanically reactor bank (MSR), 297

Mechanically switched capacitor bank

(MSC), 297

Metaheuristic algorithms, 405
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Metal oxide semiconductor field effect

transistor (MOSFET), 207

Microgas-based turbine system, 31

Microgrids, 288

Microgrid system, 34–35, 36f, 81
Microgrid system reliability (MSR), 81–83
Microphasor measurement units

(μPMU), 60

advantages of, 64

applications, 72

control applications, 72

diagnostic and monitoring applications,

72

FACTS controllers, 74

fault recognition and site identification,

73

microgrid coordination, 74

renewable generation, monitoring of,

73

reverse power flow, 73

state estimation, 72

voltage stability monitoring, 73

integration into grid, 60, 61f

optimal placement methods (see Optimal

phasor measuring unit placement

(OPP))

phasor information, delivery of, 62

phasor representation, 63

power system, phasor diagram of, 62–63
schematic diagram of, 63–64, 63f

Micropower wireless technology, 38

Minimum spanning tree (MST) method

alternative placement sets, search of, 68,

70f

integer linear programming, 71

pure transition bus/node filtering, 69, 70f

spanning tree generation, 68, 70f

Mixed-integer linear programming (MILP),

320, 332–333
Mixed integer second-order cone

programming, 320

Modified double diode model (MDDM),

409–412
Modified space vector pulse width

modulation (SVPWM), 182–185
permanent magnet synchronous motor

(PMSMs)

parameters, 197, 197t

ports, connection of, 190–191
speed control, 183–186, 192
switching time determination,

186–189
voltage source inverters (VSI), 182–185

simulation, 191–197
Modified triple diode model (MTDM),

409–412
Momentary interruption, 371–373
Monitor reach area (MRA) model

affected area, 264, 265f

definition, 262

during-fault voltage, 263–264, 264f
exposed area, 265f, 266

fault positions, 262–263
meter placement procedure, 266–268
prefault and during-fault conditions,

263

voltage sag matrix, 263–264
voltage sag state estimation (VsSE),

modeling of, 268–269
line segment calculations, 269–270
measurement binary matrix

calculation, 270–271
number of voltage sags, estimation of,

273

VsSE problem, constraints and

formulation of, 271–273
Monte Carlo method, 68

Monte Carlo phenomenological kinetic

model, 163–164
Monte Carlo simulation technique, 82–83
Monthly variable pricing, 37

Motor drives, 106–111
DC motors, 107

induction motors, 108

permanent magnet brushless DC motors

(PMBLDC), 109

switched reluctance motor drives

(SRM), 109–110
synchronous reluctance motor drives

(SynRM), 110–111
Multiobjective particle swarm optimization

(MOPSO)

algorithm, 383

techniques, 384, 392, 394f, 396f,

396–397t
Multiobjective shark’s smell (MSSO), 336
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N
Natural gas, 127–129
Nelder-Mead simplex approach, 208

Newton-Raphson algorithm, 66, 407

Nickel metal hydride batteries, 220–221
Nonlinear autoregressive exogenous neural

network (NARXNN) algorithm,

164–165
Nonlinear loads (NLs), 229

Numerical integral substitution (NIS)

model, 277–281, 278f

O
Objective functions, 151–152, 335, 403, 405
Optimal expansion planning, 384

Optimal network reconfiguration

classical optimization methods, 332–333
heuristic algorithms, 333

improved genetic algorithm, 336

improved particle swarm optimization

(PSO), 336–339
multiobjective shark’s smell (MSSO), 336

problem development, 333–336
constraints, 335–336
distribution system, power loss of, 334

objective function, 335

power flow analysis, 334

Optimal phasor measuring unit placement

(OPP), 60–62
combinations, for bus K, 64

definition, 64

genetic algorithm (GA), applications of,

67–68
integer linear programming algorithm, 67

minimum spanning tree method

(MST), 68–71
Monte Carlo method, 68

observability, methods for, 65–66
particle swarm optimization (PSO)

method, 71

simulated annealing (SA) method, 68, 69f

state estimation (SE) methods, 66–67
voltage stability, methods for, 71–72

Optimization algorithm

photovoltaic (PV) systems

constraints, 403

definition, 402

design variables, 403

objective function, 403

in parameter extraction, 407–412
process, 403

selection, 404–405
variable bounds, 403

Outage management system (OMS)

extended OMS, 217–218
objective of, 217–218
plug-in electric vehicles (PEVs), 221

P
Particle swarm optimization (PSO), 71,

164–165, 208, 336–339, 409–412
Permanent magnet brushless DC motors

(PMBLDC), 109

Permanent magnet synchronous motor

(PMSM), 182, 185–186
electrical losses, 141–142
model, 130–132
modified space vector pulse width

modulation (SVPWM)

ports, connection of, 190–191
speed control, 183–186, 192
switching time determination,

186–189
voltage source inverters (VSI), 182–185

run simulations, 140–141
set up, 139–140
visually inspect motor speed behavior,

141

Perturb and observation (P&O) algorithm,

204–206
PEV. See Plug-in electric vehicles (PEVs)

Phasor measuring unit (PMU), 248.

See also Microphasor measurement

units (μPMU)

Photovoltaic (PV) systems

optimization algorithm

constraints, 403

definition, 402

design variables, 403

objective function, 403

in parameter extraction, 407–412
process, 403

selection, 404–405
variable bounds, 403
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Photovoltaic (PV) systems (Continued)

panel array, 204, 206f

solar energy, 155–156
solar technique, 31

Photovoltaic-thermoelectric generator

(PV-TEG) hybrid system, 416

Plug-in electric vehicles (PEVs), 123,

145–147, 217–218, 225
aggregator, 218

battery

delivering energy from, 223–224, 224t
supplying energy from, 220, 220t

technology, 220–221
benefits, 218

blackouts and outages, 219

charge/discharge

characteristics, 147

constraints, 152

modeling, 152–153
objective function, 151–152

demand-side management (DSM), 219

distribution, impact on, 154

driver model, 130

effects, 153

environmental impacts, 127–129
environment model, 130

high-voltage battery model, 130

model description, 129–132
multisource, 127

outage management system (OMS), 221

penetration levels, 219–220
permanent magnet synchronous motors

(PMSM) model, 130–132
power generation, influence on, 154

with single source, 124–125
transmission, impact on, 154

with two sources, 125–126
type of, 220

vehicle to building (V2B) technology,

221–223
voltage unbalance indication, 154–155

Plug-in electric vehicles load forecast (PLF),

218

Plug-in hybrid electric vehicles (PHEVs),

147–151, 157
PMBLDC. See Permanent magnet brushless

DC motors (PMBLDC)

PMSM. See Permanent magnet synchronous

motor (PMSM)

Point of common coupling (PCC),

230–231, 236–239
Power converting circuits, 149, 149f

Power distribution system, 329–330
Power electronics, 181–182
Power flow analysis, 334

Power line carrier (PLC), 38

Power loss, 334

Power quality detection index (PQI), 363,

365–373
Power quality (PQ) disturbances

generation, 364

magnitude-related power quality

disturbance detection, 365–366
voltage magnitude-related power quality

disturbances, 366

classification, 373

momentary interruption, 371–373
sinusoidal waveform, 366–368
voltage sag, 368

voltage swell, 369–371
Power quality issues, 243–244
Power quality mitigation technique,

229–231
Power quality monitoring systems (PQMS),

244, 245f

Power quality monitors (PQM), 244

Power quality state estimation (PQSE),

281–282
harmonic state estimation (HSE), 246,

246f

categories, 249, 249f

definition, 247

distribution level, 248–249
EEE 33-node distribution test feeder,

255–258
goal of, 247

historical data, use of, 248–249
incident investigations, 247

infrastructure, 248

Jacobian matrix measurement,

251–253
modeling HSE problem, 250–251
network steady-state behavior, analysis

of, 246–247
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phasor measurement technology, 248

transmission level, synchronized

measurements, 248–249
weighted least square (WLS) method,

247–248, 251–253
transient state estimation (TSE), 246, 246f

definition, 275, 275b

numerical integral substitution (NIS)

model, 277–281, 278f
problem, general algorithm for, 276f,

277

requirements, 276

state-space (SS) model, 276–277
transient behavior, determination of,

246–247
transient software, identification of,

275

transmission and distribution system

analysis, 275

vs. transient simulation, 275, 275f

voltage sag state estimation (VsSE), 246,

246f

definition, 259

illustrative example, 273–274
measurement-based VsSE models,

260–262, 261f
model-based VsSE methods, 260–261
monitor reach area (MRA), modeling

based on (see Monitor reach area

(MRA) model)

power quality disturbances, 259

short-term voltage issues, 246–247
voltage sag performance characteristics,

estimation of, 259

voltage sag profile, estimation of, 259

Power storage devices, 345–346
Price-based demand response techniques,

347–348
Primary distribution, 8, 17

Propulsion system, 101–102
Protective multiple earth (PME) system, 13,

13f

R
Radial basis function network (RBFN)

method, 158

Radial basis function neural network

(RBFNN), 362–363

quantification algorithm, 164–165
Radial distribution system, 9, 9f

Radiative heat loss, 419

Reactive component of power,

287–288
Reactive power compensation (VAR),

287–288, 291–292
capacitors, 296

centralized approach, 296

definition, 289

demand and voltage support, 289–290
facility grid division, 291

grid-connected system, 293

dynamic compensation, 294

series compensation, 293–294
shunt compensation, 293–294

indigenous balance, 291

load perspective, 289

need of, 295–296
principle of, 295

static VAR compensators (SVCs), 290

advantages, 296–297
components of, 297, 297f

operation of, 297, 298f

shunt-linked FACTS controller,

296–297
thyristor, 296–297

synchronous generator, regulation of,

296

voltage stratification, 291

Reactive power management, 291

artificial intelligence (AI), for reactive

power/voltage control

artificial neural network (ANN), 299

expert systems (ES), 298–299
fuzzy theory (FT), 299

centralized method (CM), 293

decentralized method (DM), 292

reactive power compensation

(see Reactive power compensation

(VAR))

requirement of, 294–295
Reactive power production, 289

Reactive power theory (RPT), 232

Realtime digital simulator (RTDS),

362–363
Real-time pricing (RTP), 37

Reliability test system (RTS), 89
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Remote terminal units (RTU), 68

Renewable energy sources (RES), 155

electric vehicles with, 155–157
interfaces, cost analysis of, 157–159
minimizing operational cost, 157–159
PV solar energy, 155–156
wind energy, 156–157

Renewable energy (RE) technology,

345–346
Residual recognition test, 52

Ring main distribution system, 9–10, 10f
Rooftop solar photovoltaics, 345–346, 349
Rotor eddy current loss, 138

S
SAIDI. See System average interruption

duration index (SAIDI)

SAIFI. See System average interruption

frequency index (SAIFI)

Secondary distribution, 9

Segmented thermoelectric generator

(STEG), 417–418
numerical model, 419–420
power output and efficiency, 420

Series capacitors, 293–294
Shunt capacitance, 294

Signal reconstruction error

(SRE), 365–371
Simulated annealing (SA) method, 67–68,

69f

Simulink, 129–130, 131f, 139
Single diode (SD) model, 406, 406f, 408t,

410–411t
Singular value decomposition (SVD)

method, 253–258
Smart grid, 29–30

definition, 307–309
layout of, 309, 310f

technology

distribution system (DS) expansion

planning in (see Distribution system

(DS), expansion planning)

vs. traditional grid, 309–310
Smart meter, 37, 345–346, 352, 354,

363–364
Smart power quality monitoring meters

hybrid signal processing technique

(HSPT) for, 364–366
magnitude-related power quality

disturbance detection, 365–366
voltage magnitude-related power

quality disturbances, 366–373
Solar cell models, 406–407
Solar energy microgrid systems, reliability

analysis of, 82–83
Solar photovoltaic panel, 204, 206f,

345–346, 349–350
Solar power, 401

Solid oxide fuel cell (SOFC), 82–83
Speed-torque characteristics

in induction motor, 108, 109f

of permanent magnet brushless DC

motors (PMBLDC), 109, 110f

of switched reluctance motor drives

(SRM), 109–110, 111f
SRM. See Switched reluctance motor drives

(SRM)

State estimation (SE), 45–46, 60, 66–67, 72.
See also Distribution system state

estimation (DSSE)

State of charge (SOC), 201–202
State-space (SS) model, 276–277
Static reactive power, 289

Static VAR compensators (SVCs), 290

advantages, 296–297
components of, 297, 297f

operation of, 297, 298f

shunt-linked FACTS controller, 296–297
thyristor, 296–297

Stator loss, 138

Stochastic optimization, 405, 407–408
Stockwell transform (ST), 362–371,

373–375
Supercapacitor, 202–203
bidirectional DC-DC converter, 209

features of, 202–203, 203t
power density and energy density,

relation between, 203, 204f

Support vector machine (SVM), 164–165
SVCs. See Static VAR compensators

(SVCs)

Switched reluctance motor drives (SRM),

109–110
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Synchronous generator, 296

Synchronous reluctance motor drives

(SynRM), 110–111
SynRM. See Synchronous reluctance motor

drives (SynRM)

System average interruption duration index

(SAIDI), 86, 311–312, 315, 323
System average interruption frequency

index (SAIFI), 86–87, 311–312, 315,
323

T
Tabu search optimization algorithm, 61

Technological virtual power plant

(TVPP), 353

Tedlar polyester tedlar (TPT), 417–418
Thermoelectric generator (TEG), 416

Three diode (TD) model, 407, 410–411t
Three-phase converter unit, 149, 149f

Three-phase four-wire (3P4W) distribution

network, 230–231
Three-phase three-wire (3P3W)

distribution network, 230

Three-wire distribution system, 7, 8f

Thyristor-controlled reactor (TCR), 297

Thyristor-switched capacitor (TSC), 297

Time-of-use (TOU), 37

Traditional grid power distribution network

layout of, 307, 308f

power system elements, interconnection

of, 307

problems associated with, 18, 18f

digital reevaluation, 23–24
disruptive technologies, incorporation

of, 21–22
distributed resources, integration of, 21

enhance complexities, 22–23
generation cost and revenue

computation, revamping of, 23

grid’s inflexibility, 307

information and communication

technologies, 24

information and transparency, need for,

307

infrastructural problems, 307

large-scale power grid, inadequacy of,

18–19

physical and cyber security, 20

renewable energy sources, 307

traditional vs. future grid, 20–21
trained manpower, requirement and

development of, 25

vs. smart grid, 309–310
Transformer, 6

Transient state estimation (TSE), 246, 246f

definition, 275, 275b

numerical integral substitution (NIS)

model, 277–281, 278f
problem, general algorithm for, 276f, 277

requirements, 276

state-space (SS) model, 276–277
transient behavior, determination of,

246–247
transient software, identification of, 275

transmission and distribution system

analysis, 275

vs. transient simulation, 275, 275f

Transportation planning optimization

problem, 402, 403f

Two-wire distribution system, 7, 8f

U
UDDS. See Urban dynamometer driving

schedule (UDDS)

Ultracapacitors, 105

Unconstrained optimization, 405

Unit commitment (UC) problem model,

159

Urban dynamometer driving schedule

(UDDS), 165, 167–170, 168–169f,
176

US06 Supplementary federal test method

(SFTP), 165, 167–176, 168–169f
Utility grid management, 288

Utility network, 288

V
Vehicle-grid integration (VGI), 148

Vehicle to building (V2B) technology,

221–223
Vehicle-to-grid (V2G), 147–148

aggregators, 349–350
electric vehicles with, 148, 148f

Virtual power plant (VPP), 353
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Voltage-ampere compensation techniques,

293–294
Voltage ampere reactive (VARs), 39

Voltage-based distribution system state

estimation, 49

Voltage deviation, 384, 389, 392,

396t

Voltage disruption, 154–155
Voltage magnitude-related power quality

disturbances, 366

classification, 373

momentary interruption, 371–373
sinusoidal waveform, 366–368
voltage sag, 368

voltage swell, 369–371
Voltage profile management, 288

Voltage sag state estimation (VsSE), 246,

246f

definition, 259

illustrative example, 273–274
measurement-based VsSE models,

260–262, 261f
model-based VsSE methods,

260–261
monitor reach area (MRA), modeling

based on (see Monitor reach area

(MRA) model)

power quality disturbances, 259

short-term voltage issues, 246–247

voltage sag performance characteristics,

estimation of, 259

voltage sag profile, estimation of, 259

Voltage source converter (VSC), 230

Voltage source inverters (VSI), 182–185
Voltage space vectors, 184–185, 185f
Voltage stability load index (VSLI)

approach, 71

VPP. See Virtual power plant (VPP)

VSI. See Voltage source inverters

(VSI)

W
Wavelet transform (WT), 362–363
Weighted least square (WLS), 48–49, 52,

247–248, 251–253, 256–258
performance index test, 52

Weighted sum harmony search algorithm

(HSA) optimization technique,

83–84, 84f, 87, 320–323, 321f
Well-to-wheel (WTW), 123

Windage loss, 138

Wind-driven optimization algorithm,

409–412
Wind energy, 33, 156–157
Wind turbine generator (WTG), 311

Wind turbines (WTs), 33

Wireless connectivity technologies, 353

Wireless public network communication, 38
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