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ABSTRACT

The global electric vehicle (EV) market has witnessed significant growth in recent years,
driven by concerns over climate change, advances in battery technology, and supportive
government policies. To address environmental pollution and the increasing energy
consumption associated with conventional transportation systems, the adoption of EVs has
emerged as a more sustainable alternative. However, the rapid increase in EV charging loads
has raised significant operational challenges for power grids. This research project focuses

on the impact of EV integration on relay and protection coordination in distribution systems.

Relay and protection coordination plays a crucial role in ensuring the safe and reliable
operation of distribution systems by detecting abnormal conditions, such as faults or
abnormal load conditions, and isolating the affected section to prevent further damage or
outages. With the proliferation of EVs, the increased charging load introduces harmonic
currents that can disrupt the operational parameters of the power grid. This study utilizes the
IEEE standard 33 bus distribution system as a testbed to evaluate protection coordination

using genetic optimization techniques.

By adding EV chargers at various nodes of the distribution system, the project assesses the
time required for circuit breakers to trip in the event of a fault, evaluating the effectiveness
of protection coordination techniques in the presence of EVs. The findings reveal that while
the replacement of standard loads with EV chargers leads to a slight increase in the net RMS
value of current and introduces harmonic currents, the sequence of relay operation remains
unaltered. However, the relay operation time is affected, and in scenarios with bulk
penetration of EV chargers, the increased harmonic current can cause overloading and other

faults, resulting in relay trips.

To ensure the proper protection of the system, it is recommended to increase the pickup
current for the relays. By adjusting the pickup current level, the relays will trip at higher
current levels, mitigating false tripping caused by harmonic currents from EV chargers. The
study emphasizes that meticulous design and planning are essential to maintain the reliability

and protection of power distribution systems when integrating EV chargers.



This research contributes to the understanding of the challenges associated with protection
coordination in distribution systems with the integration of EVs. The results underscore the
importance of accounting for harmonic currents and adjusting relay settings to accommodate
the increased demand associated with EV charging. Future work should focus on further
optimizing protection coordination techniques to handle the growing penetration of EVs,
ensuring the stability and reliability of power grids in the face of increasing environmental

and energy demands.
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CHAPTER ONE:
INTRODUCTION

1.1 Background

In recent times, the electric vehicle (EV) market worldwide has been experiencing a fast -
paced growth, mainly fueled by a surge in environmental awareness, improvements in
battery technology, and government policies that support the adoption of EVs. In addition,
many automotive manufacturers have been investing heavily in the development of EVs,
and there are a now wide range of models available in the market, including battery electric
vehicles(BEVs), plug-in-hybrid electric vehicle(PHEVs), and extended-range electric
vehicle(EREVs). The electric vehicle (EV) market in Nepal is in its early stages of
development. There have been some developments in the Nepalese EV market, with a small
number of charging stations being established in major cities. However, the adoption of EVs
in Nepal has been slow due to a number of factors, including a lack of charging
infrastructure, high cost, and limited availability of models. It was found that EV disrupts
protection coordination in the countries where EV penetration was done in large scale. so,
we are going to study the impact of penetration of EV stations on the protection coordination
of distribution systems.

A distribution system, also known as an electrical distribution system or power distribution
system, is an essential component of the overall electrical power infrastructure. It is
responsible for delivering electricity from the transmission system to end-users, such as
residential, commercial, and industrial consumers. The distribution system plays a crucial
role in ensuring the reliable and efficient supply of electricity to meet the diverse demands
of users. In aradial distribution system, power flows in a unidirectional path from the source
(substation) to the loads (consumers). It is the simplest and most common distribution
system, often used in residential and small commercial areas. Distribution systems are vital
for delivering electricity reliably and efficiently to end-users. With ongoing technological
advancements and the evolving energy landscape, distribution systems are continuously
adapting to meet the changing needs of consumers while striving for a sustainable and

resilient energy future.



Protection relaying is a crucial component in the operation of power systems as it ensures
the safety and reliability of the system. An important aspect of protection system design is
relay coordination, which aims to achieve fast, selective, and reliable operation of relays to
isolate faulted sections of the power system. During the planning stage of a power system,
protective relaying is integrated with the overall system design. It involves the collaboration
of various elements such as current transformers (CT), potential transformers (PT),
protective relays, time delay relays, trip circuits, and circuit breakers. The coordination of
these components enables the detection of abnormal conditions in specific parts of the power
system, triggering alarms or isolating the affected section from the healthy portion of the
system. Effective relay coordination also facilitates the ability to island generators and loads

together, enhancing local reliability [1].

1.2 Problem Statement

The presence of a large number of EV charging stations results in the generation of
harmonics, which can cause problems for the relay and its settings. As the number of
charging stations increases, there is an increase in load and different types of harmonics,
which may cause the relay to trip falsely or alter its operation time.

1.3 Objectives

[ To determine the effect of EV penetration on relay coordination in distribution system.
1.4 Scope and Limitation

The impact of electric vehicle (EV) penetration on protection coordination is a crucial area
of study for the power system industry. Analyzing fault current levels, coordination of
protection devices, voltage profile, and load demand with varying levels of EV penetration
can provide valuable insights into the required protection coordination measures.

It is important to carefully study and analyze the impact of EV penetration on protection
coordination to ensure that the power system remains stable and reliable. By gaining a
thorough understanding of the potential impact, necessary modifications or upgrades to the
protection coordination scheme can be identified. This will enable the power system to
accommodate the integration of EVs effectively and efficiently, while maintaining stability

and reliability.



As part of our study, we have focused solely on the radial distribution network. It is important
to note that our results and outputs may not be equally applicable for other configurations of
the distribution system, such as the meshed or ring distribution networks. The differences in
the configuration and topology of these networks can impact the performance and behavior
of the distribution system, and therefore, the results obtained in our study may not be directly
transferable. This limitation should be taken into consideration when interpreting the results
and conclusions of our study, and further research may be required to explore the impact of

EV penetration on protection coordination in other distribution system configurations.

1.5 Project Report Overview

This project consists of the following chapters:

LI This project constitutes five chapters including the current chapter. This chapter explains
the importance of analysis of EV penetration on distribution networks. Also, it covers
the statement of the problem, objectives of this project, scopes and limitations.

I Chapter two of this report presents a comprehensive literature review that encompasses
theoretical articles, publications from IEEE conferences or transactions, and books from
major publications. This review aims to collate existing information and prior findings
related to the research topic

O Chapter three explains the methodology of work for modeling of IEEE standard 33 bus
radial distribution system and coordination of relays.

O Chapter four presents the simulation results and discussions under various cases
considered.

O Chapter five concludes the results and presents the further work to do.



CHAPTER TWO:
LITERATURE REVIEW

2.1 Distribution Network

The distribution network plays a crucial role in power systems by directly connecting to the
load center. The integration of renewable and distributed energy sources at the distribution
level poses a major concern for power system engineers. As a result, power companies and
engineers are continuously researching and developing improved techniques to enhance

power quality and stability in distribution networks [3].

Establishing a reliable and stable distribution network is vital for efficient power delivery to
the load center. A well-planned electrical power distribution system can improve power
provision to individual customer premises. However, distribution networks are also
vulnerable to natural disasters, such as earthquakes and cyclones. Since each system is
designed with specific resilience criteria, any damage sustained can have a significant impact
on power network restoration. The duration of restoration depends on factors such as the
network's design, control, and management.

Typically, a distribution network comprises substations, primary feeders, transformers,
distributors, and service mains. The efficient operation of these components is critical to
ensure the reliable delivery of power to customers. Therefore, it is essential to implement
appropriate strategies to safeguard the distribution network against potential threats, both

natural and human-made, to maintain a stable and dependable power supply.[3].

Radial networks as shown in Figure 2.1, are the most common topology for power
distribution grids. They have a tree-shaped structure without any closed loops, which makes
it easy to deliver power from one bus to another without having to trace back to the source.
However, if there's a line disconnection, all downstream lines lose power. Mesh networks,
on the other hand, have additional redundant lines that act as backups to redirect power if
the mainline fails. These networks are efficient for short-distance transmission and are great
for incorporating renewable energy resources. The mesh structure can be upgraded from a

radial network, and it's possible to efficiently utilize interface converters to connect

4



renewable energy resources. Overall, both radial and mesh network structures have their
benefits, and choosing the appropriate one depends on various factors such as reliability,

cost, and efficiency.[3].

o Bulk power source

’ /Sub transmission

Distribution Substation

[] L

s Primary Feeder

Distribution
% Transformer
% -— Secondaries

AN /

Figure 2.1 Radial Distribution system

.

Consumers’ Services

2.2 Electric Vehicle

Electric Vehicles (EVs) are gaining popularity and are expected to have a significant role in
future power systems. However, since EV chargers are a relatively new type of load, it is
essential to investigate their impact on the dynamic behaviors of power systems. EV chargers
are typically connected to the grid through power electronics, which may exhibit different
dynamic behaviors compared to traditional loads. Therefore, it is crucial to carefully
consider the dynamic responses of EVs and the modeling approaches used to represent their

power electronic interfaces when analyzing stability and setting relays in power systems.

The behavior of EVs relies on the charging patterns of users and can become a substantial

part of the electric load, particularly in specific locations and at certain times of the day.
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Charging standards and power levels available for EV chargers vary, including AC level-1,
AC level-2, and DC fast charging (level-3), as categorized by the Electric Power Research
Institute (EPRI) and Society of Automotive Engineers (SAE). For example, AC level-2
chargers typically have a power output of 7.4 kW, while DC fast charging (level-3) provides
50 kW, and high-speed chargers like Tesla superchargers offer 350 kW or CHAdeMO 2.0 at
400 kW [1].

Detailed modeling approaches have been developed to accurately represent the dynamic
behaviors of EV chargers, such as grid-to-vehicle (G2V), vehicle-to-grid (V2G), and
residential charging. These approaches contribute to understanding the impact of EV

chargers on the dynamic behavior of power systems and enhance stability analysis [1].

2.3 Distance Relay

Distance relays are protective devices employed to compare voltages and currents, creating
impedance-plane and directional characteristics. Traditional electromechanical relays
achieve this by generating torques, while static-analog implementations typically utilize
coincidence-timing techniques. However, numerical techniques represent the latest approach
for implementing distance and directional relay elements. These relays employ torque-like

products and other methods to achieve their desired operating characteristics [2].

Phase angle comparators assess the angle between different combinations of voltage and
current to generate directional, reactance, mho, and other characteristics. The most
commonly utilized technologies for comparing phasors in relays include induction cylinders,
coincidence timers, and digital multiplication. By analyzing the phase angle between the
measured voltage and current, relays can identify faults within the power system and initiate

protective actions to prevent equipment damage or harm to individuals [2].

2.4 Overcurrent Relay
An overcurrent relay is a crucial electrical protection device utilized to detect and isolate
overcurrent conditions in power systems. It operates by comparing the current flowing

through a circuit with a predetermined threshold level and trips the circuit breaker when the



current exceeds this threshold. Overcurrent relays can be time or instantaneous and can be

either electromechanical, static, or microprocessor-based [17].

The coordination of overcurrent relays is crucial for the efficient protection of power
systems. This coordination ensures that the relays closest to the fault trip first, avoiding
unnecessary tripping of other relays and circuit breakers. It also helps to minimize the
disruption of power supply and reduce the likelihood of equipment damage or personnel
injury. With proper coordination, overcurrent relays can help maintain the stability and
reliability of power systems, which is essential for ensuring the uninterrupted supply of

electricity.

2.5 Circuit Breaker

A circuit breaker is an electrical switch designed to protect an electrical circuit from damage
caused by excessive current, overload, or short circuit [18]. Its primary function is to
interrupt the flow of current once protective relays detect a fault. Within a circuit breaker,

there are two crucial contacts:

e Fixed contacts

e Moving contacts
During normal operation when the circuit is closed, these contacts make contact with each
other and allow current to pass through. In a closed-circuit breaker, the contacts that carry

the current are referred to as electrodes, which are held together by the pressure of a spring.

The circuit breaker's operation involves either opening or closing its arms to control the flow
of electricity and perform maintenance tasks. Opening the circuit breaker is achieved by
applying pressure to a trigger mechanism. When a faulty current is detected in any part of
the system, the trip coil of the circuit breaker is energized, causing the contacts to move apart
and thereby opening the circuit.

2.6 Genetic Algorithm

A genetic algorithm is a problem-solving method that is inspired by the process of natural
selection in biological organisms. It is a type of optimization algorithm that is used to find

the best solution to a problem in a large search space. The algorithm is derived from the
7



principles of genetics, which involve the idea of survival of the fittest. In a genetic algorithm,
a population of potential solutions to a problem is generated, and then those solutions are
evaluated to determine how well they solve the problem. The solutions that perform better
are selected for reproduction, and their genetic material is combined to create new solutions.
This process of selection, reproduction, and mutation continues until a satisfactory solution

1s found.

The genetic algorithm operates on a population of chromosomes, which represent potential
solutions to the problem at hand. Each chromosome is a sequence of genes that encodes a
possible solution. The genes are typically represented as binary digits, but they can also take

other forms.

The genetic algorithm has several steps. First, an initial population of chromosomes is
created randomly. Then, each chromosome is evaluated to determine its fitness score, which
is a measure of how well it solves the problem. The chromosomes that have higher fitness

scores are more likely to be selected for reproduction.

The next step is reproduction, where pairs of chromosomes are selected to create new
offspring. This is done using crossover, which involves combining the genes of two parent
chromosomes to create a new child chromosome. The mutation is also introduced, which
randomly changes some genes in the offspring chromosome to increase diversity in the

population.

The offspring chromosomes are then evaluated for fitness, and the process of selection,
reproduction, and mutation continues for several generations until a satisfactory solution is
found. The algorithm can be tuned by adjusting parameters such as the population size, the

mutation rate, and the selection criteria.

The genetic algorithm is widely used in various fields, including engineering, computer
science, economics, and biology. It is particularly useful for solving complex optimization

problems where traditional methods are impractical or inefficient.



2.7 Protection Philosophy

Protective equipment plays a vital role in power systems as both primary and backup
protection mechanisms. The primary protection acts as the initial defense line against faults
and abnormal operating conditions. Its purpose is to promptly respond and minimize the
impact on the power system, unlike the backup protection. Backup protection comes into
action when the primary protection fails to clear the abnormal condition. These devices are
set to activate after a specific time interval following the operation of the primary device. As
a result, backup devices need to withstand fault conditions for a longer duration compared

to the primary protective device.

When the backup device operates, it not only isolates the faulty or overloaded circuit but
also additional circuits. This disconnection of a larger portion of the power system with
backup protection is crucial in preventing further damage and ensuring system stability.
Figure 2.2 provides a typical diagram illustrating different zones of protection. Zone
including relay 5 is the primary protection zone. The zone bounded by relay 3 and relay 1

acts as secondary protection for zone including relay 5.

CBl

B2 [

Figure 2. 2 Typical primary relay protection zones in a power system

When performing protection studies, the following terms are often used to make the

language simpler and easier to understand:



2.7.1 Zone of protection:

The zone of protection for a relay refers to the specific area or distance that the relay can
efficiently protect. This zone represents the sections of the power system where the relay
will activate in response to a fault occurrence. The location of the fault within the primary
or secondary zone will determine whether the relay serves as the primary protection or
backup protection. Additionally, in some cases, there may be a tertiary zone designated for
load encroachment. The precise definition and scope of the protection zone depend on the
specific power system and the type of relay employed. Properly defined protection zones
can help ensure that the relay functions effectively in detecting and isolating faults, thereby

safeguarding the power system against further damage or failure [19].

2.7.2 Minimum fault current magnitude:

It refers to the lowest magnitude of fault current that the relay detects for any type of fault.

2.7.3 Relay pickup:

The pickup current setting is the minimum level of electrical current required to activate a
protective relay. It represents the threshold at which the relay will begin to operate in
response to a fault or abnormal condition in the power system. The PU setting is typically
associated with a specific current magnitude that the relay will respond to, and it is critical
for ensuring that the relay can detect and isolate faults effectively. Without an appropriate
PU setting, a protective relay may fail to operate when needed, resulting in potential damage

to the power system or even posing a risk to personnel.

2.7.4 Relay operating time:

It is the minimum time taken by the relay to operate.

2.7.5 Coordinating time interval:

The coordinating time interval, also known as the time difference between the operation of
primary and secondary relays, is an important aspect of protective devices. This interval
refers to the duration between the activation of the primary protection device and the

subsequent activation of the secondary or backup protection device. The purpose of the

10



coordinating time interval is to allow the primary protection sufficient time to clear faults
and abnormal conditions effectively. By introducing a delay, the secondary relay ensures that
it only operates if the primary relay fails to clear the fault within the specified timeframe.
This time delay is crucial in preventing unnecessary tripping of the system during transient
or temporary faults. It provides a safeguard against false triggering and allows the primary

protection to respond swiftly to faults while minimizing disruptions to the power system.

Coordinating the time interval between primary and secondary relays is a key consideration
for maintaining the stability and reliability of the power system. It allows for an optimized
coordination of protective devices, ensuring that faults are addressed promptly while
providing an additional layer of protection if the primary protection fails to operate as

intended.

2.7.6 Relay:

This component, whether electromechanical or digitally controlled, is responsible for
operating the recloser, breaker, or switches.

2.8 Fault Types:

A fault in a power system refers to any condition that can cause abnormal current to flow in
an undesired path or disrupts current flow in a desired path. This can include short or low-
impedance circuits, power swings, over voltages, open circuits, elevated temperatures, and
operation outside of nominal frequency. Faults can be caused by insulation failure, broken
conductors, or external factors such as bird interference, kite string, or tree limbs. Depending
on the nature of the fault, there are various types of faults that can occur in transmission

lines.

2.8.1 Transient fault:

It is a type of fault that only occurs temporarily and can be rectified by disconnecting and
restoring the power supply or by waiting for a short time until the insulation properties of
the affected device are restored. Transient faults are common in overhead power lines and
can occur due to various reasons such as lightning strikes, short-term overvoltage, or

temporary line contact with trees or other objects. Unlike permanent faults, transient faults
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do not cause permanent damage to the system and can be corrected without major repair or

replacement of equipment [19].

2.8.2 Persistent fault:

A persistent fault is a type of fault that remains even when the power is disconnected. These
types of faults are typically observed in underground power cables, and they are often caused
by mechanical damage to the cable. In some cases, persistent faults can also be transient,
which means they may only last for a short period and are caused by lightning. Persistent
faults are problematic as they can cause a prolonged interruption in power supply until the

fault is located and repaired.

2.8.3 Symmetrical fault:

A symmetric or balanced fault occurs when each of the three phases of a power system is
affected equally, resulting in equal currents flowing through each phase. Such faults are
relatively rare and typically account for only 5% of transmission line faults. On the other
hand, an asymmetrical fault occurs when three phases of a power system are not affected

equally, resulting in the flow of unbalanced current through each phase.

2.8.4 Asymmetrical fault:
An asymmetrical fault does not affect each of the three-phase equally. They are of three types

as follows:

2.8.4.1 Line-to-line:

When two power transmission lines come into physical contact or the air surrounding them
becomes ionized, it results in a fault known as a line-to-line fault. This fault can also occur
when an insulator breaks. Asymmetric line-to-line faults, where the impact on the three

phases is not equal, account for around 5% to 10% of transmission line faults.
2.8.4.2 Line-to-ground:

An asymmetric line-to-ground fault is a type of fault in which one of the power lines comes

in contact with the ground, resulting in a short circuit. This kind of fault is frequently caused
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by external factors such as lightning or storm damage. In transmission line faults,

asymmetric line-to-ground faults account for approximately 65% - 70% of all faults.

2.8.4.3 Double line-to-ground:
An asymmetric double line-to-ground fault occurs when two power lines come into touch
with the ground and each other, often caused by severe weather conditions such as storms.

It accounts for approximately 15% to 20% of faults in transmission lines.

2.8.5 Bolted fault:

A "bolted fault" refers to a hypothetical situation where a fault in an electrical system has
zero impedance, leading to the highest possible short-circuit current. In this scenario, it is
assumed that all the conductors are directly linked to the ground, as if connected by a metallic

conductor.

2.9 Overcurrent Protection for radial feeder

In radial feeder the current flowing is unidirectional. Protection in such a system is achieved
by measuring the fault current (I). If the fault current is greater than the pick-up current, the
relay will give trip signal and if fault current is less than the pickup current, the relay will
not operate. i.e.

It~ I, Relay Trip ON, It <I, Relay Trip OFF (BLOCK)

2.10 Overcurrent Protection for mesh feeder

In a mesh system, the current can flow in both directions, making it more challenging to
identify the fault location and isolate it. This is why directional overcurrent relays are used
as protective devices. These relays are designed to not only detect the magnitude of the

current but also its direction.
Directional overcurrent relays operate based on the principle that current flows in opposite

directions in different parts of the power system. By analyzing the current flow direction,

the relay can identify the location of the fault and isolate it from the rest of the system.
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2.11 Primary and Backup Protection

In power systems, it is crucial to have a reliable protection system in case of faults. However,
there are instances when the primary protection system may fail, and a backup protection
system becomes necessary. The backup protection system provides an additional line of
defense and must be independent of the primary protection system. It is also preferable to
have the backup protection system installed at a different location than the primary

protection system to avoid any common failure modes.

The backup protection system should only trip the circuit breaker after the primary
protection system has operated, ensuring that the fault is isolated correctly. The operating
time of the backup protection system should be equal to the operating time of the primary
protection system plus the operating time of the primary circuit breaker. The radial power

system in Figure 2.3 illustrates the primary and backup protection systems.
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Figure 2.3 Primary and Backup protection of Relay

As per Figure 2.3, if there is a problem in one of the parts that deliver electricity (known as
feeder elements), several or all relays located closer to the power source (between the
problem and the supplying system) will activate and begin a countdown. However, only the
relay closest to the problem is supposed to switch off and stop the flow of electricity. This
relay has the shortest delay before it activates. Once it trips, the rest of the relays located
upstream will reset and no more switches will be activated. The relays positioned
downstream from the problem will not activate because there is no faulty current flowing in
that area. The section of the electrical network downstream from the problem will be
disconnected by the relay that operates. On the other hand, the part of the network upstream

from the problem will continue to function normally once the fault is resolved.
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If the designated relay or its associated breaker fails to function and clear the fault, the next
relay located closer to the power source will step in as a backup protection measure. This
upstream relay will activate and attempt to clear the fault. If it also fails to operate, the
subsequent relay upstream will take action, and so on. In this scenario, more elements within
the network will be tripped or switched off. Despite considering both the fault and potential
equipment malfunction, this course of action is still considered the best option or optimal

response.
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CHAPTER THREE:
METHODOLOGY

3.1 Work Overview
The flowchart presented in Figure 3.1 illustrates the fundamental approach adopted for our
work. Our project was executed following the outlined methodology depicted in the

flowchart.
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Figure 3.1 Flowchart of Methodology



Modeling of IEEE Standard 33 bus distribution system

The data for the IEEE 33 Bus standard system is obtained from the standard research
document. This system is created in software like ETAP and MATLAB for simulation
purposes, using the data from the document. To verify the accuracy of the simulation, the
developed system is evaluated by the IEEE Distribution System standard result. Table 3.1
provides information about the impedance of the IEEE 33 Bus system. All 33 bus system
parameters are shown in Table A.1 In simpler terms, the IEEE 33 Bus system can be modeled
and analyzed using computer software, and its accuracy can be verified by research papers.
Figure 3.2 shows the model of the standard IEE 33 Bus System. The ETAP model of the 33
bus distribution system is shown in Figure A.1.

Table 3.1 IEE 33 Bus Standard Bus

—>—>—>|—>

Figure 3.2 IEEE 33 bus model
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Branch Pg;h Load Length | Real Reactive Resistance Reactance
Name BUsS Name (km) Load(Kw) Load(Kvar) (Ohm/km) (Ohm/km)

Branchl 1-2 L2 1 100 60 0.0922 0.0470

Branch?2 2-3 L3 1 90 40 0.493 0.251

Branch3 3-4 L4 1 120 80 0.366 0.186

Branch4 4-5 L5 1 60 30 0.3811 0.1941

Branch5 5-6 L6 1 60 20 0.819 0.707

22 23 24

M iy

I I I
10 11 12 13 14 15 16 17




3.2 Load Flow and short-circuit analogies

The ETAP software was utilized to perform load flow analysis on the aforementioned bus
system. Following this, a short-circuit analysis was carried out on the system, where short-
circuit conditions were created at various branches and buses to observe the performance of
the system. By examining the load flow and short-circuit analysis results, the actual behavior
of the radial distributed bus system was obtained. This information proved to be valuable in
the development of an effective protection system for the network. Therefore, the load flow
and short-circuit analysis played a crucial role in understanding the behavior of the bus
system and protective measures to prevent damage.

fault MVA=2ZEMYA Equation 3.1
pu

fault KAZW ....................... Equation 3.2
LN

3.3 Relay Characteristics

The load flow study and short-circuit analysis provide an understanding of the overall
behavior of the radial distribution system that has been developed. This information is
essential in creating an effective protection system for the distribution network. Various
protection systems, such as circuit breakers, fuses, re-closers, and relays, are employed to
improve the coordination of protection in the simulated model. Overcurrent relays are used
to protect the feeders, with an inverse time overcurrent protection being the preferred choice.
The inverse time overcurrent protection works by having an operating time that is inversely
proportional to the magnitude of the fault current. Different time-current characteristic
curves are used, such as those defined by the IEC 60255 standard curves, as shown in Table
3.2. Overall, the load flow study and short-circuit analysis help create an appropriate
protection system for the radial distribution system, which is critical in preventing damages

and ensuring the system's proper functioning.

Table 3.2 Relay Equation Table

Relay Characteristics Equations (IEC 60255)
Standard I SI . 0.14
andard Inverse (SI) t_TMS*ITo.oz_l
Very Inverse (VI) =TMS* 13.5
I—1
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Extremely Inverse (EI) t=TMS* 80
L2-1
Long time stand by earth fault t=TMS* 120
-1
.

Where: I, = I/llg, Measured current, [;= Relay setting current, TMS= Time Multiplier
Setting.

The relays and reclosers in this study are equipped with a standard inverse characteristic
curve. To ensure that the inverse time overcurrent relay operates effectively, the pickup
current is set to 1.05 to 1.20 times the primary currents of the current transformer. The
selection of primary currents is based on the maximum load currents that are expected.
Additionally, the IEC normal inverse characteristic curve has a time multiplier setting of 0.2.
To calculate the plug setting multiplier (PSM), the fault current is obtained from the short-
circuit analysis. By utilizing this methodology, the appropriate settings for the protection
systems can be established, which ensures that the system is protected against faults and

operates optimally. Figure 3.3 shows the Time characteristics curve of a general OCR.

pgM—Lauitcurrentdy) - Equation 3.3

Pickup Current(Is)

The minimum time delay setting for the instantaneous element is 60 milliseconds for the
high-voltage (HT) side and 40 milliseconds for the low-voltage side. To determine the time
setting multiplier (TSM) for the standard inverse characteristic curve, you can calculate it

using equation 3.3.

« 0.02 _
TMSZ% .......................... Equation 3.4

Where t is the time delay required.
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Figure 3.3 Relay Characteristic Graph

The goal of protection coordination in power systems is to ensure selectivity, which means
that only the faulted component is switched off while the rest of the power system remains
in operation. This minimizes disruptions in the power supply and helps maintain stability.
Effective coordination ensures that protective devices neither malfunction nor duplicate their
operation. To achieve selectivity in isolating a fault, protective devices are arranged in a
series and time-coordinated. This means that the device closest to the short circuit or

overload opens first to isolate the faulty section.

3.4 Protection Coordination using Genetic Algorithm (GA)

3.4.1 Introduction of GA

Power systems are made up of a multitude of equipment and protection relays to safeguard
the system. Proper coordination of these relays is crucial to prevent mal-operation and ensure
efficient protection. Coordination involves selecting time multiplier settings (TMS) and plug
setting multipliers (PSM) that meet all constraints and operate within the shortest possible
time. In systems where fault and load currents can flow in either direction due to sources at
both ends of the line, directional overcurrent relays (OC) are used to avoid coordination with
relays behind them. This coordination problem can be defined as a constrained optimization

problem and can be solved using techniques such as GA. Coordinating relays in a power
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system involves solving an optimization problem with numerous constraints, resulting in
many local optimal solutions. Traditional methods like LP, NLP, and IP start the optimization
from the first point, leading to a heavily dependent final solution. The use of optimization
techniques can eliminate the need for finding minimum break points. In this context, a linear-
programming approach is often used to minimize relay operating time based on coordination
constraints, relay characteristics, and relay setting limits. However, a more effective
approach is to use the GA algorithm to search for solutions from a population of primary
points, which reduces the likelihood of being trapped in local optimal points. Nonetheless,
GA algorithms can be time-consuming for large-scale problems with many constraints,

making it necessary to find the optimal solution in the shortest possible time.

3.4.2 Problem Definition

The coordination problem associated with directional overcurrent (OC) relays in
interconnected power systems can be formulated as an optimization task. The objective is to
minimize the total operating times of the relays within the system for faults occurring in

close proximity to the source[21].
minz=>t, mnz=>1t, ... Equation 3.5
— .

Subjected to the following inequality constraints

t, -t zAt Equation 3.5

ti,i,min Sti,i Sti,i,max Equation 3.5

(t): = LMSB' Equation 3.5
Psmy. -1 e

For normal Inverse definite minimum time (IDMT) relay y is 0.02 and A is 0.14., equation

(3.5) becomes[21]

to=8,(TMS); Equation 3.5
a = # ...................... Equation 3.5
(PSM), -1
and PSM =I/Is
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Making substitution from equation (3.5) in equation (3.5), the objective function becomes

n
minz =) a,(TMS),
i=1 Equation 3.5
This is a non-linear optimization problem.
Where;
t;; is the operating time of the primary relay at 1, for near end fault.

tj,1 1s the operating time for the backup relay, for the same near end fault.

At is the coordination time interval (CTI).

MmN 35 the minimum operating time of relay at i for near end fault (fault at 1).

t is the maximum operating time of relay at i for near end fault (fault at 1).

i,i,max
top is the relay operating time.
I is the input current.
Is is the setting current.
TMS is time multiplier setting, and
PSM is plug setting multiplier.
Coordination of over current relay can be easily understood by this simple radial system and
the same concept can be applied for larger system also using algorithm:
Ra Rp
S

Figure 3.4 A radial feeder both relays are non-directional[21]

Maximum fault current beyond bus A: 4 kA
Maximum fault current beyond bus B: 3 kA

Plug setting of both relays: 100%

CT ratio of relay A (RA): 300:1

CT ratio of relay B (RB): 100:1

Minimum operating time of each relay: 0.25 seconds
CTI: 0.57 seconds

For this system Coordination problem is
22



Min Z =2.63X; +2 X»

Where X and X is TMS of relay Ra and Rg
Subject to:

2.97X1-2X2.>0.57

2.63 X1>0.2

2X2>0.2

Using GA

(TMS)a =0.682 sec and (TMS)g =0.2 sec

3.4.3 Methodology

For this study, the IEEE 33-bus distribution network was utilized and modeled with ETAP
software, where the electrical parameters were adjusted to the desired values. Load flow
analysis and short circuit analysis were conducted to determine the expected load current
(IL), minimum fault current (IF, MIN), and maximum fault current (IF, MAX) for all
network elements, which would be utilized as inputs during the relay setting process using
GA. The optimization flowchart is depicted in the figure 3.5. The methodology employed in
this algorithm begins by initializing the process and defining a fitness function to evaluate
potential solutions. Input regarding the number of variables and stopping criteria is provided,
and specific parameters for the Genetic Algorithm (GA) are established. An initial
population is generated, and the fitness of each chromosome is evaluated and sorted. The
algorithm then proceeds to select pairs for mating, perform crossover operations, and
introduce mutation to maintain diversity. The process iterates by evaluating the fitness of the
new population until the stopping criteria are met. Finally, the algorithm displays the final
optimized solution. Through this iterative approach, the Genetic Algorithm explores the
solution space, leveraging genetic operators to evolve and improve solutions over time,

leading to an optimal or near-optimal solution for the given optimization problem.
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Figure 3.5 Flowchart of GA[21]

3.5 Modeling of EV charger and Analysis of EV charger

This section introduces two EV charger models employed in the study: a slow charger
equipped with a 7.4 kW level-2 charger, and a fast charger featuring a 50 kW DC fast charger.
Detailed implementation of these models was carried out using MATLAB/Simulink to
analyze the responses of standard EV chargers when subjected to minor voltage
disturbances. The simulated responses were then utilized to generate data for curve fitting

methodologies applied to both static and dynamic load models.

The slow charger model, referred to as Approach A, utilized a diode rectifier and a DC/DC
converter. On the other hand, Approach B, representing the fast charger model, employed a
three-phase full bridge converter alongside a DC/DC converter. This two-stage power
conversion, comprising AC/DC and DC/DC stages, offered inherent low-frequency ripple
rejection and has been widely adopted in modern battery charger topologies. Additionally,
power factor correction (PFC) control was implemented to maintain the power factor close

to unity.
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Approach A, with its simplified control structures, gained popularity in earlier EV charging
stations, particularly in small residential chargers. However, it had certain functional

limitations that rendered it unsuitable for smart charging applications.

Approach B utilizes a specific topology for EV fast charging, which includes a full bridge
three-phase inverter and a DC/DC converter. This differs from the structure of approach A.
In approach B, the control system requires a full bridge converter, which is a fully
controllable AC/DC converter. It consists of both outer voltage and inner current control
loops. The inner current control loop drives the converter based on dq currents, which are
generated by the associated references of the outer control loops.

In most EV chargers, except for Tesla superchargers, there are DC/DC converters that
regulate the charging DC voltage and control the power flow. This voltage regulation can be
achieved using constant Pulse-Width Modulation (PWM) or by incorporating feedback
control. Figure 3.6 depicts a block diagram illustrating the configuration of Approach B

charger, while the corresponding simulation model is presented in Figure B.1.
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Figure 3.6 Block diagram of EV charger [1]
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CHAPTER FOUR:
RESULT AND DISCUSSION

4.1 Basic Introduction

This chapter presents the findings and discussions of a study conducted on the IEEE 33 bus
radial distribution system. The study utilizes the ETAP software to develop a system model
and perform load flow analysis. The simulation results are then compared with data provided

by the IEEE Distribution System Analysis Subcommittee to validate their accuracy.

Based on the load flow analysis outcomes, protective elements are incorporated into the
system. To determine the maximum, short-circuit current that can flow through the bus of
the system, a short-circuit analysis is conducted. This analysis serves as a basis for

optimizing the coordination between the protective elements.

The coordination optimization is accomplished using the Genetic Algorithm (GA)
implemented through MATLAB software. The study also investigates the impact of
integrating electric vehicle charging stations into the coordinated protection system. It
reveals instances of mal-operation of the protective elements resulting from this integration,
which are evaluated and discussed.

4.2 Simulation of IEEE 33 Bus Distribution system

IEEE-33 Bus Radial distribution system, is modeled and simulated in ETAP software. The
normal current of buses 1-5 and paths are shown in Table 4.1. The normal current of all

remaining buses are shown in Table B.1.

Table 4.1 Load Flow Report

LOAD FLOW REPORT

From Bus To Bus MW Mvar Amp %PF
Bus 1 Bus 2 3.927 2.459 211.3 84.8
Bus 2 Bus 1 -3.915 -2.452 211.3 84.7
Bus 3 3.453 2.231 188.1 84.0

Bus 19 0.361 0.161 18.1 91.3

Bus 3 Bus 2 -3.401 -2.205 188.1 83.9
Bus 4 2.371 1.707 135.6 81.2
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Bus 23 0.940 0.457 48.5 89.9
Bus 4 Bus 3 -2.351 -1.697 135.6 81.1
Bus 5 2.231 1.617 128.8 81.0
Bus 5 Bus 4 -2.212 -1.607 128.8 80.9

4.3 Protective device coordination

The study involves analyzing the Time-Current Characteristics (TCC) curve of various
protective devices using the Star View toolbar in the ETAP software. This analysis helps to
determine the fault clearing time difference between primary and backup protection devices
at specific fault currents. As the number of branches increases, the problem of coordinating
protective devices becomes more complex. To address this issue, the study uses Genetic
Algorithm, which helps to solve the complex coordination problem and minimize the
operating time of protective devices. By using this approach, the study aims to optimize the

coordination between protective devices in a more efficient manner.

Figure 4.1 illustrates a graphical representation depicting the histogram of scores at each
generation. It also showcases the vector entries of the individual with the highest fitness
function value for each generation. Additionally, it presents the minimum, maximum, and
average score values for each generation during the optimization process of protection

coordination in the IEEE 33 bus distribution system, excluding Electric Vehicles (EVs).
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Figure 4.1 GA scores and histograms

27



The result of the optimum time multiplier setting achieved for each relay as a result of
genetic algorithm by setting the required plug setting (PS) are shown in Table 4.2.
Table 4. 2 Plug Setting and Time Multiplier Setting

Rela
No. ’ Plug Setting (PS) Time Setting Multiplier (TSM)
1 1.900 0.244
2 1.896 0.153
3 2.643 0.219
4 5.200 0.526
5 5.267 0.494
6 4.887 0.436
7 4.673 0.260
8 18.743 0.688
9 21.770 0.656
10 21.333 0.584
11 23.704 0.536
12 23.289 0.463
13 22.400 0.389
14 24.114 0.328
15 33.067 0.284
16 39.200 0.217
17 45.422 0.141
18 65.733 0.124
19 52.578 0.323
20 62.333 0.245
21 78.933 0.162
22 106.133 0.139
23 18.524 0.172
24 19.200 0.108
25 34.743 0.105
26 12.507 0.425
27 12.996 0.375
28 12.015 0.309
29 11.686 0.251
30 13.138 0.207
31 28.952 0.199
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32 40.373 0.137

33 2.013 0.020

4.4 FFT Analysis

The model of EV developed using MATLAB/Simulink is shown in the Figure B.1. The graph
of current harmonics is analyzed to know the harmonics present in it and it is used later in
the ETAP software to feed the EV source with same harmonics. The result of the voltage and

current with harmonic component’s graph is shown in the figure 4.2.

Figure 4.2 Voltage and current graph

FFT analysis stands for Fast Fourier Transform analysis, which is a mathematical technique
used to convert a time-domain signal into its frequency-domain representation. The Fourier
Transform i1s a mathematical function that decomposes a signal into its constituent
frequencies. In other words, it allows us to see the individual frequency components that
make up a complex signal. FFT is a faster algorithm used to implement the Fourier
Transform. The FFT analysis of current is done in MATLAB and its FFT window and plot
is shown in Figure 4.3 below.
To perform Fourier Transform (FT) analysis of an EV charger current signal in MATLAB,
follow these steps:

1. Load the current signal data into MATLAB.

2. Use the "FFT" function in MATLAB to compute the FFT of the signal.

3. Use the "abs" function in MATLAB to compute the magnitude of the FFT signal.

4. Use the "angle" function in MATLAB to compute the phase of the FFT signal.
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5. Create a frequency vector that corresponds to the FFT signal using the "linspace"
function in MATLAB.
6. Plot the magnitude and phase of the FFT signal versus the frequency vector using the
"plot" function in MATLAB.
The Harmonics order so obtained from FFT analysis with percentage of fundamental current

and angles are shown in Table 4.3. The FFT analysis is shown in Figure 4.3.

Table 4. 3 Harmonics order present in EV charger

Harmonic Order Percentage Angle(degree)
0 25.45 90
1 100 156.6
2 19.99 269.4
3 15.44 244.8
4 5.68 213.2
5 2.58 214.3
6 2.27 219.5
7 1.83 212.2
8 1.64 212.1
9 1.37 208.5

10 1.11 207.3
11 1.01 202.4
12 0.92 197.2
13 0.88 221.4
14 0.84 208.8
15 0.73 205.2
16 0.87 203.9
17 0.62 202.3
18 0.62 186.5
19 0.65 189.3
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Figure 4.3 FFT analysis of current of EV charger

4.4.1 When lump loads are replaced with same ratings EV Charger load
In the standard 33 bus system, relays, circuit breakers (CB), and electric vehicle (EV)
charging station loads with equivalent ratings to the existing lumped loads were installed.

The value of current at different cases is presented in figure 4.4 and Table 4.4.
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Figure 4.4 Current plot when loads are replaced with same ratings EV charger
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Table 4.4 Difference of currents when loads are replaced with same ratings EV charger

rmal Current Current after EV .
RNe'c?y N Flow (A) integration(A) DIFErenes
1 211.3 219.06 7.76
2 211.3 219.06 7.76
3 188.1 195.78 7.68
4 135.6 143.04 7.44
5 128.8 136.52 7.72
6 125.7 133.41 7.71
7 122.8 130.41 7.61
8 47.9 48.19 0.29
9 37.0 37.2 0.20
10 33.9 34.09 0.19
11 30.8 30.97 0.17
12 28.2 28.3 0.10
13 24.8 24.86 0.06
14 21.3 214 0.10
15 14.3 14.34 0.04
16 11.3 11.33 0.03
17 8.1 8.15 0.05
18 5.0 4.97 0.00
19 18.1 19.53 1.43
20 13.6 14.66 1.06
21 9.1 9.78 0.68
22 4.5 4.89 0.39
23 48.5 48.98 0.48
24 43.7 44.14 0.44
25 21.9 22.11 0.21
26 66.0 73.83 7.83
27 63.1 70.9 7.80
28 60.3 67.51 7.21
29 57.6 64.08 6.48
30 51.1 56.65 5.55
31 23.6 23.51 0.00
32 15.3 15.48 0.18
33 3.6 3.67 0.07
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4.4.2 When lump loads are replaced with rating of Standard EV Charger load

The introduction of standard EV loads in some buses of the IEEE 33 bus system has led to
the overloading of certain branches and subsequent tripping of relays. This is because the
protective device's PSM value has been changed, surpassing the set value during normal
operation. This means that the relay may trip even in the absence of an actual fault, disrupting

the system's normal operation.

To ensure the proper functioning of the system, it is imperative to recheck and recalculate
the relay settings for each affected relay. This will involve adjusting the protective device's
settings to ensure that they are appropriate for the newly introduced EV loads, without
compromising the system's overall safety and stability. Properly calibrated relay settings will
prevent tripping during normal operation while still providing the necessary protection in
the event of a fault. The values of current and the differences are tabulated in Table 4.5 and

it is presented in figure 4.5.

Table 4.5 Difference of Currents when loads are replaced with Standard EV charger

Normal
Relll"’:)y Current Cili] rtgent a_fter 2 Trip Time T2(s) Difference
. Flow (A) gration(A)
2 211.3 265.08 10.77 53.78
3 188.1 235.60 13.33 47.50
4 135.6 182.61 18.68 47.01
5 128.8 175.89 21.67 47.09
6 125.7 172.73 21.61 47.03
7 122.8 169.71 14.74 46.91
8 47.9 49.11 normal operation 1.21
9 37.0 37.95 normal operation 0.95
10 33.9 34.79 normal operation 0.89
11 30.8 31.61 normal operation 0.81
12 28.2 28.90 normal operation 0.70
13 24.8 25.39 normal operation 0.59
14 21.3 21.86 normal operation 0.56
15 14.3 14.65 normal operation 0.35
16 11.3 11.57 normal operation 0.27
17 8.1 8.33 normal operation 0.23
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18 5.0 5.08 normal operation 0.08
19 18.1 25.90 16.02 7.80
20 13.6 19.45 6.59 5.85
21 9.1 12.97 7.97 3.87
22 4.5 6.49 normal operation 1.99
23 48.5 48.92 normal operation 0.42
24 43.7 44.09 normal operation 0.39
25 21.9 22.08 normal operation 0.18
26 66.0 110.87 7.58 44.87
27 63.1 107.77 6.32 44.67
28 60.3 101.08 5.34 40.78
29 57.6 94.28 4.48 36.68
30 51.1 87.59 3.26 36.49
31 23.6 57.55 1.76 33.95
32 15.3 16.04 normal operation 0.74
33 3.6 3.80 normal operation 0.20
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Figure 4.5 Current plot when loads are replaced with Standard EV charger loads

A fault has been created at bus 31 for both IEEE standard 33 bus model and EV equivalent
load systems IEEE 33 Bus model. The tripping time of each relay and circuit breaker has
been observed, and it appears that there is no change in the sequence of operation. However,

there is a slight difference in the time of operation between the two systems.
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The Table 4.6 and Table 4.7 below likely shows the different tripping times for the relays

and circuit breakers in both systems, which can be used to compare their performance and

reliability:
Table 4.6 Sequence of Operation of relay
Sequence-of-Operation Event Summary Report
Symmetrical 3-Phase Fault at Bus31.
Time ID If T1 T2 Condition
(ms) (kA) | (ms) | (ms)
900 | Relay31 | 0.765 | 900 Phase - OC1 - 51 - Forward
980 CB31 80.0 Tripped by Relay31 Phase - OC1 - 51 -
Forward
1158 | Relay30 | 0.646 | 1158 Phase - OC1 - 51 - Forward
1238 | CB30 80.0 Tripped by Relay30 Phase - OC1 - 51 -
Forward
1508 | Relay29 | 0.621 | 1508 Phase - OC1 - 51 - Forward
1588 | CB29 80.0 Tripped by Relay29 Phase - OC1 - 51 -
Forward
1915 | Relay28 | 0.611 | 1915 Phase - OC1 - 51 - Forward
CB28 80.0 1995
2408 | Relay27 | 0.602 | 2408 Phase - OC1 - 51 - Forward
2488 | CB27 80.0 Tripped by Relay27 Phase - OC1 - 51 -
Forward
2820 | Relay26 | 0.591 | 2820 Phase - OC1 - 51 - Forward
2900 | CB26 80.0 Tripped by Relay26 Phase - OC1 - 51 -
Forward
5470 | Relay7 | 0.432 | 5470 Phase - OC1 - 51 - Forward
5550 CB7 80.0 Tripped by Relay7 Phase - OC1 - 51 -
Forward
5824 | Relay6 | 0.424 | 5824 Phase - OC1 - 51 - Forward
5904 CB6 80.0 Tripped by Relay6 Phase - OC1 - 51 -
Forward
6706 | Relay5 | 0.416 | 6706 Phase - OC1 - 51 - Forward
6786 CB5 80.0 Tripped by Relay5 Phase - OC1 - 51 -
Forward
7495 | Relay4 | 0.396 | 7495 Phase - OC1 - 51 - Forward
7575 CB4 80.0 Tripped by Relay4 Phase - OC1 - 51 -
Forward
16994 | Relay3 | 0.275 | 16994 Phase - OC1 - 51 - Forward
17074 | CB3 80.0 Tripped by Relay3 Phase - OC1 - 51 -
Forward
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Table 4.7 Sequence of Operation of relay with EV load

Sequence-of-Operation Event Summary Report
Symmetrical 3-Phase Fault at Bus31.

Time ID If Tl T2 Condition

(ms) (kA) | (ms) | (ms)

900 Relay31 | 0.601 | 900 Phase - OC1 - 51 - Forward

980 CB31 80.0 Tripped by Relay31 Phase - OC1 - 51 -
Forward

1194 Relay30 | 0.601 | 1194 Phase - OC1 - 51 - Forward

1274 CB30 80.0 Tripped by Relay30 Phase - OC1 - 51 -
Forward

1531 Relay29 | 0.601 | 1531 Phase - OC1 - 51 - Forward

1611 CB29 80.0 Tripped by Relay29 Phase - OC1 - 51 -
Forward

1929 Relay28 | 0.601 | 1929 Phase - OC1 - 51 - Forward

2009 CB28 80.0 Tripped by Relay28 Phase - OC1 - 51 -
Forward

2409 Relay27 | 0.601 | 2409 Phase - OC1 - 51 - Forward

2489 CB27 80.0 Tripped by Relay27 Phase - OC1 - 51 -
Forward

2823 Relay26 | 0.590 | 2823 Phase - OC1 - 51 - Forward

2903 CB26 80.0 Tripped by Relay26 Phase - OC1 - 51 -
Forward

5606 Relay7 | 0.421 | 5606 Phase - OC1 - 51 - Forward

5686 CB7 80.0 Tripped by Relay7 Phase - OC1 - 51 -
Forward

5982 Relay6 | 0.412 | 5982 Phase - OC1 - 51 - Forward

6062 CB6 80.0 Tripped by Relay6 Phase - OC1 - 51 -
Forward

The single line diagram modelled in ETAP with equivalent EV load. The sequence of
operation when fault is created at Bus 31 is shown in figure 4.8. The sequence of operation
of relays are, relay 31 operates first as primary then relay 30, relay 29, relay 28, operate one

after another as back up relay respectively.
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CHAPTER FIVE:
CONCLUSION AND RECOMMENDATION

In this study, the impact of integrating electric vehicle (EV) charging loads into the IEEE 33
bus distribution system was investigated, with a focus on relay and protection
coordination. The replacement of standard loads with EV charging loads of the same rating
introduced harmonic currents and total harmonic distortion (THD) into the system, resulting
in a slight increase in the net RMS value of current. However, the tripping sequence of the
relays remained unaltered, as indicated by the results presented in Table 4.4. No trip signal
was generated since the current values were lower than the pickup current for each relay. In

the event of a fault, the time of operation of relays is also changed, as seen in Table 4.6.

Nevertheless, when considering the scenario of bulk penetration of EV chargers into the
network, the combined effect of increased load current and harmonic current led to
overloading at the distribution buses. This resulted in relay trips, as shown in Table 4.5. In
this case, the relay currents exceeded their rated values, causing the overloaded relays to trip.
Notably, the tripping sequence remained unaltered, while the time of trip for each relay

changed.

These findings highlight the significance of considering the harmonic currents and adjusting
relay settings when integrating EV chargers into distribution systems. Future research should
focus on further optimizing protection coordination techniques to accommodate the growing
penetration of EVs, ensuring the stability and reliability of power grids amidst increasing
environmental and energy demands. To ensure the proper protection of the system when
integrating EV chargers, it is recommended to increase the pickup current for the relays. By
adjusting the pickup current level, the relays will trip at higher current levels, effectively
mitigating false tripping caused by harmonic currents introduced by EV chargers. Proper
design and planning are essential in maintaining the reliability and protection of power
distribution systems, particularly in scenarios with large-scale EV penetration

This study provides insights into the impact of EV integration on relay and protection

coordination in the IEEE 33 bus distribution system. The results emphasize the need for
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careful consideration of harmonic currents, along with adjusting pickup current levels, to
ensure the reliable and protected operation of power distribution systems when integrating

EV chargers.
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APPENDIX

Appendix A: IEEE 33 Bus Distribution System

Table A.1 IEEE 33 Bus Distribution System Standard Data

Path Real
Branch of Load Lenath Load Reactive | Resistance | Reactance
Name B Name 9 ( Load(Kvar) | (Ohm/km) | (Ohm/km)
us (km) Kw)
Branchl | 1-2 | L2 1 100 60 0.0922 0.0470
Branch2 | 2-3 | L3 1 90 40 0.493 0.251
Branch3 | 3-4 | L4 1 120 80 0.366 0.186
Branch4 | 4-5 | L5 1 60 30 0.3811 0.1941
Branch5 | 5-6 | L6 1 60 20 0.819 0.707
Branch6 | 6-7 | L7 1 200 100 0.1872 0.6188
Branch7 | 7-8 | L8 1 200 100 1.7114 1.2351
Branch8 | 8-9 | L9 1 60 20 1.03 0.74
0-
Branch9 | 10 | L10 1 60 20 1.044 0.740
10-
Branch10 | 11 | L11 1 45 30 0.1966 0.0650
11-
Branchl1l | 12 | L12 1 60 35 0.3744 0.1238
12-
Branch12 | 13 | L13 1 60 35 1.468 1.156
13-
Branchl3 | 14 | L14 1 120 80 0.5416 0.7129
14-
Branch14 | 15 | L15 1 60 10 0.591 0.526
15-
Branchl5| 16 | L16 1 60 20 0.7463 0.5450
16-
Branchl6 | 17 | L17 1 60 20 1.289 1.721
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Branchl7 11?8 L18 90 40 0.732 0.574
Branchl18 59 L19 90 40 0.164 0.157
Branch19 E% L20 90 40 1.5042 1.3554
Branch20 22% L21 90 40 0.4095 | 0.4784
Branch21 2212 L22 90 40 0.7089 | 0.9373
Branch22 23 L23 90 50 0.4512 | 0.3083
Branch23 223;1 L24 420 200 0.898 0.709
Branch24 22% L25 420 200 0.896 0.701
Branch25 26 L26 60 25 0.203 0.103
Branch26 2267 L27 60 25 0.2842 | 0.1440
Branch27 22?3 L28 60 20 1.059 0.934
Branch28 22% L29 120 70 0.8042 | 0.7006
Branch29 2390 L30 200 600 0.5075 | 0.2585
Branch30 33% L31 150 70 0.9744 | 0.9630
Branch31 3312 L32 210 100 0.3105 | 0.3619
Branch32 3323 L33 60 40 0.341 0.530
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Appendix B: Modelling and Results

Figure B.1 EV charger model developed using MATLAB

Table B.1 Load flow report

Bus Generation Load Voltage Load Flow

1D MW | Mvar | MW | Mvar kv % Mag. | Ang. | ID | MW | Mvar | Amp | %PF

Bus Bus

1 3.927 | 2.459 | 0.000 | 0.000 | 12.660 | 100.000 0.0 5 3.927 | 2459 | 211.3 | 84.8

Bus Bus - -

5 0.000 | 0.000 | 0.100 | 0.060 | 12.660 | 99.702 0.0 1 3915 | 2.452 211.3 | 84.7
Bus
3 3.453 | 2.231 | 188.1 | 84.0
Iil;s 0.361 | 0.161 | 18.1 | 91.3

Bus Bus - -

3 0.000 | 0.000 | 0.090 | 0.040 | 12.660 | 98.286 0.1 > | 3401 | 2.205 188.1 | 83.9
B;’S 2371 | 1.707 | 135.6 | 81.2
BZ%S 0.940 | 0.457 | 485 | 89.9

Bus Bus - -

4 0.000 | 0.000 | 0.120 | 0.080 | 12.660 | 97.533 0.2 3 | 2351 | 1697 135.6 | 81.1
Bgs 2231 | 1.617 | 128.8 | 81.0

Bus Bus - -

5 0.000 | 0.000 | 0.060 | 0.030 | 12.660 | 96.788 0.2 4 | 2912 | 1607 128.8 | 80.9
Bg’s 2152 | 1577 | 125.7 | 80.7
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Bus Bus - -

5 | 0.000 | 0.000 | 0.060 | 0.020 | 12.660 | 94.933 | 0.1 | " |, 1o 454y | 1257 | 808
B;‘S 2053 | 1.524 | 122.8 | 80.3

Bus Bus - -

2 | 0.000 | 0,000 | 0200 | 0.100 | 12.660 | 94.063 | -0.2 | " |, s | 4 gp | 1228 | 80.7
Bé‘s 0.894 | 0422 | 47.9 | 90.4
leés 0.951 | 0.974 | 66.0 | 69.9

Bus Bus - -

g | 0.000 | 0.000 | 0200 | 0.100 | 12.660 | 93576 | -0.2 | 7" | yaao | g.ang | 479 | 904
Bgs 0.689 | 0.320 | 37.0 | 90.7

Bus Bus - -

o | 0.000 | 0,000 | 0.060 | 0.020 | 12.660 | 92.945 | -0.3 | g° | 4 eas | 0307 | 370 | 907
Bl‘(’)s 0.624 | 0297 | 339 | 903

Bus Bus - -

10 | 0:000 [ 0.000 | 0.060 | 0.020 | 12.660 | 92.360 | -0.3 | “o° | 4421 | 0204 | 339 | 904
Bl‘f 0561 | 0274 | 308 | 89.8

Bus Bus - -

11 | 0.000 | 0.000 | 0.045 | 0.030 | 12.660 | 92.273 | -03 | | (250 | 0974 | 308 | 898
Blgs 0515 | 0.244 | 282 | 90.4

Bus Bus - -

1o | 0.000 | 0.000 | 0.060 | 0.035 | 12.660 | 92122 | -03 | 11" | ys14 | 0oaa | 282 | 904
Bllgs 0.454 | 0.209 | 24.8 | 90.9

Bus Bus - -

12 | 0.000 | 0.000 | 0.060 | 0.035 | 12.660 | 91.507 | -04 | " | 2o | o o0s | 248 | 908
Bus
14 | 0392 | 0472 | 21.3 | 916

Bus Bus - -

14 | 0.000 | 0.000 | 0.120 | 0.080 | 12.660 | 91.279 | -05 |\ | (aor | o17q | 213 | 916
Bus
15 | 0271|0091 | 143 | 9458

Bus Bus - -

15 | 0.000 | 0.000 | 0.060 | 0.010 | 12.660 | 91137 | -05 | 7| (000 | 0 gor | 143 | 948
Bltés 0211 | 0.081 | 11.3 | 93.4

Bus Bus - -

16 | 0.000 | 0.000 | 0.060 | 0.020 | 12.660 | 90.999 | -0.6 | 72 | 4210 | 0080 | 113 | 934
Bll;s 0150 | 0.060 | 81 | 92.8

Bus Bus - -

17 | 0.000 | 0.000 | 0.060 | 0.020 | 12.660 | 90.795 | -0.6 |\ | 1 1so | 0gso | 81 | 928
Bus
1g | 0:090 | 0.040 | 50 | 914

Bus Bus - -

1s | 0000 | 0.000 | 0.090 | 0.040 | 12.660 | 90.734 | -0.6 | 1= | 4 os0 | 0040 | 3O | 914

BUS | 4000 | 0.000 | 0.090 | 0.040 | 12.660 | 99.649 | 00 |BYS| - “ .| 181 | 913

19 |~ : : : : : : 2 | 0361|0161 :
E;L(’)S 0271|0121 | 136 | 91.3
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Bus Bus - -

5o | 0:000 | 0.000 | 0.090 | 0.040 | 12.660 | 99291 | 01 | & | 4270 | 0100 | 136 | 914
lef 0.180 | 0.080 | 9.1 | 91.4

Bus Bus - -

51 | 0.000 | 0.000 | 0.090 | 0.040 | 12.660 | 99.221 | 01 | o | (oo | o oo | 9.1 | 914
BZ‘;S 0.090 | 0.040 | 45 | 91.4

Bus Bus - -

5o | 0:000 | 0.000 | 0.090 | 0.040 | 12.660 | 99157 | 01 | »:° | o ooo | o 0uo | 45 | 914

BUS | 9000 | 0.000 | 0.090 | 0.050 | 12.660 | 97.927 | 01 |BYS| - | 485 | 89.9

23 | v : : : : : : 22 |0.936 | 0.455 | *° :
lef 0.846 | 0.405 | 43.7 | 90.2

Bus Bus - -

54 | 0:000 | 0.000 | 0.420 | 0.200 | 12.660 | 97.260 | 0.0 | 2" | s ea1 | 001 | 437 | 903
E;‘és 0421 | 0.201 | 21.9 | 90.3

Bus Bus - -

55 | 0.000 | 0.000 | 0.420 | 0.200 | 12.660 | 96928 | 01 | L | 4 oo | 0000 | 219 | 903

BUS | 9000 | 0.000 | 0.060 | 0.025 | 12.660 | 93.868 | -02 |BYS| - " | 66.0 | 69.8

26 | : : : : : “ | 25 | 0.949 | 0.973 | °* '
E;‘;S 0.889 | 0.948 | 63.1 | 68.4

Bus Bus - -

57 | 0.000 | 0.000 | 0.060 | 0.025 | 12.660 | 93.609 | 01 | ¢ | ) aos | 0.ogq | 631 | 683
BZ%S 0.825 | 0.921 | 60.3 | 66.7

Bus Bus - -

5g | 0:000 | 0.000 | 0.060 | 0.020 | 12.660 | 92454 | 01 | 7 | (o0s | 011 | 603 | 666
E;‘j; 0.754 | 0.891 | 57.6 | 64.6

Bus Bus - -

5o | 0.000 | 0.000 | 0.120 | 0.070 | 12.660 | 91.623 | 00 | »2' | o 74c | 0 gas | 576 | 645
83‘63 0626 | 0.814 | 51.1 | 61.0

Bus Bus - -

30 | 0:000 | 0.000 | 0.200 | 0.600 | 12.660 | 91.264 | 01 | o' | o son | gg1p | 511 | 608
B;f 0422 | 0212 | 236 | 89.4

Bus Bus - -

51 | 0000 | 0.000 | 0.150 | 0.070 | 12.660 | 90844 | 00 | 5 | o 100 | go10 | 236 | 894
ngs 0270 | 0.140 | 153 | 88.8

Bus Bus - -

2o | 0.000 | 0000 | 0.210 | 0.100 | 12.660 | 90.751 | 0.0 | 5° | 4070 | 0140 | 153 | 888
BB%S 0.060 | 0.040 | 36 | 832

Bus Bus - -

23 | 0.000 | 0.000 | 0.060 | 0.040 | 12.660 | 90.723 | 00 | 5 | o oso | 0oao | 36 | 832
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Table B.2 Current distortions due to harmonics

System Harmnics Branch Information
Bus Carrent Distortban
From B [0 To B 1D Fuml  BMS  ASUM  THD TIF T m ITa TIHD TSHID: THDG — THDS
Amp Amp Amp b Amp Aamp il * % % %
Busl Busl 6401 MESME MLIT AS) 51 WMA 140182 i i i RS0 H50
Bus Busl 401 MESME MLIT AS) 51 WMA 140182 i i i RS0 BS50
Busd 1INl MEA0 ISRET 683 952 213642 11642 o [ o ol 6.3
Bual9 M4l 2580 3RS I5IS T 0SS i i i EENE] LA
Busd Busl 1INl NSl MSRET 683 942 23R4 MIG4T i i i ol .93
Busd 181D ARGl ESE 542 ILT0 213647 23647 o i o LY 241
Bus2d 4ET1 4RD2 ST 942 LS IEM M7 i i i L] 041
Busd Busd 181D 1ALAL IESE 942 1.7 213647 HI3&4T i i i L] 041
Busd 17503 I7EER IODED 983 1264 23R 11El o [ o LLE] 041
B Busd 17503 TSRS IODER 983 1264 1IIE 1Al i i i LLE] nal
Bust 17184 I7ET3 IOTAR DRI 1307 217552 1TSS i i i LI 01K
Bt Bua® 17184 I7RT3 I9TEF  DRIR 1307 217Es2 1TSS o i o I 01§
BusT IGERD  16RTL IDATS 102 1375 2113105 13285 i i i 1042 041
BusT Bust IGERD  16RTL IDATS 102 1375 213105 13295 i i i 1042 041
Busk 4EER 4001 ST43 as2 LG I9EE05 19595 o i o a5y 051
Buslh 10ES5  IMOET  D4RTS  18A7 LS AIETAE] ALETE3 i i i IRET 18AT
Busk BusT 4EER 4001 ST4Y as2 R T A [T ] i i i L] 051
B IR ITES MM 9di WTA O LS0TEG 15070 o i o 06 046
-] Busk ITTEITES MM 9di WTR O LS0TREG 150730 i i i 06 146
Busl ETH TR T T 11 W43 IITIED 13T i i i 00 040
Bl B i W sned 940 W43 LTIED 13T o i o a0 240
Busll 4T IEl 36ES 934 WA MG 123680 i i i 034 34
Busll Busl 4T 3Gl 36ES 934 WA IBAE 123680 i i i 034 134
Buul2 KT ESG LTI 937 MR 13521 113521 o [ o as7 237
B2 Busll WETT O OEBE ATL 937 W 13521 113521 i i i LR 037
Buald 8 253 Ml 938 WA W0 6029 i i i LEN 03K
Buall Bual2 22 253 2961 938 WA G0 6029 o i o a3k 23K
Buuld MM JBE SE] 942 W2 R6624 #6624 i i i L] 041
Busld Busl3 N% JIRE 28E1 442 e R66 24 664 o i o 041 041
Buul3 HSE LS 11T #6d SRR LETRE] 5973 o [ o wid 064
Busl5 Buuld HAE LS 11T Gsd SRR RT3 5973 i i i wid 064
Busli nsr s 1354 852 an 46541 46543 i i i L] 051
Bualé Bual3 nsr s 1354 @52 an 465,43 46543 o i o a5y 051
Bual? ER Ex a7 Rdh W 131258 13225 i i i 06 146
Bual? Buslh B9 Ex a7 ddh W 131258 13235 o i o 06 046
Busld EXTH 0 @ 934 R 19933 19933 o [ o 034 234
Busld Bual? 508 50 5@ 934 W 19933 19933 i i i 034 34
Bl Busl M4l 2580 3RS I5LS T S 1M i i i 3515 LA
Buad I35 1945 29 362 AT MATI4 14914 o i o 3512 ELA ]
Buuds K &27 EW 175 1.6 19ERA ECET i i i 2475 M
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Table B.3 Current distortions due to harmonics

Bus ‘Current Distortion
From Bus 1D T Bus 1D Fund. RMS ASUM THD TIF I 18 m TIHD TSHD THDG THOS
Amp Amp Amp e Amp Amp Amp e o - e

Bus2il Bus1% [LE- 13.48 29 sz 7697 14874 145714 o 0.00 et 30z Bz
Hus2l [-E-1Y 1287 1953 3512 U6 Lk LI o 0.0 o a1z a1z

BHuslé all &30 e 472 a4 40052 A2 oo 0.on e 472 M

Busl| Hus0 [-E-1Y 1287 1953 3512 U6 Lk LI o 0.0 o a1z a1z
HusTl 612 649 a1 3501 TEUS 49931 5932 o 0.0 o ELE 3

Bus3T 612 &30 LR 472 E3A3 40058 40095 oo 0.on e 472 M

Bus12 Hus2l 612 649 a1 3501 TEUS 49931 5932 o 0.0 o a5 A
Hus3% 612 &31 LE =] 472 E3A3 4 26 40128 oo 0.on e 472 M

BusI3 Husd AT amur 5703 a4z 3750 153479 [EEERE] o 0.0 oo 542 5.42
4390 o 5141 943 3753 16557 163578 oo 0.on e 543 543

B4 BHus2l 4% “Hw 5141 243 3753 16551 163578 o 0.0 o 243 .43
Hus23 RIE ] bl ) 2574 EEL] Az 22645 EI64K o 0.0 o LEL] CEL]

Bl 1. ok Fatel] 439 3raz 126438 K6h4R oo 0.on e 539 539
Busli Hus? wWHEs  LI0ET 1A0TS 1RNT T A1eTES A16THT o 0.0 oo 1587 1587
BusIT 0.7 W7 153754 1962 k] Eri il ] 4199 oo 0.on e 1562 15.62

Bual? Hua2é 0.7 w77 [ERL 1952 s 4243199 421399 o 0.0 o 1962 19.62
BusI3 59 10008 12908 1879 3906 TS T oo 0.on e 1279 pLA. ]

Hust0) b6 686 935 2436 63138 43430 43430 o 0.0 o 24.36 24.36

Bus2d HusIT S934 OLOE 12905 1K79 .06 94752 ECTo o 0.0 o w7 1579
Bus2¥ MR [F Ak 1789 350 363015 3a30015 oo 0.on e 1m8e 1789

Busdl m 275 2424 6131 44388 H3as o 0.0 o 2428 24.28

Bus9 BusI3 S2.E1 MR [F Ak 1789 350 363015 3a30015 oo 0.on e 1m8e 1789
BHua30 .21 .59 noss 1801 a2 9.9 360993 o 0.0 o 1=m 1=m

Husd2 [T TI2 WES Ik 13,33 0643 B4 o 0.0 o ik 3.6

B30 Bus2? .21 .59 noss 1801 a2 9.9 360993 o 0.0 o 1=m 1=m
Buall wurs =T ETI s 1em.m wriLI2 o 0.0 o m an

Husdd 51.5% gL 2212 056 MEs 0 348520 oo 0.on e iz n

Bu=dl BHua30 wurs =T ETI s 1em.m wriLI2 o 0.0 o m an
Hus32 160 [CT A Tk 0.6 0616 B L6 o 0.0 o 1036 1036

Hust® 15.1% 0.9 2257 615K M LM o 0.0 o .57 ns?

Busil Husil 160 [CT A Tk 026 0616 B L6 o 0.0 o 1036 1036
Bus13 im 380 448 bR 4Tz 175.13 1TR1E oo 0.on e SHE S.HE

B3 Buail in 180 448 ] 47z 179.13 1T1E o 0.0 o SHE 9.5K
Busds Hus 19 1ESE 19RIT 3ETEY 3400 THHO  ISISTE  I216771 1025949 0.0 o 910 .10
Bt Bus20 15644 200,13 339.08 I3 ToH3 13772 1222120 1029144 0.0 o 03 »no
Busd? Hus2l [T E TR ECEER THHD  1SWOOM 1273130 102972 0.0 o £ 1] .01
Bua3d BHusZl 13676 200,46 33954 lann TNl 1799968 12240.72 1030304 0.00 et 00 3900
Busd HusIT WM 2TI0 AT ITHG TN 1TITTAEZ NEMEE0 0.0 o ITHa et
Busd] HusTt W7D I 37235 3T TG  1TSZEGE DEMOIT 0.0 o 3Tl 761
B Bus2? 2114 22008 39463 Jnxq 168.47 a2 24600.K3 0.0 o sy s
Busdd Hus3 ITIL ITEOES 177246 ZRIM TIIS IIRETAI0 10G3I9.50 0.0 o e s
Busds Busl 43073 4T84 TS24 3144 TE 36 3p317 2H920.99 2157 0.00 et EIE a4
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Appendix C: Genetic Algorithm Source Code

%%0%0%0%%%%%%%%%% Genetic Algorithm Function %%%%%%%
ObjectiveFunction = @RcordDhau; % RELAY COORDINATION function
nvars =33 ; % Number of variables
LB = zeros(1,nvars); % Lower bound
UB = 10*ones(1,nvars); % Upper bound
ConstraintFunction = @ConstDhau; % CONSTRAINT function
%rng(1,'twister') % for reproducibility
options=gaoptimset('Display’,'iter")
%][x,fval] = ga(ObjectiveFunction,nvars,...

% [1.[1.[1,[],LB,UB,ConstraintFunction,[ ],options)
options = optimoptions('ga’,'PlotFcn', {'gaplotscorediversity',
'gaplotbestindiv','gaplotrange'} );
[x,fval]=ga(ObjectiveFunction,nvars,...

[1,[1,[1,[1,.LB,UB,ConstraintFunction,[],options)

%clc;

%clear;

%%%%% CONSTRAINT Function %%%%%%%

function [c, ceq] = constraintrelay(x)

% Detailed explanation goes here

%%%%% CONSTRAINT Function %%%%%%%

function [c, ceq] = constraintrelay(x)

% Detailed explanation goes here

c=[0.3-21.67*x(33)+32.62*x(32); 0.3-32.62*x(32)+3.40*x(15); 0.3-

32.62*%x(32)+21.40*x(31);  0.3-3.40*x(15)+3.25*x(14); 0.3-3.25*x(14)+3.07*x(13);

0.3-3.07*x(13)+1.43*x(12); 0.3-21.40*x(31)+4.66*x(11);  0.3-4.66*x(11)+4.60*x(10);

0.3-4.60*x(10)+1.90*x(9);  0.3-21.40*x(31)+8.35*x(30);  0.3-8.35*x(30)+8.29*x(29);

0.3-8.29*x(29)+8.69*x(28); 0.3-8.69*x(28)+13.41*x(27); 0.3-13.41*x(27)+4.64*x(26);

0.3-.64*x(26)+4.41*x(25);  0.3-4.41*x(25)+4.44*x(24);  0.3-4.44*x(24)+4.28*x(23);

0.3-4.28*x(23)+4.31*x(22);  0.3-4.31*x(22)+4.36*x(21);  0.3-4.36*x(21)+4.26*x(20);
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0.3-4.26*x(20)+3.86*x(19);  0.3-3.86*x(19)+3.68*x(18);  0.3-3.68*x(18)+3.53*x(17);
0.3-3.53*x(17)+1.60*x(16);, 0.3-13.41*x(27)+5.40*x(8); 0.3-5.40*x(8)+5.32*x(7);
0.3-5.32*%x(7)+5.49*x(6);  0.3-5.49*x(6)+5.56*x(5);  0.3-5.56*x(5)+5.30*x(4);  0.3-
5.30%x(4)+4.02*x(3); 0.3-4.02*x(3)+3.65*x(2); 0.3-3.65*x(2)+9.93*x(1); 0.2-
21.67*x(33); 0.2-32.62*x(32); 0.2-21.40*x(31); 0.2-8.35*x(30); 0.2-8.29*x(29); 0.2-
8.69*x(28); 0.2-13.41*x(27); 0.2-4.64*x(26); 0.2-4.41*x(25); 0.2-4.44*x(24); 0.2-
4.28%x(23); 0.2-4.31*x(22); 0.2-4.36*x(21); 0.2-4.26*x(20); 0.2-3.86*x(19); 0.2-
3.68*x(18); 0.2-3.53*x(17); 0.2-1.60*x(16); 0.2-3.40*x(15); 0.2-3.25*x(14); 0.2-
3.07*x(13);  0.2-1.43*x(12); 0.2-4.66*x(11); 0.2-4.60*x(10); 0.2-1.90*x(9); 0.2-
5.40*x(8);  0.2-5.32*x(7);  0.2-5.49*x(6);  0.2-5.56*x(5);  0.2-5.30*x(4);  0.2-
4.02*%x(3); 0.2-3.65*x(2); 0.2-9.93*x(1);

]

ceq =[I;

end

%%0%0%0%%%%%%%%%%%RELAY COORDINATIONFUNCTION%%%%%%%%
function y = relaycoordination(x)

% Summary of this function goes here

% vy is the main optimize solution to be obtained

y = 9.93*x(1)+3.65*x(2)+4.02*x(3)...
+5.30%x(4)+5.56*x(5)+5.49*x(6)+5.32*x(7)...
+5.40*%x(8)+1.90*x(9)+4.60*x(10)...
+4.66*x(11)+1.43*x(12)+3.07*x(13)...
+3.25*%x(14)+3.40*x(15)+1.60*x(16)...
+3.53*x(17)+3.68*x(18)+3.86*x(19)...
+4.26*%x(20)+4.36*x(21)+4.31*x(22)...
+4.28%x(23)+4.44*x(24)+4.41*x(25)...
+4.64*x(26)+13.41*x(27)+8.69*x(28)...
+8.29*x(29)+8.35*x(30)+21.40*x(31)+32.62*x(32)+21.66*x(33);

end
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