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Abstract

A rapidly growing in power industry requires morereliable operation of power supply
that increases complexity of power systems. For attaining this aim new communication
solutions and an increased focus on protection may be needed. The power engineering
department at IGEE has proposed advanced power systems initiatives to better prepare
its students for the power industry field. One of these initiatives is the development of a
new laboratory curriculum that uses digital relays to reinforce the fundamental concepts
of power system protection. The simple relay protection lab planned at IGEE should
include atest bench with distance, over-current and differential relays, and arelay tester

that may be used for applying simulated waveforms to the relays.

This project proposes a laboratory protection system fulfilling this task. It presents
background on power system protection, modern relay technology, and relay testing, to

support the design and practical setup of the protective relaying system.

The report includes a theoretical part describing the components of power system
protection, their function, and attributes in order to understand better the importance of
power system protection. Three chapters covering the principles of protective relaying
functions relevant to the lab are included. They cover the theory of overcurrent,

differential and distance protection.

Modeling and simulation can help students to better understand how a relay reacts
during a fault or other non-fault disturbances. New design models of overcurrent and

differential relay have been implemented in PC using power system simulator PSCAD.

Proposals of lab assignments that can be performed in the protective relaying
laboratory are presented at the end, using the designed models and the protective
equipment available at the institute and donated for the purpose of this work.
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| ntroduction

Protective relays are becoming more advanced to keep up with more complex and
integrated power systems. The future of power systemsis smart grids, meaning more
complex designs, with distributed generation, smart meters and continuous surveillance

to ensure optimal operation and power flow at every instant.

The electrical engineers of the future should be educated with thisin mind. To
enlighten today’s and future students about protective relaying, a solid theoretical
background part is a fundamental first step. To complement the theory and to better the
understanding of the topic, a practica component, to understand how power system
protection worksin red life, isvital. A protective relay lab can be the foundation of
such a practical, hands-on component.

Motivated by the growing demand from the power industry for engineering graduates
versed in power systems, as well as a need to provide continuing education opportunities
for power engineering students, the Institute of Electrical Engineering and Electronics at
Boumerdes University has for a future am the redesign of its electrical engineering
power systems emphasis programs at both the BS and MS levels. The educational goals
of the lab are to provide students with hands-on experience with industry protection
equipment and software, enhance the classroom-based course curriculum, and acquaint
students with industry standards and design practices.

This project is to propose laboratory-scale microprocessor-based relay experiments
for students, illustrating the principles of rea-time fault protection in radia and
bidirectional networks. Student learning outcomes include: applying the fundamental
principles of power system protection to detect faults in transformers and transmission
lines; comparing experimentally-derived results with expected theoretical circuit
performance through post-fault data analysis; developing experience in wiring common
circuit connections; understanding the relationship between arelay and a circuit breaker
in detecting and clearing faults. This work also lays a foundation for the future

development of amicrogrid lab in the IGEE power engineering department.
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Chapter 1. Protection Student Laboratory

1.1 Customer Needs Assessment

Thisproject directly serves | GEE electrical engineering power students. It arose from the
expressed desire of power engineering department to introduce a power systems
protection teaching laboratory for graduate power engineering education utilizing

protective relaying equipment.

IGEE currently offers a graduate level power systems protection lecture course,
EE535 Instrumentation and Protection Systems, to which this project adds an
accompanying laboratory component. Curriculum resulting from this project should give
students hands-on experience applying the fundamentals of power system protection
through microprocessor-based relays. The following section describes the high-level
functionality of the proposed student laboratory experiments.

Power system protection rests at the heart of this project. Reference [9] defines the
protection as “the science, skill, and art of applying and setting relays or fuses, or both,
to provide maximum sensitivity to faults and undesirable conditions, but to avoid their

operation under all permissible or tolerable conditions”.

The stability of power system was and is still amajor concern for electrical engineers,
each day; they try to design an ideal power system so it can face the different disturbances
that may affect its performances. But, no matter how well designed, faults will always
occur and these faults may represent a serious risk to both equipments and personnel.
Protective systems were developed so that the power system could operate in a safe

manner at all times.

1.2 Protective System

Protection System is a full arrangement of protective equipment and other devices that
are required to achieve a specified function based on a protection principle. Its main

function is to protect the whole electrical power system (generators, transformers,
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reactors, lines...) from abnormal conditions such as short circuits, overloads and aso
equipment failures. Thisis made by isolating the faulty section from the remaining living

system parts[1].

1.3 Protection Requirements

The protection scheme established for this system must recognize to eliminate fault
conditions but never interrupt normal circuit operation. This balance in discriminating
normal load from fault conditions requires considering the impacts to the system caused
by single-line-to-ground, double-line-to-ground, triple-line-to-ground, three-phase, and
line-to-line bolted faults. All relays used to detect these faults require coordination so
that arelay closer to a fault operates before any of the relays further upstream from the
fault location. In order to carry out its duties, protection must have thefollowing qualities:

Selectivity: To detect and isolate the faulty part only.

Stability: To leave all healthy circuits intact to ensure continuity of the supply.

Sensitivity: To detect even the lowest fault, current or system abnormalities, and
to operate correctly before the fault causes irreparable damage.

Speed: To operate speedily when it is caled upon to do so, thereby minimizing
damage to the surroundings and ensuring safety to equipment as well asto personnel.

To meet all of the above requirements, protection must be reliable which means it

must be:

Dependable: It must trip when called upon to do so.

Secure: It must not trip when it is not supposed to do [2].

1.4 Protection Equipment

Protection systems consist of components called protection devices. They are installed
and connected together with the aims of assets protection, and insurance of continued

supply of energy. In any protection system, six essential elements are distinguished.
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1.4.1 Current and Voltage Transformers

Current and voltage transformers are continuously used to measure current and voltage
signals of the electrical system even under fault conditions. They step these signals down
to lower and safe levels so that the relay and other instruments hardware can support
them. Besides, they also isolate the relaying system from the primary high voltage system
and provide safety to both human being and equipment. The CTsavailableintheindustry
can lower the current up to 5 A or 1A, while the voltage transformers lower the voltage
to 110V.

1.4.2 Relays

The measured values are converted into analog and/or digital signals and are made to
operate the relay. In most of the cases, the relays provide two functions, alarm and trip.
They giveinstructionsto open the circuit surrounding the faulty part of the network under
faulty conditions. Relays perform aso automatic operations, such as auto-reclosing and
system restart. Besides, they monitor the equipment which collects the system data for

post-event analysis.

1.4.3 Circuit Breakers

The opening of faulty circuits requires some time (in milliseconds), which for acommon
day life could be insignificant. However, the circuit breakers used to isolate the faulty
circuits, are capable of carrying these fault currents until the fault is totally cleared [2].
They are expected to be switched ON with loads and capable of breaking a live circuit
under normal switching and fault conditions. The process is realized through the
instructions given by the monitoring devices like relays.

The circuit breakers types are determined according to the medium in which the

breaker opens and closes. This medium can be ail, air, vacuum or SF6.
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Figure 1.1: High Voltage Breaker from Siemens
144 Fuses

Fuse is a sdf-destructing device which carries the currents in a power circuit
continuously and it will be melt under abnorma conditions. Fuses are normally
independent or stand-al one protective components in an electrical system unlikeacircuit

breaker, which necessarily requires the support of external components [2].

1.45 Reclosers

A recloser isaprotection devicefor el ectrical distribution networks. It combinesacircuit
breaker that tripsif an overcurrent is detected (indicating a short circuit somewherein a
section of the network), with an electronically-controlled reclosing function that
automatically restores power to the affected line if the fault clears itself quickly, which
usually happens around 80 percent of thetime [4].

1.5 Protective Relays

In order to fulfill the requirements of protection with the optimum speed for the many
different configurations, operating conditions and construction features of power
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systems, it has been necessary to develop many types of relay that respond to various
functions of the power system quantities. For example, simple observation of the fault
current magnitude may be sufficient in some cases but measurement of power or
impedance may be necessary for others. Relays frequently measure complex functions
of the system quantities, which may only be readily expressible by mathematical or
graphical means.
Relays may be classified according to the technology used:

Electromechanical

Static

Digital

Numerical
The different types have varying capabilities, according to the limitations of the

technology used.

1.5.1 Numerical Relay

Digital relays were developed to create a more advanced technology which is the
numerical relays. Thistype of relay according to the technology uses one or more digital
signal processors (DSP) optimized for real-time signa processing, running the
mathematical algorithms for the protection functions.

The relay can record parameters with the help of disturbance recorder flexibility as
well as other settings, therefore, onerelay provides all types of protection functions such
as overcurrent or earth faults which are referred to as “relay elements “. Each relay
element isin software so with modular hardware the main signal processor can run avast

variety of relay elements[1].

I PEOTEC Taow

SEL-TA00L | o
AN | ECTa il

Figure 1.2: SEL-T400L Numerical Relay
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1.6 Conclusion

Thischapter givesthereader abrief introduction to the protection system and its elements
including the importance of using numerical relays regarding their efficiency in
providing the protection requirements from selectivity, speed, sensitivity and so on,
which makes them the most appropriate relays for protecting human life and expensive

devices.
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Chapter 2: Protection Equipment Overview

2.1 Protection Equipment Introduction

This project deas with the proposal of a new laboratory curriculum. This chapter
introduces the various devices that comprise the protection scheme throughout the
various project phases. Information on protection device capabilities and characteristics

have been obtained from the company’s product literature.

2.2 SEL-221F Numerical Relay

The SEL-221F Relay is a phase and ground distance relay with directiona ground,
synchronism checking, reclosing and fault locator elements.

It is designed to protect transmission, sub-transmission and distribution lines for all
fault types. The following list outlines protective features, performance, and versatility
gained when applying thisrelay to the electrical installations:

* Three zones of phase and ground distance protection.

* A residual time-overcurrent element with selectable curves.

* Instantaneous residual overcurrent element.

* A negative-sequence polarization of ground directional elements.

* A versatile user-programmable logic for outputs and tripping.

 Programmable switch-onto-fault logic.

* Loss-of-potential detection logic.

* Programmable single-shot reclosing with synchronism check and voltage checking.

* Fault locating.

» Metering.

* EIA-232 serial communications ports for local and remote access.

» Automatic self-testing.

» Target indicators for faults and testing [14].

18



Figure 2.1: SEL-221F Numerical Distance Relay

2.3 The Universal Relay Test Set and Commissioning Tool CM C356

For the purpose of therelay lab, using arelay tester for testing of relaysis a safe start. It
isapowerful tool capable of doing tests with varying degrees of complexity, which suits
alab with prospective expansions perfectly. An injection test set was generously donated
by Mr. Mohamed BOUCHAHDANE for the purpose of achieving this project.

The CMC 356 is an equipment made for testing al generations and types of
protection relays. Its powerful six current sources (three-phase mode: up to 64 A / 860
VA per channel) with a great dynamic range, make the unit capable of testing even high-
burden electromechanical relays with very high power demands.

The CMC 356 hel ps commissioning engineers particularly to perform wiring and
plausibility checks of current transformers by using a primary injection of high currents
from the test set.
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Figure 2.2: Front View of CMC356

The analog test signals are generated digitally using DSP technology. This, in
combination with the use of additiona error correction algorithms, results in accurate
testing signals even at small amplitudes. The six currents and four voltages output
channels are continuously and independently adjustable in amplitude, phase, and
frequency. All outputs are overload and short-circuit proof and are protected against
externa high-voltage transient signals and over-temperature.

Up to 12 independent channels with low-level signals are available at the back of the
test set, which can be used to test relays having a low-level input facility or to control
external amplifier units.

2 counter inputs
4 binary outputs (transistor)

Interface for CMGPS or CMIRIG-B

Low level outputs 1 - 6
and 7 - 12 (with option LLO-2)
(=10V,)

2 Ethernet interfaces
For PC control or CMControl and
IEC 61850 GOOSE and Sampled Values

Figure 2.3: Rear View of CMC356
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Figure 2.4: SEL 221 Relay and OMICRON CMC 356 Put Together In IGEE Lab
Bench

The lab exercises should give students insight into the practical world of power
system protection. The exercises should demonstrate the di erent protection principles
and the function of modern relays. Setting parameters for the relays based on calculated
valuesis also an important part. The students should have knowledge of the lab exercise
topic before entering the lab. A prelab part isa good way for the students to refresh their
knowledge and come prepared to the lab.

It is vital that the scientific assistant and the student assistants are familiar with the
softwareand thedi erent components, most notably the relay and the relay tester. Before
the lab session starts the relay should be connected to the lab computer through an
Ethernet connection and it should be verified that it is working correctly. Thiswill allow
students to get the most out of their session, without spending too much time on

practicalities outside the focus of the exercise.
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24  Experiment 3
SEL -211F Basic Connectionsand Wiring Check Procedure

This exercise Introduces these equipments to students in alaboratory environment, it has
the am of getting familiar with the SEL 221 relay and the OMICRON test set, this
experiment isan exercise of establishing wiring connection and software communication.
In the lab exercises, the students face a practical challenge; they are handed arelay, with
no cables connected, and have to use the manual and follow the procedure to figure how
to connect inputs and outputs. The lab manual guides its performer toward a safe and
correct wiring, at the same time, learning how to use the TestUniverse and AcSEL erator
Quickset software, how to inject correct values and record the relay's results.

25 Experiments4
SEL -211 Relay Configuration and Metering Check Procedure

Lab exercise 4 provides the students with insight on how to configure the relay, change
and set parameters relevant to the relay with a metering check procedure that resumes a
deeper understanding of the power flow in a power system. Experiments 3 and 4 are

shown in appendices C and D respectively.

When designing a university relay lab, it might be a good idea to build the lab
gradually, a strategic co-operation with Siemens Algeria and Schweitzer Engineering
Laboratoriesisunder establishment for the donation of new relaysfor the benefit of IGEE
students, However, for the time being, the only available relay is a distance relay, a
protection laboratory should include the basic protection functions; overcurrent, distance
and di erentia protection; to cover this and replace the present lack of materials, a
desirable good start is to experiment with simulation models proposed and described in

the coming chapters.
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Chapter 03: Phase Overcurrent Protection

As mentioned earlier, building the lab gradually is desirable. It is therefore important to
have avision for the future expansions and use of thelab. Thefinal outlook for the relay
lab may change asit develops. For the present being, in order to understand the functions
of relays, for a student of electrical protection, software relay models must be realized,
modeling of protective relays offer an economic and feasible aternative to studying the
performance of protective relays. This chapter introduces a new software model for
overcurrent protection to be introduced as the first experiment in protection laboratory.

3.1 Overcurrent Protection Overview

The function of this protection is to detect single-phase, two-phase or three-phase
overcurrents. Protection is activated when one, two or three of the currents concerned
rise above the specified setting threshold.

The overcurrent relay uses current inputs from a current transformer and compares
the measured values with the pre-set values. If the input current value exceeds the preset
value, the relay detects an overcurrent and issues atrip signa to the breaker which opens

its contact to disconnect the protected equipment.

When therelay detects afault, the conditionis called fault pickup. Therelay can send
a trip signal instantaneously after picking up the fault in the case of instantaneous
overcurrent relays or it can wait for a specific time beforeissuing atrip signal in the case
of time overcurrent relays. This time delay is also known as the operation time of the
relay and is computed by the relay on the basis of the protection algorithm incorporated
in the microprocessor [7].

This protection can be time delayed and, in this case, will only be activated if the
current monitored rises above the setting threshold for a period of time at least equal to
the time delay selected. This delay can be an instantaneous, independent (definite) time

or inverse time delay.
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3.1.1 Instantaneous:

In such type of relay, thereis no intentional time delay provided for operation. Therelay
sends trip signa immediately to the circuit breaker as soon as the overcurrent has
occurred. Instantaneous overcurrent relays are used close to the source where the fault
current level isvery high and a small delay in sending trip signal can cause big damage

to the protected equipment [7].

TIME

Ig Applied Current
(Relay Current Setting)

Figure 3.1: Time Versus Current Curve of Instantaneous Overcurrent Relay [11]

Coordination of definite-current relaysis based on the fact that the fault current varies
with the position of the fault because of the difference in the impedance between the fault
and the source. The relay located furthest from the source operates for a low current

value. Thistype of relay is applied to the outgoing feeders.
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3.1.2 Definite Time Protection

Definite time overcurrent relay is the most applied type of overcurrent, it has two
conditionsto operate, first the current must exceed the setting value, and second, the fault

must be continuous no |ess than the time equivalent to the time setting of the relay.

A

f

operating zone

I, e

Figure 3.2: Independent Time Delay

Is: operating current threshold
T: protection operation time delay

The operation of this relay is independent of the current’s magnitude above the pickup

value, it can be used as:

Back up protection to differential relay of power transformer with time
delay.

Main protection to outgoing feeders and bus couplers with adjustable time
delay setting.

Back up protection of distance relay of transmission line with time delay (If
the distance relay does not detect a line fault and does not trip the breaker,
then after a specific time delay, the overcurrent relay will send a trip
command to the breaker. In this case, the overcurrent relay is time delayed
by a specific timewhich isjust greater than the normal operating time of the

distance relay plus the breaker operation time[7].)
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3.1.3 Inverse Definite Minimum Time (IDMT)

Thistype of relay has an inverse time characteristic. This means that the relay operating
time is inversely proportional to the fault current. So, high currents will operate
overcurrent relay faster than lower ones. The characteristics of an IDMT overcurrent
relay depend on the type of standard selected for the relay operation. These standards can
be ANSI, IEEE, IAC or user defined. The relay calculates the operation time by using
the characteristic curves and their corresponding parameters [7]. IDMT relay gives
inverse time current characteristics at lower values of fault current and definite time

characteristics at higher values. Based on the Invernessit has three different types[8].

TIME - _

T

Is Applied Current
(Relay Current Setting)

Figure 3.3: Time Versus Current Curve for IDMT Overcurrent Relay [11]

Inverse time protection operation is defined by standards IEC 60255-3 and BS 142.
These standards define several types of inverse time protection that are distinguished by
the gradient of thelr curves: standard inverse, very inverse or extremely inverse time

protection.
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3.1.4 Normal Inverse

This type is used when Fault Current is dependent on the generation of fault not fault
location and it has a relatively small change in time per unit of change of current. Its
operating time’s accuracy may range from 5 to 7.5% of the nominal operating time as
specified in the relevant norms. The uncertainty of the operating time and the necessary
operating time may require agrading margin of 0.4 to 0.5 seconds. Normal Inverse Time
Overcurrent Relay isused in utility and industrial circuits[8].

3.1.5 Verylnverse

Very inverse overcurrent relays are particularly suitableif thereis asubstantial reduction
of fault current as the distance from the power source increases, i.e. there is a substantial
increase in fault impedance. The grading margin may be reduced to avalue in the range
from 0.3 to 0.4 secondswhen they are used [ 8]. Thistype has moreinverse characteristics

than that of IDMT. It can be used when the fault current is dependent on fault location.

3.1.6 Extremely Inverse

With this characteristic, the operation timeis approximately inversely proportional to the
square of the applied current. This makes it suitable for the protection of distribution
feeder circuitsin which the feeder is subjected to peak currents on switching in, aswould
be the case on a power circuit supplying refrigerators, pumps, water heaters and so on,
which remain connected even after a prolonged interruption of supply. This type has
more inverse characteristics than that of IDMT and very inverse overcurrent relay [8]. It
is aso used for the protection of aternators, transformers, expensive cables, the
protection of machines against overheating and when fault current is dependent on fault

location.
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3.1.7 LongTimelnverse

The main application of long time overcurrent relays is as backup earth fault protection.
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Figure 3.4: IEC 60255 Characteristics of IDMT Relay [1]

3.2 Application of Over Current Relay

Used against overloads and short circuits in stator windings of motors.
Used at power transformer locations for external fault back-up protection.

For ground backup protection on most lines having pilot relaying for primary
protection.
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Distribution Protection: Overcurrent relaying is very well suited to distribution
system protection for the following reasons:
- Itisbasicaly smple and inexpensive.
- ltispossible to use aset of two OC relays for protection against interphase faults

and a separate overcurrent relay for ground faults [§].

3.3 Overcurrent Protection Model

Relay models have been long used in a variety of tasks, such as designing new relaying
algorithms, optimizing relay settings. Electric power utilities use computer-based relay
modelsto confirm how the relay would perform during systems disturbances and normal
operating conditions and to make the necessary corrective adjustment on the relay
settings. It is seen, then, that for the better comprehension of a student to the overcurrent
relay, the implementation, simulation and testing is to be done on two steps, the first to
be awork on amodel, the second is a hardware hands-on experiment.

The principles of operation and application procedures of overcurrent have been
presented above. The concept of a generalized numerical relay, whose structure is
constituted by the typical operational modules and functions of modern digital and
numerical relays, has been introduced.

For this purpose, an overcurrent protection design model is proposed in the coming
section. The proposed relay model and tools required are summarized into the flowchart

in figure 3.5. The design was performed on PSCAD software.

3.3.1 PSCAD

PSCAD (Power Systems Computer Aided Design) is a powerful and flexible graphical
user interface to the world-renowned, EMTDC (Electromagnetic Transient Simulation
Engine). PSCAD enables the user to schematically construct a circuit, run a simulation,
anayze the results, and manage the data in a completely integrated, graphical
environment. Online plotting functions, controls and meters are aso included, enabling
the user to alter system parameters during a simulation run, and thereby view the effects

while the ssmulation isin progress.
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Because this modeling is meant to be for laboratory learning purposes, PSCAD isthe
appropriate tool for asimplified scheme for better and faster learning, this is due to the
fact that PSCAD comes completewith alibrary of pre-programmed and tested simulation
models, ranging from simple passive elements and control functions to more complex
model s, such as el ectric machines and transmission lines and cables. If arequired model
does not exist, PSCAD provides avenues for building custom models. For example,
custom models may be constructed by piecing together existing modelsto form amodule,

or by constructing rudimentary models from scratch in a flexible design environment.

The following are some common models found in the PSCAD master library:
Resistors, inductors, capacitors.
Mutually coupled windings, such as transformers.
Frequency-dependent transmission lines and cables (including the most accurate
time-domain line model in the world).
Current and voltage sources.
Switches and breakers.
Protection and relaying.
Diodes, thyristors and GTOs.
Analog and digital control functions.
AC and DC machines, exciters, governors, stabilizers and inertial models.
Meters and measuring functions.
Generic DC and AC controls.

Wind source, turbines and governors.
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3.4 Proposed Protection Model and Tools Required

The methodology for modeling overcurrent numerical protection is proposed in the
coming section. The proposed protection system model designing methodology is shown

in figure 3.5.

WA{ Circuit Breaker Transmission line Sation B

Conditioning

l

Overcurrent Relay

Analog to Digital Signal |

Figure 3.5: The General Block Diagram of The Proposed Protection Scheme

3.4.1 Signal Conditioning Circuit:

Fast Fourier transform (FFT)
An online Fast Fourier Transform (FFT), can determine the harmonic magnitude and
phase of the input signal as a function of time. The input signals first sampled before
they are decomposed into harmonic constituents.
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Figure 3.6: FFT Block

For two stationstwo FFT modelswere used in order to process the three-phase analog

signals coming from both sources.
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Figure 3.7: Signal Sampling Block Diagram
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3.4.2 Overcurrent Relaying Circuit:

The PSCAD software provides ready blocks, pre-programmed and tested simulation
models for overcurrent relays, two types of overcurrent relays were proposed in this
simulation: IDMT inverse time overcurrent relay for station A and definite time

overcurrent relay for station B
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Figure 3.8: Overcurrent Relay Models

Signal conditioning and overcurrent relay circuitswere arranged in blackbox modules

for clearer interface with the front plane.
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Figure 3.9: Conditioning and Relays Circuit Blackbox Diagram
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3.4.3 Front Panel Block Diagram Construction:

Using the provided pre-programmed models for electrical components, the following

diagram was constructed:
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Figure 3.10: Overcurrent Protection Front Panel

The front panel provides easy understanding and simple interface aimed to give the
user control of the inputs and all the same provides genera insight into the protection

scheme.
It is used to enter visualize the line construction. It allows to select fault type, circuit

breaker trip, it displays and allows to adjust the amplitude and frequency of the balanced
three phase voltages and currents. Graphs display the three phase currents of both stations

and record simulation results and system behavior to fault conditions.

The choice of PSCAD isdueto thefact that it is an electrical ssmulator which shows
in simple way how the electrical systemswill behave and the results that can be obtained
from them. it has all the subparts an electrical engineer needs starting from machine to
renewable energy. It is best suitable for academic learning purposes.
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3.5 Laboratory Experiment 1

Found in appendix A, it isalaboratory exercise for students, designed to use the PSCAD
Simulator and the overcurrent protection model presented in the previous section. It
serves the goa of demonstrating and comparing the behavior of IDMT and independent
time overcurrent relay for different types of faults between interconnected systems.
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Chapter 4: Differential Protection

4.1 Differential Protection Overview

Differential protection, as its name implies, compares the currents entering and leaving
the protected zone and operates when the differential between these currents exceeds a
pre-determined magnitude [2]. If the current entering the protected zone is not equal to
the current leaving this zone, the current differences at the ends of the protected zone

give the fault current measurement (see Figure 4.1)

link  "ou protected zone lip
0 O
, ”J" 'f
Lout « L
fault
! "m - ‘rnrrf‘

Figure 4.1: Block Diagram of Differential Protection [10]

lin— 1 out = It : Fault current measurement
lin Measurement of the current entering the protected zone
| out: Measurement of the current leaving the protected zone

n: CT transformation ratio

4.1.1 Balanced Circulating Current System

The principle is shown in Figure 4.2. The CTs are connected in series and the secondary
current circulates between them. The relay is connected across the midpoint thus the
voltage across the relay is theoreticaly nil, therefore no current through the relay and
hence no operation for any faults outside the protected zone. Similarly, under normal
conditions, the currents leaving zone A and B are equal, making the relay to be inactive

by the current balance.
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Under internal fault conditions (i.e. between the CTs at end A and B) relay operates.
Thisisdueto the direction of current reversing at end B making the fault current to flow

from B to A instead of the normal A to B condition in the earlier figure [2].

End A End B
r"T-'\ . (‘T'\
+— +-—
! 1 Fault
Relay

Figure 4.2: Balanced circulating current system, external fault (stable)

End A End B
Y » < £ Y )
| I
Fault
Y ¥
Relay

Figure 4.3: Balanced circulating current system, internal fault (operate)

The current transformers are assumed identical and are assumed to share the burden
equally between the two ends. However, it is not always possible to have identical CTs
andto havetherelay at alocation equidistant from thetwo end CTs. Itisanormal practice
to add aresistor in series with the relay to balance the unbalance created by the unequal
nature of burden between the two end circuits. This resistor is named as ‘stabilizing

resistance’.
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4.2 Transformer Differential Protection (ANSI code 87 T)

Generdly differential protection is provided in the electrical power transformer rated
more than 5SMVA. The differential protection of transformer has many advantages over
other schemes of protection.

Transformer differential protection protects against short-circuits between turns of a
winding and between windings that correspond to phase-to-phase or three phase type
short circuits.

Transformer differential protection operates very quickly, roughly 30 ms, which
allows any transformer deterioration in the event of a short-circuit between windings to
be avoided.

transformer

(
)
N,
)

g

matching (*)

matching (*)
transformer

transformer

Figure 4.4: Transformer Differential Protection Block Diagram[10]
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4.2.1 Differential Protection Schemein A Power Transfor mer

The principle of differentia protection scheme is one simple conceptual technique. The
differential relay actually compares between primary current and secondary current of
power transformer, if any unbalance found in between primary and secondary currents
the relay will actuate and inter trip both the primary and secondary circuit breaker of the
transformer.

Transformers cannot be differentially protected using high impedance differential
protection for phase-to-phase short-circuit due to the natural differential currents that
occur:

The transformer inrush currents. The operating speed required means that atime
delay longer than the duration of this current cannot be used (several tenths of a second).

The action of the on-load tap changer causes a differential current.

The characteristics of transformer differential protection are related to the
transformer specifications:

Transformation ratio between the current entering and the current leaving .

primary and secondary coupling method.

inrush current.

permanent magnetizing current [10].

In the case of the transformer which has primary rated current Ip and secondary
current Is. Aninstalled CT of ratio Ip/1 A at the primary side and similarly, CT of ratio
IS/1 A at the secondary side of the transformer. The secondaries of these both CTs are
connected together in such a manner that secondary currents of both CTs will oppose

each other.

In other words, the secondaries of both CTs should be connected to the same current
coil of a differential relay in such an opposite manner that there will be no resultant
current in that coil in a normal working condition of the transformer. But if any major
fault occurs inside the transformer due to which the normal ratio of the transformer
disturbed then the secondary current of both transformers will not remain the same and
one resultant current will flow through the current coil of the differential relay, which
will actuate the relay and inter trip both the primary and secondary circuit breakers. To

correct phase shift of current because of star-delta connection of transformer winding in
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the case of a three-phase transformer, the current transformer secondaries should be
connected in deltaand star as shown in figure 4.5 [4].
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Figure 4.5: Schematic Diagram of Differential Protection Scheme

At maximum through fault current, the spill output produced by the small percentage
unbal ance may be substantial. Therefore, differential protection of transformer should be

provided with a proportional bias of an amount which exceeds in effect the maximum
ratio deviation.

A

l!fn — Lout
differential
current
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tripping zone /
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through current i

Figure 4.6: Transformer Differential Protection Tripping Curve [10]

In order to prevent tripping upon occurrence of high fault currents of external origin,
biased differential protection devices are used. Thisis because of:

The differential current due to the on-load tap changer.
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The current transformer measurement errors, as for pilot wire differential

protection for cables or lines.

. . . fin
Protection is activated when I, — I,y > K —%ﬁ (see figure 4.6).

4.3 Transformer Differential Protection Model In PSCAD

A transformer differential protection design model is proposed in the coming section for
a better understanding of the differential relay, ssmulation and testing is to be performed
on PSCAD software.

4.3.1 Dual Slope Current Differential Relays

A ready pre-programmed simulation model of dual slope current differentia relay is

used, one for each phase, to protect the three-phase transformer.
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Figure 4.7: Current Differential Relays Blocks
Input signal processing module and current differential relays circuits were arranged

in blackbox modules for clearer interface with the front plane, followed by the tripping

and reclosing logic diagram of breakers 1 and 2.
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Figure 4.8: Differential Protection Signal Processing Blackbox Diagram

4.3.2 Front Panel Block Construction

As was expressed in the previous chapter, the front panel provides easy understanding

and simpleinterface aimed to give the user control of theinputsand all the same provides

genera insight into the protection scheme.
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Figure 4.9: Transformer Differential Protection System Model
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This model consists of a Y-A 25MVA - 110kV/15kV three phase transformer
protected with dual slope differential relaysthat operates on two circuit breakers, Breaker
1 and breaker 2.

The control panels of the model alow to select fault type, it displays and adjusts the
amplitude and frequency of the balanced three phase voltages and currents.

Graphs display the three phase currents of both sides of the transformer and record

simulation results and system behavior to fault conditions.

4.4 Laboratory Experiment 2: Transformer Differential Protection

This laboratory experiment, found in Appendix B, carries the idea of selection of dual
dope differentia relay parameters for various faulty conditions on the system. The
differential protection of power transformer is a unit protection scheme. The protective
scheme should operate only for the internal fault, and it must be insensitive for any fault
outside the zone of protection. That means the protection scheme should not operate for
any external through fault and the magnetizing inrush current due to energization of the
transformer under no load condition and aso due to externa fault removal.

Fast Fourier Transform technique is used to provide the operating quantity for the
dua slope differential relay. The ssmulation for Y -A connection of transformer is made
using PSCAD software.
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Chapter 5: Distance Protection

5.1 Introduction:

Overcurrent protection scheme is asimple protection scheme, consequently, its accuracy
isnot very high. It is comparatively cheap as non-directional protection does not require
VT. However, it is not suitable for protection of meshed transmission systems where
selectivity and sensitivity requirements are more stringent. Overcurrent protection isaso
not afeasible option if fault current and load currents are comparabl e. Distance protection
scheme provides both higher' sensitivity and selectivity.

Distance protection provides more accurate as more information is used for decision
taking. It is a directional protection, i.e. it responds to the phase angle of current with
respect to voltage phasor. Distance protection is fast and accurate and ensures backup
protection. It is primarily used in transmission line protection. Also, it can be applied to

generator backup, loss of field and transformer protection.

Distance protection relay is the name given to the protection, whose action depends
on the distance of the feeding point to the fault. The time of operation of such protection
isafunction of theratio of voltage and current, i.e., impedance. Thisimpedance between
the relay and the fault depends on the electrical distance between them. The principal
types of distance relays is impedance relays, reactance relays and the mho relays.
Distance protection relay principle differs from other forms of protection because their
performance does not depend on the magnitude of the current or voltage in the protective
circuit but it depends on the ratio of these two quantities [13].

The relay operates only when the ratio of voltage and current falls below a set value.
During the fault the magnitude of current increases and the voltage at the fault point
decreases. Theratio of the current and voltage is measured at the point of the current and
potential transformer. The voltage at potential transformer region depends on the distance
between the PT and the fault.

If the fault is nearer, measured voltage is lesser, and if the fault is farther, measured
voltage is more. Hence, assuming constant fault impedance each value of the ratio of
voltage and current measured from relay location comparabl e to the distance between the
relaying point and fault point along the line. Hence such protection is called the distance
protection or impedance protection.
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Distance relays are used for both phase fault and ground fault protection, and they
provide higher speed for clearing the fault. It is also independent of changes in the
magnitude of the short circuits, current and hence they are not much affected by the
changein the generation capacity and the system configuration. Thus, they eliminatelong
clearing times for the fault near the power sources required by overcurrent relay if used

for this purpose[13].

5.2 Application of Distance Protection Relay

Distance protection relay is widely spread employed for the protection of high-voltage
AC transmission line and distribution lines. It has replaced the overcurrent protection

because of the following reasons.

It provides faster protection as compared to overcurrent relay.
It has a permanent setting without the need for readjustments.
Direct protection relay has less effect of an amount of generation and fault levels.
Their fault current magnitude permits the high line loading.
Distance protection schemes are commonly employed for providing the primary or
main protection and backup protection for AC transmission line and distribution line

against three-phase faults, phase-to-phase faults, and phase-to-ground faults [13].

5.3 Principlesof Distance Relays

Since the impedance of a transmission line is proportional to its length, for distance
measurement it is appropriate to use arelay capabl e of measuring theimpedance of aline
up to a predetermined point (the reach point). Such arelay is described as a distance
relay and is designed to operate only for faults occurring between the relay location and
the selected reach point, thus giving discrimination for faults that may occur in different

line sections.

The basic principle of distance protection involves the division of the voltage at the
relaying point by the measured current. The apparent impedance so calculated is
compared with the reach point impedance. If the measured impedance is less than the
reach point impedance, it is assumed that afault exists on the line between the relay and

the reach point.
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The reach point of a relay is the point along the line impedance locus that is
intersected by the boundary characteristic of the relay. Since this is dependent on the
ratio of voltage and current and the phase angle between them, it may be plotted on an
R/X diagram. Theloci of power system impedances as seen by the relay during faults,
power swings and load variations may be plotted on the same diagram and in this manner
the performance of the relay in the presence of system faults and disturbances may be
studied [1].

5.4 Mho Distance Protection Overview

Distance relays use voltage and current measurements to detect fault conditions. These
relays have fixed zones of protection that generally do not vary much in response to
changes in loading conditions, which allows them to employ higher sensitivity than

overcurrent relays in detecting faults [6].

Distance relays often protect transmission lines, which have known impedances
based on the conductor characteristics. Typica three-phase mho distance relays operate
using the characteristic illustrated in Figure 5.1. A circle passing through the origin of
the R-X plane defines the boundary between the operating and non-operating regions of
the relay. This circle defines a baseline impedance, often representative of some
percentage of a transmission line’s impedance. A reach point on the circumference of the
circle, often along alinetaken at about 75° above the positive R-axis, showsthisbaseline.

Reach
X [Q]1] Point
Non-Operate
Operate Region
Region
Fault NE"" ":l
Condition i
® ®
Z N
Y 0 Vi
R [Q
N 2]

Figure 5.1: Typica Mho Distance Characteristic
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Loca ground faults cause decrease in voltage (closer to ground potential) and
increasein current (dueto areduced-impedance path availableto ground). Thiscondition
decreases the impedance measured by the relay and moves the operating point on the R-
X plane closer to the origin, the point of minimum impedance. Faults outside the defined
distance covered by the relay cause the impedance measured by the relay (based on the
measured voltage and current) to decrease, but not by enough to come inside the circle.

Faults inside the defined distance cause a greater drop in impedance, bringing the
operating point inside the circle. The larger impedance drop alerts the relay to the fault,
leading the relay to trip for the fault condition. Calculating impedancein this way allows

adistance relay to distinguish between internal and external faults.

Correct coordination of the distance relays is achieved by having an instantaneous
directional zone 1 protection and one or two more time-delayed zones. A transmission
line has a resistance and reactance proportional to its length, which aso defines its own
characteristic angle. It can therefore be represented on an R/X diagram asshowninfigure
5.1

541 ZonelProtection

The relay characteristic has also been added, from which it will be noted that the reach
of the measuring element has been set at approximately 80% of thelinelength (see Figure
5.2). This ‘under-reach’ setting has been purposely chosen to avoid over-reaching into
the next line section to ensure sound selectivity, for the following reasons:

* Itis not practical to accurately measure the impedance of a transmission line, which
could be very long (say 100 km). Survey lengths are normally used and these could have
errors up to 10%.

* Errors are also present in the current and voltage transformers, not to mention the
possible transient performance of these items.

» Manufacturing tolerances on the relay’s ability to measure accurately, etc [2].
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Figure 5.2: Zone 1 Mho Characteristic

This measuring element isknown as zone 1 of the distance relay and is instantaneous

in operation.

542 Zone?2 Protection

To cover the remaining 20% of theline length, a second measuring element can be fitted,
set to over-reach the line, but it must be time delayed by 0.5 s to provide the necessary
coordination with the downstream relay. This measuring element is known as zone 2. It
not only covers the remaining 20% of the line but also provides backup for the next line

section should thisfail to trip for whatever reason.

5.4.3 Zone 3 Protection

A third zone isinvariably added as a starter element and this takes the form of an offset
mho characteristic. This offset provides a closing-onto-fault feature, as the mho elements
may not operate for this condition due to the complete collapse of voltage for the nearby
fault. The short backward reach also provides local backup for a busbar fault.

The zone 3 element also has another very useful function. As a starter it can be used

to switch the zone 1 element to zone 2, reach after say 0.5 s, thereby saving the
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installation of a second independent zone 2 measuring element so reducing its cost (see
Figure 5.3) [2].

Z2
Z1

¥

\/ i

Figure 5.3: Three-Zone MHO Characteristics

5.5 Laboratory Experiment 5

SEL 221 Setting and Testing Phase Distance Elements & Interpreting

Event Records

The objective of this experiment is to set and test phase distance elements on SEL-221
relay, students will configure the relay according to calculated pre-lab values. Fault
currents will be injected using the CMC 356 test set to observe and examine the phase
distance elements on SEL 221.

This experiment isinspired by the work done by reference [18], it adapts the existing
relay at IGEE (SEL 221) to the exercise provided.

Experiment 5 isfound in Appendix E.
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Conclusion

A protective relaying laboratory consisting of modern relays is an essential component
to educate students in the field of power system protection. The relay lab should function
as an arena to demonstrate protection principles and practical challenges. Further
developing of the lab to include newer multifunctional relaysisvital, asthisisimportant
for the future of power system protection.

Certain challenges that occurred during this project correspond to relatively simple
misunderstandings in operating the equipment. For example, during a great period,
difficulties were encountered in extracting event reports from the SEL 221, this was due
to the fact that being an old version relay, it is not compatible with present software
available for users. Another is the availability of the relay tester at the institute which
could not be achieved without the charitable donation previously mentioned in chapter
2.

Students should be educated with knowledge of the possibilities within modern relay
technology. After graduation, they can contribute to a shift in protection strategies within
utility companies to meet the demands for power system protection in the future. Using
an injection test set as a testing tool for the relay lab is a good, versatile and flexible
solution. It is easy to use for the beginner, while having advanced features for the more
advanced user. A new relay tester should be acquired by IGEE, aswell as new protective
relays to create opportunities for future senior projects and master’s theses.

Power system analysis software such as PSCAD and ETAP presents opportunities for
future groupsto analyze transient and steady-state imbal ances in the system, further work
can be done to create more ready models for the students to benefit from.

If utilized properly the relay lab can contribute to increased interest and knowledge
of power system protection among students at IGEE for many years to come. Educating
future engineers with this knowledge is important for the protection and reliability of
future power systems. If the lab is well maintained and expanded to keep up with trends
in the field it could last many years.
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Appendices
Appendix A

University of M’hamed BOUGARA Boumerdes
Institute of Electrical Engineering and Electronics
Control and Power Department

Experiment # 1
Overcurrent Protection Modeling Using PSCAD Simulator

L earning outcome

. To use and understand an overcurrent protection model in PSCAD power system
simulator and gain an understanding of the impact of both IDMT and independent time
overcurrent relays on power system protection.

. To compare the different types of characteristics of inverse time overcurrent
relay.

Apparatus

PSCAD Simulator.
Computer.

Background

Power system simulators are mathematical models of the electric system. They use an
iterative method to simultaneously solve a large matrix of complex numbers, which
numerically represent the power system for a set of initial conditions. They are often
accompanied by agraphical interface which allowsthe user to ‘see’ the numerical results

they produce.

Simple Guideto Using PSCAD/EMTDC

1) Launch PSCAD (student version) from Start Menu.
2) Creating a new project:
Click on File/New/Case: A new project entitled ‘noname’ appears in the left workspace

window, indicating that a new project is created.
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3) Setting active project: In the workspace window, right click on the title of an inactive

project and select Set as active.

4) Saving active project: Click on File/Save Active Project. Select an appropriate folder

and save the project as ‘Labl’ or any other name.

5) Adding componentsto aproject: Double click on master library in left top workspace.
Navigate to the area containing desired component. Right click on component and sel ect
Copy. Open the project where you wish to add the component (double click on “project
name’), right click over blank area and select Paste. (Note: There are many other ways

to add a component to a project)

6) Setting Properties: To set the properties double click on any component and change

the parameters.

At thetop of the parameter dialog isadrop list, which containslist of all parameter dialog
pages. If only one page exists, then the drop list will be disabled. For e.g. if you double

click on resistor, it will ask for only resistance value.

7) Making connections between components. Click Wire Mode button in the main
toolbar. Move the mouse pointer onto the project page.

The mouse pointer will have turned into apencil, which indicates you arein Wire mode.
To draw a wire, move the cursor to the node where you want the line to start and left
click. Move the cursor to where you want the line to end and right-click to complete the
wire. Multi-segment Wires may be built by continuing to left click at different points. To
turn off Wire Mode, press Esc key.

8) Measurement: To measure currents and voltagesammeter and voltmeter are provided

on the toolbar on the right. Ammeter should be connected in series.

To plot currents and voltages use output channel and data signal label on the toolbar.
The output channel parameter dialog givestitle, unit, scale factor and min/max limits.
9) Adding a Graph Frame: Right click on the Output Channel component. Select
Input/Output Reference/Add Overlay Graph with Signal. This will create a new
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graph frame, overlay graph and a curve simultaneously. For adding more graphs on same
graph frame, right click on graph frame and click Add Overlay Graph (Analog). This
will add another graph on same frame. To put a curve on this graph Ctrl+click on output
channel and drag it on the graph.

The curve corresponding to that output channel will be added on to the graph. When you
run the simulation, curves will be automatically plotted on this graph.

Press Y and X buttons to see complete curve (zoom out).

10) Setting time step and simulation time: Right click on blank spacein the project, select
Project Settings. In runtime tab you can set ssmulation time, time step and plot step.

11) To simulate the project: Click on Build/Run.
Procedure

1 Start PSCAD and open project OVERCURRENT PROTECTION, it represents
anetwork of two sources with RLC impedance and atransmission line protected by two
overcurrent relays at both stations A and B.

At station A the protection is an inverse time overcurrent relay with inverse time
characteristic, while at station B an independent time overcurrent relay isused (seefigure
3.11).

#l==ld= :‘E StﬂthﬂA StatIUI'I B f == == | =

L) S|
OBk — —l—gj| EHO—

INE1 LINEZ E:

Figure 3.11: Overcurrent System Model

2. Using the mouse, click on the blackbox named Overcurrent Relays to see the
protection configuration for each station, the relay can be configured by accessing the
relay parameters—> right click on the relay--> go to Edit parameters, by the same
manner you can change the parameters of the RLC impedance and the timed fault logic
whichisinitially set to start from 0.2sto 1.5 s.
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3. Start with V=220 kV, =50 Hz, R=50o0hm and H=138mH on both stations.

4.a From the parameters window of the overcurrent relay go to Main—> Data entry
format—> chose Automatic_Standard, from Automatic data entry_standart you can
modify the type of curve standard, set it as IEEE std.C37.112 and the type of
characteristic as moderately inverse for phase arelay, set pickup up current to be 0.3.

4.b. For relays of station B (independent time relays), set the delay timeto 2s.

ol Irwverse Tirme Ower Current Relay =
%

P AR

Ch
~ General

Data Entry Format Automatic_Standard
Resettable 7 Mo
Pickup Current 0.3
Time Dial Setking 0.1

- = Narm
*= General s
Bl ok Cancel Help... =l

Figure 3.12: Inverse Time Relay Parameters Window

85! Ower Current Detection >
‘Configuration -
= Fip_
o2 21 O 3
~ General
Owver Current Limit 1
Preprocessing ? MNone Hp
Smoothing Time Constant 0.02 [s] 1
Frequency 60.0 [Hz]
Delay Time z[s]
Hip_.
rip_
General
Fip_
Ok Cancel Help...

Figure 3.13: Independent Time Relay Parameters Window
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Select the fault (2): Phase fault A-G.

Fault selection ;

1 = Mo fault {0}
2=PhasefaultA-G {1
3= PhasefaultB-G (A
4=FPhasefault C-G (3
5= Phases faultAB-G (4
B = Phases fault AC-G (5)
T =Phases fault BC-G (6
3 =FPhases faultdB (V)
9= Phases faultAC (&)
10=Phases fault BC (&)

- |

& &

Fault : Controls =

Fault selection
10

SR ESBEEE
w

Foltl I R ) R e

1

Figure 3.14: Phase Fault A-G Selection Window

6. To simulate the project, click on Run simulation.

7. To seetheresults, click on Graphs, Record the results of the simulation.

8. Repeat the same procedure for phase fault A-G with standard inverse, very
inverse, extremely inverse and long time back up and for pickup current of 0.6 and 0.9,
record your results each time. Examine the results and fill the table with tripping times

recorded, what do you conclude?

Table 1: Tripping Times for Different Types of Characteristics

Type of Pickup current | Pickup current | Pickup current
characteristic 0.9 0.6 0.3
Moderately 0.64s 047s 0.37s
inverse
Inverse 1.08s 0.55s 0.33s
Very inverse 106s 0.56s 0.32s
Extremely 141s 0.65s 0.319s
inverse
Long time 142s 0.66 s 0.31s
backup
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L3 - G b
é A
S Home Project View  Tools Compaonents Models £
E- Ev W
Warkspace B i 1) Untitled_5(1) - X @
el ;_mtm@d | Tiver s fime overcurTent - Curranis ~ _
= Projects o el s 2
e T master (Mx = W= 7
g CLtre 204 3
o smulators |5 101 0 :
T oo 10
5 A0
2 20 T w
| -304 B0
witam ’
1a0- » 20
3—‘ ] 30
5 ] -
3 oso el
E 040
2 ] 030
E no-
< - ; 020
-
< > 100, Lo : 010
T i e ] g
= [l Man 3 - 10
0 USNELLREL | 1 = an
~H LIGHE2'LREZ” || 3 q 030
sEOEE (¢ e
B process_sonat oo 050
[l Lrtited S = - =
- Trip_Erskar!_ 050 ———
B Mal_ralay 250 0.0 i
] 030
020
= 010
= T om
1 - D10
130 = 2 an
2 000 035 050 07s 1.00 135 150 175 20 030
040 t | ™
3 »
0 Schematic |1 croptic |[E] Porometers ] Scrpd |[f) Fodan |[d) Date |
< >
Allocated Records: 13 recorders, 7 controls (2750 KE| EMIDC run completed. Run #10f 1

Figure 3.16: Standard Inverse Characteristic Simulation Graphs
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Figure 3.18: Extremely Inverse Characteristic Simulation Graphs
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Figure 3.19: Long Time Backup Characteristic Simulation Graphs

The simulation results and table 1 describe the time taken to detect and isolate the
fault for different types of characteristics going from moderately inverse to long time
backup, the tripping time increases for high fault currents and decreases for lower fault
currents which corresponds to the graph of IDMT relay characteristics (see figure 3.4).
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Appendix B

University of M’hamed BOUGARA Boumerdes
Institute of Electrical Engineering and Electronics
Control and Power Department
Experiment #2
Transformer Differential Protection

L earning Outcomes
To use and understand the differential protection scheme of power transformer.

To compare and study various faulty conditions on the system.

Background

The basic operating principle of differential protection is to calculate the difference
between the current entering and leaving the protected zone. There is a phenomenon that
occurred during removal of external through fault or due to energization of the
transformer under no load condition named magnetizing inrush current. The differential
protection scheme should remain insensitive for such magnetizing inrush current. The
differential relay should not operate for the external/through fault. The differentia
protection of power transformer is a unit protection scheme. The protective scheme
should operate only for the internal fault, and it must be insensitive for any fault outside
the zone of protection.

The protection operates when the differential current exceeds the set bias threshold
value. For external faults, the differential current should be zero, but error caused by the
CT saturation and CT ration error leads to non-zero value. To prevent maloperation the
operating threshold is raised by increasing the relay setting [17].

Maloperation of the differential protection of power transformer may occur due to
Magnetizing inrush current, CT saturation and Through Fault Inrush. Among all these
three; magnetizing inrush results during excitation of Transformer under no load
condition. It can also come in to picture during the energization of parallelly connected
power transformer. For this setting of 4 relay parameter is very important: i.e.

Q) Differential Current Threshold: Is1

2 Lower Percentage Bias Setting: K1

3 Bias current threshold: 1s2

4) Higher Percentage bias setting: K2
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Fast Fourier Transform:

Fast Fourier Transform techniqueisused for preventing the mal operation. The secondary
current signals from the CTs are sampled at a regular interval. This is an online Fast
Fourier Transform (FFT), which can determine the harmonic magnitude and phase of the
input signal as a function of time. The input signals first sampled before they are
decomposed into harmonic constituents. PSCAD software includes the online FFT block

which is shown below.

| .
Mag1 Mag2 Mag3
r{7g. r [7% I; 7% /
X1 ch1 121 I2P *
FET (7) | wf s Operating Region #—Dual-Slope Characteristic
i pry 1M -3 p
(7) Y /K(
X3 F=600 [Hz] i m H__P *"j_'/-- f’. Single-Siope Characteristic
(7) A ——
dct ez faca
- KI
Is1 —— Restraining Region
Is2 Int
Figure 4.10: FFT Block in PSCAD Figure 4.11: Dual-Slope Differential
Relay characteristic
e il b &|=b) =l

) 0 M
LVHV A5 \’\. Hf
= : W

Figure 4.12: System Model

T/F: 25 MVA, 110/15KV, Y-A / Primary CT1: 1/200 (Turns ratio)
Secondary CT2: 1/1000 (Turnsratio)
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Prelab

Effective setting of the four basic parameters of the dual slope differential relay will
prevent any maloperation of the differential protection scheme. FFT is used to provide
the different harmonic content in the supply signal.

At any instance on secondary current waveform at CT secondary side we can calculate
the value of the four relay parameter mentioned above.

Setting and configuration of the dual slope differential relay

Is1: The basic differential current setting

K1 Thelower percentage bias setting

Is2: The bias current threshold setting

K2: The higher percentage bias setting

Primary side:

Calculate the primary current of the transformer under normal condition:
lap1=-132 A

Cadlculate the secondary current of CT 1:

Ny 1
|ap2 = |ap1* E: =-132A *%: -0.66

Secondary side:
Calculate the secondary current of the transformer under normal condition:
las1 = 962.3 A

Calculate the secondary current of CT 2:

1

1000 = 0.96

las2 = last® %_1=962.3A*

Calculate the lower percentage bias setting (slope K1):
Inifr = | lapz + lusz| = 1(=0.66) +0.96|=0.3

I+ 1. 066+ 096
Ipias = —= 5 as? — 5 =081

IDiff 0.3
K= 2= = =037 = 37%
1= T per 037 =37%
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Setting K2:

Slope K2 will be selected based on the relay operating criterion given for the dual slope
relay. To provide safe operation of differential relay the differential current threshold is
to be raised under no-load condition, but care must be taken for the relay sensitivity for
internal fault. The second slope K is selected based on the CT saturation possibility, let

it be K2 = 0.5 for the purpose of this experiment.

Procedure

1 Start PSCAD and open project TR_ Diff_Protection, it represents the system
presented above. A dual slope differential relay is used to protect the transformer from
internal faults.

2. Relay configuration: Using the mouse, click on the blackbox named Differential
Protection to see the protection configuration for each side of the transformer, the relay
can be configured by accessing the relay parameters - right click on the relay, go to
Edit parameters, by the same manner you can change the parameters, insert the value

of K1 (The lower percentage bias setting) found in prelab calculation and 0.5 for K.

85! Dual Slope Current Differential Relay x B
|Main -
E=. A o
o= &2l 09 3
~ General
Input angles are given in Fadians
Differential current threshald 0.z
Lower percentage bias setting 0.37
Bias current threshold setting 2.5
Higher percentage bias setting 0.5 rig
Haold kime 4.0 [ms]
Lower percentage bias setting |
Twpe=Real, Symbol=K1, min=0, max=10, unit=, e
Content=Conskant, Intent=
Ok Cancel Help. ..

Figure 4.13: Differential Relay Parameters Setting
3. Start with Vs=110 kV, Vr = 15 kV, f=50 Hz.
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Fault selection
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Figure 4.14: Phase Fault A-G Selection Window

4, Select the fault (2): Phase fault A-G.
Fault selection :
1 = Mo fault (0}
Z=PhasefaultA:-G (1)
3= PhasefaultB-G ()
4=Phasefault C-G {3
= Phases fault AB-G (4)
B=Fhases fault AC-G (9)
T =FPhases fault BC-G (F)
8 =FPhases faultdB (7}
9= PhasesfaultAC (@
10=Fhases fault BC (9

5. Run Simulation, click on Run.

6. Click on Graphs, Record the results of the smulation.

L HE
4
T
R g
5 | &
i
3
[ O
{
M=
Whp Bea | i
I T I L B R 0 1%

Surentz a

=20

=20 '

Figure 4.15: Internal Phase Fault A-G Simulation Result
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7. Open project TR_Diff protection_external, it represents the same system
presented above. A dual slope differential relay is used to protect the transformer from

externa faults.

3= ¢ Nl i
50
wav 0 50K “’H‘
= - — =
=08 L{f@ B ; B é))j_'_ E
i |
i i
an Coleoke - Mg Comroz - -
i3 [ fr i
I T 5 A -4
Al o Gk .
e Fauls2lect on : i
EEl e Ol |
hell 2| i =iy O . =¥ S
o L 5 TFaut Ui g
il A0 i A z
TF';JEHU 4 Pk Sotls = Fsuszleston:
L Fauftk Fautsghoin |17 Ct6UE D0
F_ £ ] i =zl )
= $ £ [3=FhasefatE6 72
: ; ex el 33 )
daps ' : 5= Fhasez fsukAE-C (4
f c fi=*mces fa_tAs-3 1)
] 4 1=1azes fa_tBC-C (61
i £ B=meesfatAl (0

=ls 0= Fhasezfubes (fi

|
Y 1 T 0 = Phase: ucBC B

Figure 4.16: External Fault Transformer Protection System Model
8. Repeat the same procedure for phase fault A-G, Phase fault B-G and Phases fault

BC-G, record your results each time.
9. Discuss the behavior of the differential protection to internal and external faults.
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Figure 4.17: Externa Phase Fault A-G Simulation Results
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Results analysis: An immediate trip is recorded for the internal fault smulation for all

fault types, while for external fault, no fault is detected by the relay, hence, no tripping.

Comparison of currents:

|p1 ? |n»a 'P1 g

b
—_— I log +— — - L
ssa e T s O | Powasd | A~
objct ! = S
|E-I IV ‘r Igz ' \ m wi |
¢ Y
|E1ML s
A . | L+ ‘ Al b = | L + |
N |
internal fault external fault or load

Figure 4.18: Internal and External Fault Comparison

Internal fault: External fault:

lp1 = lar I, =1f

Ip2=12r IP2=-IF

Ipitt = |lpr+ Ip2|= [lar+ 12F] Ipitt = [Ipe+ Ip2|= |IF- IF|= O
- Tripping - No tripping
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Appendix C

University of M’hamed BOUGARA Boumerdes
Institute of Electrical Engineering and Electronics
Control and Power Department
Experiment #3
SEL -211F Basic Connectionsand Wiring Check Procedure

L earning Outcomes

Get familiar with the concept of a protective relay and an injection test set and
how to connect them.
Understand the power flow direction concept.

Equipment

SEL 221F relay.

OMICRON CMC356 injection test set.

Bag of Banana-Banana Short |eads (3x).

Banana-Banana or Banana-Spade |eads (30x).

Computer with AcSEL erator QuickSet Software.

Computer with OMICRON TestUniverse software.
Background
Relays are frequently found devices in high voltage or medium voltage power system.
Their main duty isto isolate a faulty section within few cycles but by ensuring minimum
interruption to healthy sections. Therefore, an ideal relay is aunit which would act by
compromising costs of damage to imperfect section and cost interfere the perfect.

With usage, the connections of relay get deteriorated or contaminated with carbon
particles, etc. Therefore, it istheinterest of both the end user as well the manufacturer to
check the behavior of relay after time intervals, that is relay testing.

A computer program is used to test arelay function. A computer-aided relay testing
IS best suitable for modern microprocessor relays that cannot be tested with slow speed
of amplifier injection.

And since the type of tests, test procedure, frequency etc. are decided by the computer,
tester need not be an expert. In an automated testing we need an amplifier to apply 3
phase currents and voltages to the relay.

Over the time relay technology has evolved so has the testing. Many manufacturers
have developed a variety of computer-aided testing systems for testing the latest
microprocessor biased relays, such asthe CMC 356 test set, and as the most used one in
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our country for itshigh accuracy and the ability of testing many relay functionsinasingle
module, moreover, it confirms to the IEC60255-151 measuring relay and protective

equipment standards.

Equipment Used

SEL 221 Relay

The SEL-221F is designed to protect transmission, sub-transmission, and distribution
linesfor all fault types. Therelay has three zones of phase-to-phase and phase-to-ground
mho distance elements with independent timers. Distance elements are polarized using
positive-sequence memory voltage.

SEL 221F generates an eleven-cycle event report after each fault, or upon command.
Thereport provides four cycles of pre-fault data and seven cycles of fault data. The data
includes voltages, currents, relay elements, and relay inputs and outputs. The report also
shows the calculated fault location, time and date of event, and relay settings. This
information simplifies post-fault analysis and improves understanding of protective

scheme operation.

OMICRON Test Set CMC 356

The OMICRON test set CMC 356 isauniversal test set that is used all around the world
to test relays’ operation. The test set has six current and four voltage output channels
which are continuously and independently adjustable in amplitude, phase and frequency.
All outputs are overload and short-circuit proof and are protected against externa high-
voltage transient signals and over-temperature. The test set also has digital 10 input and
4 output ports.

The analog test signals are generated digitally using DSP technology. This, in
combination with the use of additiona error correction algorithms, results in accurate
testing signals even at small amplitudes.

The output channels are continuously and independently adjustable in amplitude,
phase and frequency. All outputs are overload and short-circuit proof and are protected
against external high-voltage transient signals and over-temperature. The signalsinjected
to the relay can be specified through the pc software Test Universe.
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Figure 2.5: Injection Test Set OMICRON CMC 356

Procedure

1 Starting with a disconnected test set and a disconnected relay, perform the
following tasks:

2. Set up the communication between SEL 221 relay and Acselerator software using
ElA-232 serial communications cable.

On the QuickSet man window, open the Communication Parameters window
(Communications, Parameters) to define and create a communication link with the 221.
Enter the following information for a Serial Active Connection Type:

a Device: COM1: Communications Port
b. SEL Bluetooth Device: Unchecked

c. Data Speed: 9600

d. DataBits: 8

e. Stop Bits: 2

f. Parity: None

g. RTS/ICTS: Off
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h. DTR: On

i. XON/XOFF: On

j. RTS: N/A (On)

k. Level 1 Password (Default OTTER)
|. Level 2 Password (Default TAIL)

B AcSILeinzor® Duicelet - [Setting Sterted with DaickSet] O s
ﬁ:ile Edit  Wiew Corvrunicatizn: Toals Wincows Help  _arcuage -8 x

GRBEJIHD | 3R |00 | 2| vl | al|B

]

GQUICKSET

Settings

Read

Read settincs from 2 conneczed cevice

Qpen an

Device Manager

DIpen Device [Marager

]
a
" Open
o

Communication

onfiglre commun cacn parsrezers for a conresbcn

u
1  Manage
“ Manage offline setsincs and Jakabases
2
4

Update

Inskall znd uadzte ard drivers

O] RO Discosiecled 23 Termirdl = Tele.  Sile transfer = Yhudem

Figure 2.6: QuickSet Main Window

m. Click Apply at the bottom of the Communication Parameters window. Then click
Ok. If the computer successfully connects to the relay, the connection status in the
lower-left corner of the QuickSet main window should say “Connected.”
3. Set up communication between the CMC 356 and TestUniverse software using
RJ45 serial communication cable.
- Once the cable is plugged the test set will automatically connect to
TestUniverse showing the following window.
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Upgrade Software Image of CMC356 (EBE11H) using 'C\Program Files (x86\Common ...
Do nott tuen off the Lot 30t during the upgrede process! Thes would prevent a successiul

l softwore image upgrode and the tesi sat meght get unusable unid you secoessfully
compiete 8 follow-up upgrade process

Upgrading device operating system ...
Softwaes Image Tronafer Progress

Software Image Flash Programming Progress

Figure 2.7: CMC 356 Communication Setup Window

Connect 3-® voltages from the test set voltage analog outputsto the relay.
Connect 3-® currents from the test set current analog outputs to the relay.
Power up the relay and the test set.

Figure 2.8: Front View of CMC 356 With Voltage and Current Outputs Connected
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Figure 2.10: The Experimental Setup for Experiment 1

7. Using Quick CMC, apply the following values to inject the analog signals from
the OMICRON test set to the assigned relay.
- Open TestUniverse - QuickCMC - From the window of analog outputs
select Direct and apply the following values:
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Table 2: Values for Wire Checking Injection

V L1-E 10.00 V 0.00 60.000 Hz
V L2-E 20.00V -120.00 60.000 Hz
V L3-E 30.00V 120.00 60.000 HZ
L1 1.000 A 0.00 60.000 HZ
L2 2.000 A -120.00 60.000 HZ
L3 3.000 A 120.00 60.000 HZ

K o
@ S } C?ﬂ EE _K [# Modify Results

Test | Hardware || More | Prefault Stat Stop  Hold | Addto Clear | Report =] comment

Object Configuration| ~ Values | Report Report | Settings
Test Sefup Test Execution Test Documentation

Test View: QuickCMC1

Analog Outputs rBinary Cutputs 173.2 Vi
¥ Bin, out 1 . I
1000% 0.00° 60.000 Hz e g
000V -12000° 60.000Hz . e
3000%  12000° E0.000Hz Ein, out 3 =
10004 0007 B0O00HE e W Pl ;
20008 42000°  G0.000Hz o Frmsrnepme il
30004 12000°  60.000/Hz R
Bir, Quk 6
Einy, Dt 7
Bir, Dt 8 ;
BET Y
~#nalog Inputs
Ve 0.000Y | Idc: | 0.0000 mé

Figure 2.11: Test Execution Window

8. Once the values set click on Start to begin the injection.
0. Check if the wiring is correct: On AcSELerator QuickSet, go to
Communications - Terminal - on the terminal window type in the command M eter

then observe the inputs recorded by the relay.
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E ScSELerator® QuickSet - [Getting Started with QuickSet]
@ File Edit View | Communications | Tools Windows Help Language
LA ﬁ-;"i B o | Connect \ w B i | I
e Pararmeters.., Ctrl +R
Metwork Address Boaok..,

B Terrinal
Logging

Chl +T

Figure 2.12: Communications Window

10.  Knowing that the relay is assigned a PT ratio of 2000 and CT ratio of 200, What
arethevalues expected for Va, Vb, V¢, la, Iband Ic, for the wiring to be correct he values

must correspond to those injected by the CMC356 ?

Calculation

Table 3 lists the secondary values of voltages and currents injected to the relay and the

calculated primary values needed to check the wiring order.

Table 3: Wiring Checking Voltage and Current Calculations

Secondary value PT/CT ratio Primary value
V L1-E (Va) 10.00 V 2000 20 kV
V L2-E (Vb) 20.00 V 2000 40 kV
V L3-E (Vc) 30.00V 2000 60 kV
L1 (19 1.000 A 200 200 A
L2 (Ib) 2.000 A 200 400 A
L3 (lo) 3.000 A 200 600 A
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Results

A QuickSet Communications - g X%
it S R
| 97 0 =391 =32 76 00 1PP S Toid "
289 0 -B6.8 -LE.B 1161 to0 1PP S T: .3
|Event 1B Location : 5.26 mi 0.43 ohns sec
%.1

|Duration: 7.25  Flt Current: 3%

A1 =14.00 I1 =80.00 B0 =41.50 K0 =248.57 IL =100.00
FTR =2000.00 SPTR =2000 00 KTA =80.10

79RS =240.00

27VL0=26 .60 SSVHI=106,20 IS0V =53.12  SYNCP=4

VCT =30.00

ALTD =000

Zin =120.00 I3 =150.00

Z2DG =30.00  Z3D =40.00  TODOR =9.00

S0P =370.00 GCH =1500.00

S1HTD=3.00 S1NC =2 SIHTC=Y

GTNTC=Y 52ET =30 REJOE=N LOPE =¥
TIHE2=0 AUTO =2 RINGS=7

ELoglc: zettings:

|NT0 HPT HTE HTO i1 MA2 KA MA4 HRI HRC
[F4 08 00 FC D0 00 FO 04 FD 04
/A2 00 00 AL DO Q0 6O 20 80 20
/00 00 00 00O D2 0L 00 00O 0D 00

HKH Date 1/1/18 Tive: 01:43:22
i B c 4B BC Ch IR/YS

11 (&) 0 0 2 0 2 2 2

v (k1) o 00 01 01 01 0.0 00

ey -0.00
I (v 0000

|=meter

;HEH Date 171418 Tine: 01:43:37

| i B C AB BC Ch IRVS

11 (&) 197 399 599 4 £72 720 K1

IV (kV) 15.9 39.9 60.0 52.6 87.2 721 0.0

IE (M) 55.84

[0 (7R}  -0.09

|2 neter L

:
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Figure 2.13: Meter Command Report Window

The primary values recorded by the relay correspond to the ones calculated, this

coherence indicates a correct wiring.
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Appendix D
University of M’hamed BOUGARA Boumerdes
Institute of Electrical Engineering and Electronics
Control and Power Department
Experiment #4
SEL -211 Relay Configuration and Metering Check Procedure

L earning Outcomes
Learn how to properly set SEL 221 relay and the test set.

Understand the power flow direction concept.

Equipment

SEL 221F relay

OMICRON CMC356 injection test set

Bag of Banana-Banana Short Leads (3x) *
Banana-Banana or Banana-Spade L eads (30x)
Computer with AcSEL erator QuickSet Software
Computer with OMICRON TestUniverse software

Prelab
1. Assume that the full load ratings of the transmission lines of Table 1 are equal to
their CTRs. For example, if the CTR is 3000/5, then the transmission line full loading is
3000A.

2. Use the given information as shown in Table 3, calculate the secondary phasor
values of the balanced three-phase systems as follows:

a VaN, Vb-N, Vc-N
b. g Ib, Ic

3. Cdculate the primary three phase values of S, MW, MVAR
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Table 4: Relay Configuration and Power Flow Direction

Voltage VT % Power | Lineloading =% of Direction of
NO Leve Ratio | CT Ratio Factor Full Load MW Flow
Out
1 600kV 4000/1 | 3000/5 87 Lag 96% .
of termina
2 | 181kv | 1500/1 | 300055 | 84lag 85% Into
terminal
3 | 400kv | 4000/1 | 2500/5 | 93Lead 92% out
of termina
4 | 500KV | 4000/1 | 3000/5 | 87Lag 95% Into
terminal
Calculations

Table 4 describesthe primary values for the four cases that needed to be simulated in this

experiment. Table 5 is the calculated secondary values for the four cases. Table 6 shows

the calculated primary power values that will be compared later with relay’s
measurements.
Secondary voltages and currents
Table 5: Calculated Values for Secondary Voltages and Currents
Case Va Vb Vc la b Ic
1 86.60 0° | 86.60 240° | 86.60 120° 48 —295° 4.8 210.46° 4.8 90.46°
2 69.67 0° | 69.67 240° | 69.67 120° | 4.25 147.14° | 425 207.14° | 425 267.14°
3 57.73 0° | 57.73 240° | 57.73 120° 46 21.56° 46 261.56° 46 14156°
4 7216 0° | 7216 240° | 7216 120° | 475 150.46° | 475 210.46° | 4.75 270.46°

Primary MVA, MW and MVAR

Table 6: Caculated Vaues for Primary MVA, MW and MVAR

Case MVA MW MVAR | Direction of Power Flow
1 2992.98 | 2603.89 | 1475.663 Out of terminal
2 799.43 | 671.52 | 433.7601 Into terminal
3 1593.49 | 1481.95 | 585.57 Out of terminal
4 2468.17 | 2147.30 | 1216.88 Into terminal
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Procedure

Starting with a disconnected test set and a disconnected relay, perform the following
tasks:
1 Set up the communication between SEL 221 relay and AcSELerator software
using EIA-232 serial communications cable (follow procedure in experiment 1).
2. Set up communication between the CMC 356 and Test Universe using RJ45 serial
communication cable (follow procedure in experiment 1).
3. Connect 3-® voltages from the test set voltage analog outputs to the relay ( Va,
Vb, Vo).
4, Connect 3-® currents from the test set current analog outputs to the relay (la, Ib,
[C).
5. Power up therelay.
6. Power up the test set.
7. Begin with case 01: On the main window of AcSEL erator QuickSet go to Read
- Read settings from a connected device - Enter device part number - Once the
settings window is open insert CT ratio of 3000:5 (600:1) and VT ratio of 4000:1 into
SEL-221F relay.
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E AcSELerator® QuickSet - [Settings Editor - New Settings 4 (SEL-221F 000 6.7.0.2])
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Figure 2.14: SEL 221 Settings Editor

8. Send modified settings to relay.

1-6000:1 CTR Curent
11-10000:1 FTR Potentiz
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Figure 2.15: Send Modified Settings to SEL 221
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0. Open TestUniverse > Quick CMC - From the window of analog outputs select
Direct and apply the values calculated for case 01 to inject the analog signals from the
OMICRON test set to the assigned relay.

10.  Display metering values. On AcSEL erator QuickSet, go to Communications -
Terminal - onthetermina window typeinthe command M eter then observetheinputs

recorded by therelay.

E AcsElerator® QuickSet - [Getting Started with QuickSet]

'E File Edit ‘Wiew Cormmunications  Tools  Windows Help  Language
G BEdJdH Connect E | = | i
i Parameters.., Ctrl +R

Metwark Address Boak..,

B Terrinal el +T
Logging

Figure 2.16: Communication Window
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No Va Vb Vc la Ib Ic
1 86.60 0° | 86.60 240° | 86.60 120° | 4.8 —29.54° 4.8 210.46° 4.8 90.46°
Case MVA MW MVAR Direction of power flow
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Figure 2.18: Case 01 Meter Vaues
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Figure 2.19: Case 02 Values Injection Execution
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Case Va Vb Vc la Ib Ic
2 69.67 0° | 69.67 240° | 69.67 120° | 4.25 147.14° | 4.25 207.14° | 4.25 267.14°
Case MVA MW MVAR Direction of power flow
2 799.43 671.52 433.7601 Into terminal

A Queckbet Communicabions - 0

IV Send Chl Characters

Event : B Llocstlon : 26,91 ol 3.35 oms sec

Duration: 7.25  FIt Current: 2475.4

RL 378 XL 2011 RO «18.68 X0 61,50 LL =450

(TR =609.00 PIR =1500.00 SPIR =1500.00 MTA «80.10

901 =40,00 RS =609,09

PSVC =8 VI0=26.60  SOVHI=106.20 250V «53.12  SYNCPeA

BT <3000 KT =300

ALTP »0.88  ALTD »0.08

1% <8000 1% =100 D% 15089

00 =300 ING-=3.00 T30 =408 TOWR =9.%

SHIG =1000,00 S =1006,60 SPH =1569,09

SINP =1009.00 SINTD=3.8  SUIC =2 SINTC=Y

BINP =659.88  BINTCsY §28T =33 REICE=N LOPE =

TIKELs5 TINE2:0 AITO =2 RINGS=7

Loglc settings:

MU WPT WTB MTO MAL WA2 MA3 MM ORI MRC

BB o R @ fe o f oM

N @ M M @ 0 80 20 8 2

W oW P W e 6 M m e @

meter

EXAPLE 1D Date: 13/65/18 Time: 13:14:55
A B ( 8 BC A I

1(R) 543 B4 K51 e A U

¥ (kY) 146 1631 16,8 M9 1823 198 ol

I

P (W) 612,523

0 (M) 8319

Figure 2.20: Case 02 Meter Vaues
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Case 03

L OMICRON Quic

View

d ﬁ PhPe G Ty [ 7 Moviest

Test  Harware  More | Prefault Stat Stop | Hold | Addto Clear Report =] Comment
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0n Triggar

Binary Inputs / Trigger
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Figure 2.21: Case 03 Values Injection Execution
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Case Va Vb Vc la Ib Ic
3 57.73 0° | 57.73 240° | 57.73 120° 46 2156° 46 261.56° 46 141.56°
Case MVA MW MVAR Direction of power flow
3 1593.49 | 1481.95 585.57 Out of terminal
A QuickSet Communications - a
I Send Ot Cheracters
Everc ¢ B0 Locstlon 2 2690 mi 3.8 obme zec
Durazior: 7,25 Flt Current: 2475.4
RLo=37 X1 =210 R =1868 %8 =053 Ll =M%
(TR =506, B8 PTR =£0A8.63 SPTR =dete.cé MTA =04.13
T =46.6E TORD <500, 00
PEVC =5 T0ed3.68  SOVHI=106.28 ZSOW =5E.12  SWNCPed
BT =deeEa VT =33.00
AP =fem  AITD =B
Pl R I G . R A LT
0P =34.88 TG -30.09 DD =60 TOLR 0.2
SENG =l6Fa.ad T3P =1300.03 SOH =156€.G0
SINP =166A.48 SINTD-3. 00 S2C =2 SIKTESY
BINP =658 B8 BINTC=Y 5287 =3¢ REJOE=H LOPE =f
TIMELS TIN:2=4 AlTC =2 RIKGE=7
Legle settirgs:
ITU PT MTE MTO WAL Y2 MA3 (A4 KRI MRC
(S AT O < N A
2o oB| oM o® WK X o
W OFR OB B W AL M e f0 e
neter
EXAFPLE IO Dace: 15/8:/13 Time: 13:38:14
i 3 E Bl EC IR
L) LEOBM 298 3526 9E0.1 :E2 4
Y ki) A3 R4 e 35 9LE 4%E3 0 Al
P i) 1499.52
0 OFR) 5993
LR b

Figure 2.22: Case 03 Meter Values

87




Case 04
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Figure 2.23: Case 03 Values Injection Execution
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Case

Va
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Vc
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Figure 2.24. Case 04 Meter Values

All power flows’ direction, obtained from the relay, were consistent with calculations.
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Appendix E

University of M’hamed BOUGARA Boumerdes
Institute of Electrical Engineering and Electronics
Control and Power Department
Experiment #5
SEL 221 Setting and Testing Phase Distance Elements and
Interpreting Event Records

L earning outcome
The objective of this experiment isto set and test phase distance elements on SEL-221F
relay.

Equipment

SEL 221F relay

OMICRON CMC 356 injection test set

Bag of Banana-Banana Short Leads (3x)
Banana-Banana or Banana-Spade L eads (30x)
Computer with AcSEL erator QuickSet Software
Computer with OMICRON TestUniverse software

Prelab

Assume the following data:

AlgiETS Boudouaou Boumerdes

: | . . [ Zemmouri

HO—0-

PTR CTR r\ —| Fault=p>
L‘ st 1 %
>< veo\*/
Thenia

—0) (H

SEL-221F (

Figure 5.4: Algiers Boumerdes Single Line Network Diagram
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All zone 1 phase distance elements at Boumerdes substation are set at 80% of
their lines and to operate with no time delay.

Zone 2 of phase distance elements at Boumerdes substation are set to operate in
30 cycles

Assume that there are no in-feed (no source or generation) at Zemmouri,

Boudouaou and Thenia substations.

System voltage: 161kV, 100MVA Base

7 _ Vi’
Base — MVAj—fﬁ

20 = ZPer unit * ZBase

Thevenin equivalent impedance at Algiers busin percent:
. %Z+ = 0.526+)3.899 primary
. %Z0 = 0.524+3.83 primary

Relay data: (SEL-221F relay): Line impedance in percent for the Algiers-Boumerdes
161-kV line

. Available CTR = 1200-5, 2000-5, 3000-5 / PTR = 1400-1

. % Z+ of line Algiers-Boumerdes =1.43+ j7.76 primary in percent

. %2Z0 of line Algiers-Boumerdes =7.2+ j23.74 primary in percent

Neighboring line data:
Line impedance in percent for the Boumerdes-Zemouri 161-kV line:
. % Z+ of line Boumerdes-Zemouri =1.34+J6.59 primary in percent

. %2Z0 of line Boumerdes-Zemouri =6.48+ j 21.08 primary in percent

Line impedance in percent for the Boumerdes-Boudouaou 161-kV line:
. % Z+ of line Boumerdes-Boudouaou =0.54+J 2.54 primary in percent

. %2Z0 of line Boumerdes-Boudouaou =2.67+ j 8.5 primary in percent

Line impedance in percent for the Boumerdes-Thenia 161-kV line:
. % Z+ of line Boumerdes-Thenia=0.546+J 2.54 primary in percent

. %Z0 of line Boumerdes-Thenia=2.873+ | 7.997primary in percent
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Step 1

Cdculate z1 and z2 mho phase distance elements for the relay at Algiers
substation that is used to protect the Algiers Boumerdes 164 kV line.

¢ o » F

Z+line=

Z0line=

Linelength = 24.5 miles

primary ohms

primary ohms

Cadculate the following line data for line Algiers-Boumerdes 161-kV line:

2. Select an appropriate CTR to make sure that your secondary fault currents will
not exceed 12.5A for OMICRON test set.

3. Perform the following calculations:

a. Set the reach for zone 1 mho phase distance

b. Set an operating time for the Z1P element

C. Set the reach for zone 2 mho phase distance

d. Set an operating time for the Z2P element

4, Fill in the following data:
Primary Secondary Operating | SEL Relay SEL Relay
Ohms Ohms Timein Setting Word Bit
Cycles Par ameter
Z1P
Z2P

Step 2: Test Z1 and Z2 Mho phase distance element
(Limit the test current to 12.5A or less)

1) Caculate the fault currentsthat the relay at Algiers substation sees for the following

faults:
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a. B-C fault on 80% of Algiers-Boumerdes 161-kV line
b. C-A fault at the remote bus at Boumerdes substation

Procedure

1 Starting with a disconnected test set and a disconnected relay, perform the
following tasks:

2. Set up the communication between SEL 221 relay and AcSEL erator software
using EIA-232 serial communications cable (follow procedure in experiment 1).

3. Set up communication between the CM C 356 and Test Universe using RJ45 seridl

communication cable (follow procedure in experiment 1).

4, Connect 3-® voltages from the test set voltage analog outputs to the relay (Va,
Vb, Vc)

5. Connect 3-® currents from the test set current analog outputs to the relay (la, Ib,
Ic)

6. Power up the relay and the test set.

Figure 5.5: Experimental Setup of Experiment 5
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a On the main window of Quickset go to Read - Read settingsfrom a connected
device > Enter device part number - Insert line length, line positive and zero
impedance, zonel and zone2 parameters found in calculations, along with O cycle and 30
cycle time delay respectively.

b. Insert CT ratio of 240:1 and VT ratio of 1400: 1 into SEL-221F relay.

Device Partnurmber

Enter Device Partnumber

221F00-4256MHMS

(8.4

Figure 5.6: Device Part Number Inserting

@) AcsELerator® QuickSet - [Settings Editor - New Settings & (SEL-221F 0006.7.0)) - B0 x
@ Fle £t View Communications Tock Windows Help Langusge -8 ox
CGECHD 25 00 2 | va ol

T o)

| E |52t [Vae |Riznge (Camment |Deseiption |

0 ZIDP 200 32000 cycles [0.25 cycle sleps] Z2OP Zane 2 Delay Phase-toPhase

o z206 000 132000 eycles (025 eyee slepe) | |Z206 Zone 2 Dely for Giound Fauks

0 Zi 4000 32000 cycles (0125 cycle sleps] 230 Zone 3 Delay FhasetoPhase and Ground Fauls

0 TOUR 300 02000 cyches (0175 cycle sleps] | TOUR Trp Dusicn Treet

0 500G 100000 [L5-Z55NP 4]0 550000 amp i | SONG Residial and Phese Overcurent Fickip

0 5P 100000 0540 amp ) 0 2550000 anp pi 0P Ehgse Overcument Fickup

0 5TH 150000 (11560 arp sec) 01 25:50000 anp pi [ 501 Phase Overcunen! Hotrel Fickup

0 SINP 100C.00 (1560 awp zec) 0 2550000 amp pi 1P Residual Time Owvercunerk Fickup

] SINTD 300 0501500 SINTD Resdus! Tme Cvercumant Time Dal

0 SINC 2 1234 | SINC Residual Time Oveesunert Curve [rdee

0 SINTC ¥ N SINTC Resduzl Time Dvercurent Torque Control

0 £ E5000 [15-7551NP &] D 255000 amp pri E7HP Rusidual instartanecus Dvercurent Pickup

o BT ¥ N [ B7HTC Resiual Inslrvanecus Dvercueei Toigue Cantl M

0 SBT £l 0151000 cyckes 5257 578 Time Delay

0 |REJOE N NFPG [ REJDE Pet. Trpping Remote End Open

0 |LOFE if Y1234 LOPE Block Dist Elements on LOP

0 TIMET 5 030 mirudes TIMET et 1 Timecut

o [TmE2 0 30 mirudes | TIHE2 Pt 2 Timeout

U] AUTO 2 123 AUTO Port for Automatic Messzges

0 RAINGS 7 130 [ RINGE Nusrber of Rings Eefore Madem Answen:

L WU F4AZ 00 Fomat FF FF FF WTU Mask for Uncondional Tep

L WPT 030000 Famat: FF FF FF WET sk far Top wit Pemissve Tip Assetted

|t W 00000 Fame: 7 F FF | B Mask for Tap wih Block Trp Deassered

L MT0 FC&400 Faimar: FF FF FF T Mask for Trip with Breaer Just Dpened o Clozed (5287 Element Asserl]

-I. .MM 0ooo0e Faima: FF FF FF MAT Programemable Dulput Contact Mask for 41 Output

L a2 mom Fomat: FF FF FF | MA2 Progiammable ulpet Contact Mask for A2 Dutput

L Mad FO8000 Faimat- FF FFFF A3 Programmable Dulput Contact Mask for 43 Dutput

IL M TR |Feima: FF FF FF [ b Progiammable Oulpul Corvact Mash s A4 Outpul

L R Fg0m Fasmat: FF FF FF WA Mask for Reclose Inkiahion

L WRC 042000 Famet: FF FF FF MAC Mask fos Recloes Cancelaiion L
=

Parts: 221FOD-4256MHN ¥ Relayrdo

T[T RO Open: Connected COMT: USB-SERIAL CH34D 9600 8-None-2 Terminal = EIA-232 Seial  File transfer = YModem

H O Taper ici pour rechercher

Figure 5.7: Setting Line Parameters and Zones Reach
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T[] RO Open: Connected COMT: USE-SERIAL CH340 9600 8-None-2 Temninal = EI&-232 Serial  File transfer = WModem

0 Taper ici pour rechercher

Figure 5.8: Setting Zones Time Delaysin Cycles

7. On QuickCMC, go to Parameters > Test object > Device - Edit, insert

primary and secondary voltage levels.
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) AcSELerator® QuickSet - [Settings Edtr - New Settings 3 (SEL-221F 0006702 g X
i File Edit View Communications Tools Windows Help Language - 8%
GGEJHD 2R 00 2 o ol 220
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Group Seling Ve Range Comment Dasception
o 0] HNPLED B chaactas 1D Ry deriier
o ] 3 112568 prmay ohne) 1Rt Pasiive Sequence Inpedance
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o 0 EE (15528 [z ) 140 Zera Sequence Ingedance
o M 15 01433 mles LLLie Lergh
o R im0 e |CTR Cunent Trarglommes R
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Test Object O

File  Wiew Function Help

3| 7

&0 Custom
-7 RID
. Device DEVICE

L= Distance
Fress Edit to view or edit this test object settings.

Edit...

LOw0ED |V Ok Cancel

Figure 5.9: QuickCMC Test Object Window

.
= r Mominal ¥ alues
MNumber of phazes: e
f rom: I A0.000 Hz
% nom [zecondarny]: | 114.000 % [L-L]
| B5.818 W [L-N)
W primary:; 161.000 kMY [L-L)
I 2,953k W [L-M]

| nom [zecondany]; I 1.000 A
| primany: I 1.000 k&

Figure 5.10: Voltage Levels Set on QuickCMC
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8. On the sametest object window, click on Distance - Edit, insert line parameters

Distance protection pararmeters

System Settings | Zone Settings ]

System Parameters

Lire: length: Im
Line angle: 79.00 ¢

PT connection: |at lire ﬂ
CT starpoink: |Dir. lirie j

Figure 5.11: Distance Protection Parameters Set on Quick CMC

9. Inject the secondary values calculated in step 1 to the relay (same procedure as
experiment 1) and monitor the results using terminal window.

10.  Record relay behavior to theinjection.

Prelab Calculations

Step 1

Z1 and Z2, mho phase distance elements for the relay at Algiers substation, were
calculated to be used to protect the Algiers-Boumerdes 161-kV line.

1. Calculate the following line data for Line Algiers-Boumerdes 161-kV line:

(Lt 117700 202 (3.7 +20.11) primary ohmsor 20 79° primary ohms

+line=
aZ+line —— —

b.Z0line=

2 2
(7,z+1 2203‘74) 5 11?6 =(18.6 + j61.5) primary ohmsor 64 73° primary ohms

c. Linelength = 24.5 miles

2. Performing the following calculations

a. Set the reach for zone 1 mho phase distance:

7+ line secondary = 20279° X % = 3.428279°

Reach for zone 1 mho phase distance = 3.428479° x 0.8 =274 79°
b. Set an operating time for the Z1P element: 0 cycles.

c. Set the reach for zone 2 mho phase distance

97



Reach for zone 2 mho phase distance= 3.428 79°x 12 =411 79°
d. Set an operating time for the Z2P element:_30 cycles.

Table 7: Zones 1 and 2 Parameters

Primary Ohms Secondary Operating SEL Relay SEL
Ohms Time Setting Relay
in Cycles Parameter Word
Bit
Z1P | 20 79°x08=16 79° 274 79° 0 2.74 Z1P
Z2P | 20 79°x12=24 79° 411 79° 30 411 Z2PT

Step 2: Testing Z1 and Z2 Mho Phase Distance Element

1) Calculate the fault currents that the relay at Algiers substation sees for the following

faults:
A.
B.

a

B-C fault on 80% of Algiers-Boumerdes 161-kV line.
C-A fault at the remote bus at Boumerdes Substation.

B-C fault on 80% of Algiers-Boumerdes 161-kV line:

The Matlab code shown in appendix F was used to obtain the following results:

Table 8: Case 01 Secondary Vaues

Secondary linecurrents. A | Secondary phase voltages. Volt
0 0° 66.3953 0°
12.6317 —170.61° 49.0001 — 133.69°
12.6317 9.38° 48.1047 132.57°

Table 9: Case 01 Primary Vaues

Primary line currents. A Primary phase voltages. KV
0 0° 161 0°
3031.6 —170.61° 118.82 —133.69°
3031.6 9.38° 116.65 132.57°
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b.

Case 01

C-A fault at the remote bus at Boumerdes Substation

Table 10: Case 02 Secondary Vaues

Secondary line currents. A

Secondary phase voltages.
Volt

10.9457 9.523°
0 0°
10.9457 —170.47°

50.3410 130.33°
66.3953 —0°
51.1452 —131.38°

Table 11: Case 02 Primary Vaues

Primary line currents. A

Primary phase voltages. KV

2627 9.38°
0 0°

2627 —170.61°

122.07 130.33°
161 0°
124.02 —131.38°

22 OMICRON 2uickCMC - QuickCMCT

File Edit ‘iew Test ZJarameters ‘Window Help

D = Blsl*+ 8w 888 &l=>| 28 (o] B [
= —————
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VL2 E 45.00% | 12058 ° | 500011z bijtoutie L T angz 135';; 5 izl
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1L1 0.000 2 0.00° | 50000 Hz e . - < ' i A
1.2 12E3A | 17061 * | sUUNCHZ il ||| =
L3 (B Q3R ° | &0 N Hr - 1732 VA P i
+ "'\ .’\'
- i 5
[ v
[ e - PO | | SRR s A
. TmenbL---T
TFFN e g0t i JF L2
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H1U F9 T
wde: | 0000y e | 0.0000 ma T 2
% 577 W gt
F5 & F8 <n Trigger Dinary Ings;zltsrfTrig er Tk | =) _i EI—I'___é
¥ Switch cff Delary: 0,0005 Trip st nfa o
B v @] - ' Start 80 nia A i
Hot used 30 4
Step / 2amp- Hnt 1=pd o0
2
Signalizh: ¥ L1-E -| S 0000y [ autoStep Hot used 10
Hot used 1]
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I Mosck: S00.0 ms 2 :] ot e ég 4
Ouverload [ H nia i I_ ; .I .I ] :
B = e I R R U R 11 30
< >

Figure 5.12: Case 1 Injections Window
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Figure 5.13: SEL 221 Tripping In Zone 1

The secondary values shown in Table 8 were injected using OMICRON CMC356 to the
relay. Figure 5.12 shows the interface of the OMICRON QuickCMC. Figure 5.13 shows
the front panel of the SEL 221 displaying a zone 1 tripping indicating a test pass.

Before moving to the next, the reset button on the relay is pressed to clear the HM|
and begin case 02 injections as shown below.

Figure 5.14: Resetting the Relay
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Case 02

é OMICROM QuickCMC - QuickCMCT = ] X
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Figure 5.16: SEL 221 Tripping in Zone 1 for Case 02 Fault

101



Figure 5.15 represents the QuickCM C window with injection values of case 02, theresult
of the test is shown in figure 5.16, the same results obtained from case 01, the relay

indicates atrip in zone O1.

Normally, both cases are zone 02 faults, unfortunately, this could not be achieved due
a missing fault recording configuration function inside the relay related to the
communication scheme, the relay is performing zone 1 acceleration trip due to an
overreach in zone 01, it is suspected that directional comparison blocking scheme is

activated by the manufacturer.
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Appendix F

clc

a=exp(i*120/180* pi);

| base=100000/sqrt(3)/161;
Zbase=161"2/100;
T=[111;1a*2a;1laa"?;
Z1=(1.43+7.76i)/100;
Zbase=161"2/100;
Zs=(0.526+3.899i)/100;
Zbravo_charlie=(1.34+6.59i)/100;

%

%casel:B-C fault at 80%.
11=1/(2*(Zs+0.8* Z1));
12=-11;

10=0;

1=[10; 11; 12];

I=T*1*Ibase;
Imagl=abs(1)/240
langlel=angle(1)* 180/pi

V1=1-11*Zs,
V2=-12*Zs,
V0=0;
V=[VO,V1V2;
V=T*V;

Vmag1=(161000/sgrt(3)*abs(V))/1400
Vanglel=angle(V)* 180/pi

%

%case2:C-A fault at 100%.
11=1/(2*(Zst+Z21));

12=-11;

1=[10; 11; 12];

I=T*1*Ibase;
Imag2=abs(1)/240
langle2=angle(1)* 180/pi

V1=1-11*Zs,

V2=-12*Zs,

V0=0;

V=[VO,V1,V2];

V=T*V;

V mag2=(161000/sgrt(3)* abs(V))/1400
Vangle2=angle(V)* 180/pi

%
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