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Abstract

Protection relays play an integral part in electrical power systems. They monitor and
detect abnormal system conditions and initiate the operation of protective devices like
circuit breakers to take corrective action and restore the power system to its normal
state. Over the years, the technology has evolved from the old electromechanical-based
relays to the new microprocessor-based relays also known as intelligent electronic
devices, such as the SEL 787 transformer protection relay. Correct operation of these
devices is critical as malfunction or incorrect operation might lead to severe damage to
protected equipment and costly power outages. In commissioning, maintenance and
training fields, the correct operation and accuracy verification is determined through
carrying out fault simulations on the relay using different types of test equipment or
simulators. This thesis investigates the capabilities of SEL 787 relay by using low level
fault simulators and setting the foundation for the development of a National

Instrument CompactDaq and LabVIEW fault simulator.

The thesis comprises the following three main parts:
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Part 1: SEL 787 Transformer protection relay

In this thesis, research has been carried out on the design and application of the SEL 787
relay in transformer protection. The hardware components and the software platform
used by the relay has been analysed. Investigation of the software tools to facilitate
efficient simulations and hence explore the functionality of the relay has been

conducted.
Part 2: Fault simulators / Test equipment

Focuses on the different types of fault simulators in particular low level simulators like
the SEL RTS system. Simulations where carried out on the SEL 787 relay using the SEL
RTS system. The simulation results were analysed using standards and manufacturer

specifications.
Part 3: LabVIEW CompactDaq Simulator

Involves the proposed design of a low level simulator using the CompactDaq modules
and LabVIEW software. Analysis of the CompactDaq modules was conducted. Tests
were successfully carried out using the CompactDaq system via NI Max test panel on the

SEL 787 protection relay.
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Chapter 1 Project Introduction

The three phase power transformer is the most critical link in power system networks.
The transformer links generation and transmission by stepping up generated voltages
to transmission levels. The transmission voltages are in turn stepped down to
distribution voltage levels [1]. Protection of three phase transformers from fault
currents is done by complex protection systems. One of the key elements of these
systems is the protection relay. Protection relays have the ability to detect fault
currents and initiate the operation of a circuit breaker which interrupts or disconnects
the fault current hence protecting the transformer. Protection relays have developed
over the years from the old electromechanical relays to numeric relays and now the
microprocessor-based relays. The accuracy in metering, monitoring and operation of
the protection relays is of utmost importance in preventing or minimizing damage to

faulty equipment [3].



1.1 Background

To determine the accuracy and the functionality of the relays in commissioning,
maintenance and education purposes, various brands of simulators have been
developed . The most popular brands simulators used in industry are Megger,
Omicron and Doble. There are two main types of fault simulators: High level
simulators shown in Figure 3, and low level simulators like the Schweitzer
Engineering Laboratories Relay Testing System (SEL RTS) system shown in Figure 5.
The main difference between the two is the low level simulators bypass the analog
input transformers and lower analog voltage inputs and currents are used in the
simulation process [8]. Previous ENG 454 and thesis students at Murdoch University
have used the Labvolt system, a high level simulator for fault simulation, to
demonstrate the functionality of the SEL relays. Other students had begun the
development of a National Instrument CompactDaq system fault simulation system
with limited success [13]. Following on from some of those previous students’
recommendations, this project will endeavour to continue on with the development of
the system by using a different approach that is described in detail in Chapter 10 of

this thesis [13].

1.2 Objectives
The aim of the project is to gain an in-depth understanding of the capability and

functionality of the SEL 787 transformer protection relay available at Murdoch



University through carrying out tests and simulations on the relay using the low level

simulator SEL RTS test system.

Documentation of the research and findings from this report will aid present and
future Industrial Computer Systems students at Murdoch University to have a better

understanding of the transformer protection relay.

A further aim is to advance the understanding of the use of low level simulators in
testing protection relays. Low level simulators, as shown in Figure 5, facilitate fault
simulation in protection by bypassing the protection relay input current and voltage

transformers, hence eliminating the use of large amplifiers.

This project aims to contribute to an ongoing goal of eventually developing a
CompactDaq and LabVIEW protection relay simulator. This will assist engineering
students at Murdoch University and others in understanding the capabilities of the
SEL protection relays as the simulator will provide a faster and more efficient way of
carrying out fault simulations. The relay’s capabilities in protection, monitoring and

metering are thus explored.



Chapter 2 Protection Scheme

With the advancement in technology, protection relay systems
have become more complex. The design of the systems and the
core components has evolved to provide more effective and
efficient systems. This chapter looks at the aims and
requirements of a protection system together with the main

components.

2.1 Purpose

A protection scheme is a system of plant and equipment responsible for detecting
abnormal conditions in electrical power systems and initiate the operation of
switchgear to isolate the faulted equipment in the shortest time possible. This reduces
damage on the faulted equipment and stops the effects of the fault from affecting
other functioning parts of the power system [2]. There are two main types of
protection schemes, unit and non-unit protection schemes. Unit schemes of
protection operate only for faults within a clearly demarcated zone. There is no time
coordination required with other protection systems in the power system. On the
other hand, non-unit protection schemes have to be coordinated with other protection
systems in the overall power system. Figure 1 shows the core components of a typical

protection scheme [2].
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The main components of a protection scheme are described below:

Current transformers (CT): these reduce the high values of fault currents which
result under fault conditions to suitable values for protection relay operation.
Thus, the main purpose of the current transformer in protection systems is to
provide currents to the control and protection circuits which are proportional

to the power system currents [4].

Voltage transformers (VT): these step down the system voltage to lower scaled

values to be used in control and protection circuits.



Capacitor voltage transformers (CVT) have a capacitance voltage divider which
steps down extra high voltages to low voltages [4].

Protection relay: the device, which is activated by appropriate system
parameters, for example, current and voltage. The relay indicates an abnormal
condition in the power system and initiates the operation of a protection
device, for example, a circuit breaker. There are several manufactures of these
devices including Siemen and SEL, as indicated in Figure 1 above [2].

Circuit breakers: these close and open the electrical circuit under both normal
and fault conditions. The circuit breaker operation under fault conditions is

usually initiated by the protection relay operation [6].

2.2 Attributes of a good protection scheme

Protection systems in most cases do not prevent damage to the faulted equipment

during a fault but rather minimise the damage and the effects of the fault on the entire

electric circuit. The following are the attributes of a good protection system:

Reliability: the protection scheme has to be dependable and operate when
required as per design specifications. Incorrect operation of the protection
scheme may lead to a disastrous situation with damage to plant and
equipment. Reliability of the protection system can be affected by the following
factors: incorrect design, incorrect installation and deterioration of the

protection equipment over time [2].



Speedy isolation: to minimise damage to faulted equipment and prevent
system instability, the protection system has to isolate the fault as quickly as
possible. Isolation of the disturbance in the shortest amount of time ensures
continuity of power supply in the functioning parts of the power system. [2]
Sensitivity: this refers to the minimum amount of system quantities (for
example, current) required to activate the protection system when an abnormal
condition arises in the power system. A protection system with a very low
operating current is said to be very sensitive. [2]

Stability: this mainly refers to unit schemes of protection which are only
required to operate for faults occurring within a clearly demarcated region and
not operate for faults outside the protected zone. [2]

Selectivity: this is also referred to as discrimination and refers to the protection
system operating only for the faulty part of the electrical network, isolating it
and leaving the healthy parts of the circuit with supply. [2]

Economical: it is imperative to have appropriate levels of protection for plant
and equipment at an appropriate cost. The degree of protection of a piece of
equipment has to be weighed against the cost of the equipment and the cost of
loss of power supply to the network. The degree of protection usually increases
with the value of equipment being protected as the repair or replacement cost

of the equipment are high. [2]



2.3 Protection Relays

2.3.1 Electromechanical

These relays are made of mechanical, electrical and magnetic components and the
majority are of the moveable coil type. The principle of operation of these relays is
based on the establishment of torque, produced by the interaction of magnetic flux,
which is of a magnitude proportional to the value of current and voltage being
measured. These types of protection relays are very reliable and robust, however, they
are less accurate compared to solid state relays and deteriorate over time due to

mechanical moving parts getting worn. [7]

2.3.2 Solid State

Over the years, the development of semiconductors and associated electronic
advances has led to the design of numeric or solid state protection relays. These
relays are more accurate, consume less power, occupy less place on installation, and
are more resistant to vibrations and shock compared to the electromechanical relays.
The downside to the solid state relays is that they require an independent power

supply and are more affected by humidity and temperature. [21]



2.3.3 Microprocessor-based Relays

The growing intricacy in modern power networks has necessitated the development of
microprocessor-based relays with sophisticated characteristics. These protection
relays, also called intelligent electronic devices, have high-performance
microprocessors which have the capabilities of performing all the protection functions
done by solid state relays with greater speed and efficiency [7]. Figure 2 shows the

typical general arrangement of microprocessor-based relays.
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Figure 2 General arrangement of a microprocessor relay

The main components of a microprocessor-based relay are as follows:



Input module: this consists of analog filters, signal conditioner and analog to
digital converters. Signals from the power system are captured and sent to the
microprocessor via this module [7].

Microprocessor: the main purpose of this is to process the protection relay
algorithms. It consists of two memory components: random access memory
responsible for storing information during the processing of protection
algorithms; and read only memory which stores data permanently [7].

Output module: output signals from the microprocessor are conditioned and
sent to the external elements which it controls [7].

Communication module: consists of series and parallel ports which facilitate

connection of protection relays with communication and control systems [7].
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Chapter 3 Protection relay fault simulators

After manufacture, on installation and during maintenance,
protection relays are tested for correct operation. This chapter
provides an overview of the different types of test equipment

used to verify the correct operation of these relays.

Protection relay test sets or simulators are the pieces of equipment used to measure
the accuracy and demonstrate the full functionality of the relays. The modern day
microprocessor protection relays have multiple functions and require sophisticated
test simulators with hardware and software to comprehensively analyze the operation
of the relay through simulation of real life conditions. There are several types used in
industrial applications, in commissioning the relays in new installations and
maintenance testing in already established installations [4].The commonly used ones
include the Doble F6150, Omicron CMC 365 and Megger MPRT. For educational
purposes, the most popular simulator is the Labvolt system, shown in Figure 3, which
is available at Murdoch University. The fault simulators can be categorized into two

main groups; high level and low level fault simulators.

11



Figure 3 Labvolt high level simulator

3.1 High level simulators

These simulators have the capability of simulating different fault conditions through
hardware and software and monitor the performance of the protection relay. The
hardware components consist of analog outputs, binary outputs and binary inputs
and communication interface for the associated software. The software is used to
control the hardware, monitor and record the protection relay performance during
the simulation. The simulation process mimics real life analog inputs to the relay from
CTs and VTs and monitors the operation of the relay via relay indicators and output
contacts of the relay’s changing state [4].

12



3.2 Low level simulators

The main purpose of these simulators is to supply the protection relay with voltage
and current inputs that resemble fault conditions and monitor how the relay responds
in these situations. The main difference between the two is that the low level
simulators bypass the analog input transformers and lower analog voltage inputs and
currents are used in the simulation process [8]. For example, the SEL RTS low level
simulator provides low voltage AC signals to the protection relay microprocessor via
the relay test interface on the analog input circuit board as shown in Figure 4. The
simulators usually come with the associated software which is used to control,
monitor and record the simulation results. For the SEL RTS simulator, the software is

called SEL 5401. These simulators are less expensive than the high level simulators

[8].

13
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Figure 5 Low level protection relay simulator



Chapter 4 Power Transformer

Invented towards the end of the nineteenth century the power
transformer has become a vital link in today’s transmission and
distribution systems. This chapter reviews the theory of
principle of operation and the different type of faults which can

occur on transformers.

4.1 Power transformer construction

A power transformer is a static electrical device used to step up or step down voltage.
It consists mainly of two windings: the primary and the secondary windings which are
electrically isolated but magnetically linked through a magnetic core made of
insulated laminations. The insulated laminations are usually made from silicon steel
which increases the magnetic coupling due to its high magnetic permeability

properties.

15



4.2 Principle of operation

A transformer operates on the principles of electromagnetic induction. When an
alternating voltage is applied to the primary windings, self-induction occurs on the
primary windings and the changing alternating current in the primary winding
induces an EMF in the secondary winding, with the process called mutual induction.
The silicon steel core serves to provide a very low reluctance path for the magnetic
flux. The effect of the magnetic flux is to generate a mutually induced EMF in the
secondary winding which is not supplied with the alternating voltage. This is

illustrated in Figure 6 [6].

16
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Figure 6 Transformer principle of operation [6]

4.2.1 Transformer magnetisation Characteristics

During normal operation, the transformer follows the typical magnetization curve

shown in Figure 7.
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Figure 7 Transformer magnetisation curve [6]

Transformers are usually operated close to the knee point of the characteristic to get
the best efficiency. Increasing the terminal voltage leads to the saturation of the core

and excessive magnetization currents being drawn.

Figure 8 shows the relationship between the voltages V, magnetization current Im and

¢ magnetic flux under steady state conditions [6].

18
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Figure 8 Transformer steady state operation [6]

On energization when the voltage is at zero, the magnetic flux demand is very high
and can be twice the normal magnetic flux. This causes a very high magnetising
current to flow, as illustrated in Figure 9. This high magnetising current (Iv is also
known as the transformer inrush current. The presence of residual flux or remanent

flux can further increase the magnitude of this current on energization [6].
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4.3 Power transformer faults

4.3.1 Phase-to-Phase faults:

These faults are rare on transformers and can be caused by both internal and external
conditions. Insulation breakdown due to mechanical stress and overheating can cause
phase to phase and phase to earth faults. External conditions which can lead to phase
to phase faults include overloading, overvoltage and other power system faults.
Internal conditions include ageing insulation and presence of contaminants in

insulating medium [2].

20



4.3.2 Phase-to-Earth faults:
These faults occur when the transformer windings get into contact with earth or any
other conductive material connected to earth. Insulation breakdown due to ageing,

poor workmanship and overheating can cause these type of faults.

4.3.3 Core faults:

The magnetic or iron circuit of the transformer made of insulated laminated silicon
steel has bolts which clamp the laminations together. The bolts are insulated from the
laminations and if this insulation breaks down, high eddy currents may flow which
cause overheating in the transformer. Power system over voltages may lead to high
magnetization currents that produce flux from the highly saturated core, which is
diverted to the clamping bolts. The bolts usually have low flux circulation but the high
flux can result in very high temperatures emanating from the bolts. The high
temperatures cause damage to the insulation leading to the short-circuiting of the

core laminations [6].

4.3.4 Tank faults:
Oil filled transformers are housed in tanks containing insulating oil which completely
covers the windings and the core. The main purpose of the oil is to cool the

transformer; it also acts as an insulating medium. The loss of oil via leaks can lead to

21



overheating of the transformer and insulation reduction. Overheating of the
transformer causes break down of insulation in the winding and results in short

circuit faults [2]

4.3.5 Inter-turn Faults:

Insulation between turns can break down due several factors which include
overheating, mechanical stress from over voltages and ageing of the insulation which
can be made worse by the presence of moisture in the transformer. Figure 10 shows
an inter-turn fault on the secondary side of the transformer. The inter-turn short
circuit will result in high currents in the short- circuited loop. The terminal currents
will be low due to the high transformation ratio between the whole affected winding

and the turns, which are short-circuited [6].
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Chapter5 Schweitzer Engineering Laboratories, Inc.

Established in 1982, Schweitzer Engineering laboratories SEL is
an organisation based in Washington, United States of America
and specialises in the manufacture of power system protection
relays. This chapter provides an overview of the SEL protection
relay software package and some of its key features used

throughout this project.

5.1 SEL Acselerator Quick set

This software platform tool from SEL is used as the interface between the SEL
protection devices and the user for communication, metering, control, protection and
monitoring purposes. The following section will look at some of the important

features of this software platform [9].

5.2 Settings

5.2.1 Settings Editor

The protection relay settings specific to the device are found in the settings editor. The
settings can be edited according to the protection system requirements. The settings
have a fixed range which when violated an error message comes up and setting box is

highlighted in red as shown in Figure 11.
24



This feature also applies for logic based settings and equations, if an invalid word bit

is entered in the setting box for the logic equation an error message comes up. These

features are useful for identifying any setting errors in conducting simulations.
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Figure 11 SEL relay setting editor page

Protection relay setting changes can be tracked or monitored via the terminal window

by typing the sequential event record command (SER). This will give the date and

time when changes to the settings were made as shown in Figure 12 taken during

simulations on the SEL 787 relay [9].
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5.2.2 Group setting

The software platform also allows for the flexibility to have more than one group

setting for each device. These settings are configured in groups, as shown in Figure 13,

which was taken from the SEL 787 protection relay at Murdoch University via

Acselerator software. The user is able to configure different settings for different

applications if required; for example, a power utility company might desire to have

different protection settings for different seasons of the year [9].
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Figure 13 SEL787 Group settings

For testing purposes, having a different group of settings is convienient as changes
can be made to these settings without affecting the original settings [9]. Selection of
the final group settings to be used at a particular time can be done via the setting

group selection tab shown below in Figure 14.
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Settings Group Selection

TGR. Group Change Delay (seconds)
3 Range = 0-400

551 Select Settings Group1 (SELogic)
1

552 Select Settings Group? (SELogic)
W]

553 Select Settings Group3 (SELogic)
W]

554 Select Settings Group4 (SELogic)
W]

]

Figure 14 SEL 787 group setting selection

5.2.3 Settings compare

This feature allows the user to compare settings between databases. During testing,
the user may need to disenable some of the protection element settings to
accommodate the verification or testing of required protection elements. This feature
affords the user to compare the original settings and the modified settings verify the
changes and update the settings as required. With the setting compare feature,

comparison of settings between different setting groups can be done [9].

28



5.3 Terminal

The terminal window accessed on the tools tab is shown in Figure 15.

| @) AcSELerator® QuickSet - C:\ ==

Fie Edit Communicztions Log 'I_'an:lﬂhdnw Help

Me t=r and Control
| Terminzl

%@ Corwvert, .,
Events

Cpen Mator Start Report Flie

o[ ] reo[ ] mMotConmectsd  Drect toCOML 9600 &None-1  Terminal = EIA-232 Sena

Figure 15 Acselerator Terminal tab [9]

The terminal or command window is an interface with the relay using ASCII. This
window was used in the project for the following: relay verification, identification,
communication verification, monitoring, protection element operation verification

and event history analysis [9].

5.4 Human machine Interface HMI
This tool is useful for commissioning and testing and throughout the project duration
it was used to observe metering and target data. Operation of protection elements can
be viewed from this window. The control window of the HMI was used to reset

metering data, clear event history and the sequential event report [9].

5.5 SEL Logic
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The block diagram shown in Figure 16 shows the sequential interaction of the
protection and programmable logic. SEL logic equations are used to logically integrate
chosen protection relay elements for different control functions. Protection relay

inputs are assigned via the logic equations to suit specific applications [9].

o or | - Fixed Logic
perator C |
Controls Timers, Latches,|_p» TRIP, CLOSE
AND Gates, etc.
Inputs (ll) —_—
— + Outputs
Receive <
»> —>»| Rela Programmable Transmit
MIRRORED BITS y g I
word [  Logic ® MIRRORED BITS
Built-in )
Al 88 A/DHH Protection — %f Indicator LEDs
Elements
_ A
Remote Bits 3 =f—————p-| — Torque Control
Local Bits fj +——|

Figure 16 SEL protection relay logic structure overview [9]

Design of the application suited trip, open, close and reclose control logic circuits can
be achieved in programming the logic equations. Using the logic has the benefit of
eliminating the use of external timers and needing counters hard wired, hence saving
time and money. Programming in SEL protection relay is done in two programming

languages. The default language used is structured text.
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This can be changed to function block language via decompiling, as shown in Figure

17, which was captured from the SEL 787 relay at Murdoch University.

Decompile Logic ‘
From Text | From Settings
SELogic® -

TR1:=50FT1ITOR S1PITOR 51G1T OR MOT LT02 AND SV04T OR OC1 A
TR2 :=51P2T OR 51G2T OR LT02 AND SVD4T OR OC2
TRXFMR := 87R OR 87U

1| T P

Reduce Port Variables Use Port Operators Decompile

HWWW'QHB«'I’SMS!W'MSFW!?S![-T‘S’MMZ!II [l

CEBJHD 23|00 % ek al
48 Geta [ %e® [0 |EA ) 0 2] & Compin [T iwompia) [ fron ([ Stntics Jy Prefennces | @
o Geed B
1 B Meioag Bachear Lags
0 S Gind SHemn
S I | [ 0 ]
R ey ———
© BiasharFobhae
B ThemsgheF ol Marsin Courters
o Ansiglreds T
& Ay s E"'E‘ :
0 Irgud Debinrne
& Dus Rsied Corinal rpathpa
& Acoesi Corked Laiches
0 Tive Schvoricain 5069 ||\ Fnctiors
48 Gisp

@ sel

Figure 17 SEL programing language in structured text and decompiled to
function block
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5.6 Event analysis

Event reports and fault data can be viewed in the terminal window by typing the
command EVE or via SEL Acselerator analytical assistant software 5601. In the
terminal window the data is presented in text format as shown in Figure 18 [20]. The
analytical tool on the other hand displays an analog oscillography which the user can

customise.

=>>EVE <Enter>

SEL-751A Date: 06/05/2008 Time: 13:40:26.270
FEEDER RELAY

Serial Number=000000000000000
FID=SEL-751A-X215-V0-Z003002-D20080530 CID=0E1E
55555 55 8 0

11111 00 1 T u
A N nt
Currents (A Pri) Voltages (V Pri) B Q 113
1A 1B IC IN IG VA VB vc VS VDC CPNGQ PG 2.2
(1]
-1739 467 1277 -0.0 4.2 -7429 -3317 10679 -7178 48 33... F. . . .8
449 -1735 1256 0.0 -30.0 7994 -10399 2259 8071 48 33... F. . . .8
1741  -468 -1279 0.0 -6.0 7421 3323 -10681 7173 48 33... F. . . .8
-454 1736 -1258 0.0 24.0 -7999 10395 -2255 -8080 48 33... F. . . .3
(2]
-1742 466 1278 -0.0 1.8 -7418 -3332 10679 -7171 48 33... F. . . .3
454 -1737 1258 -0.0 -25.2 7999 -10397 2246 8084 48 33... F. . . .8
1738 -465 -1283 0.0 -10.2 7412 3334 -10685 7162 48 33... F. . . .3
-456 1736 -1259 0.0 20.4 8006 10391 -2243 -8087 48 33... F. . . .3

Figure 18 Terminal Event Report [20]

Figure 19 shows and oscillography for a fault simulation in three states prior the fault,
during the fault and post fault. This was captured during fault simulation on the SEL
787 protection relay housed at Murdoch University. The event reports contain the
following information date and time of the event, fault data in primary values, relay
identifiers. These tools were used throughout the project to verify correct operation of

the relay and analysis of fault simulation results.
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Chapter 6 SEL 787 Protection relay overview

Microprocessor based relays offer effective and efficient fault
detection. This chapter looks at the architecture of the SEL 787
transformer and different types of wiring configuration to

facilitate fault simulation.

6.1 Hardware

The SEL-787 protection belongs to a family of SEL transformer protection relays
shown in Figure 20. The SEL transformer protection relays have a rugged design and
are robust. Two-winding and multiple winding transformers can be protected by this
series of relays depending on the application. Apart from the primary function of
protecting the transformer under abnormal conditions the protection relays can be

used for, transformer monitoring, metering and reporting [9].
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SEL-387 Series

SEL-587 SEL-487E

Figure 20 SEL transformer protection series

6.1.1 1/0 cards

The SEL 787 protection relay is a two-winding transformer protection relay. The SEL
787 relay full complement has a total of six rear —panel slots labelled A, B, C, D, E and
Z as as shown in Figures 21 and 22. The protection relay specifications for all the
individual slots are detailed in appendix C of this report.The specifications are critical
to ensure correct operation of the relay and avoid damage to it .The nominal operating
volatges of the relay and slot maximum voltage and current ratings are detailed in this

section [9].
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SELECT Power Supply With 1/0 (Slot A

SELT Procestr . s i
Communications Card (Slot B) =da = ;

Figure 21 SEL 787 relay I/0O cards [9]

Figure 22 shows typical rear view of the SEL 787 protection relay with all seven card
slots. Slot A is the power supply and input and output card. The inputs and outputs
can be configured to meet specific applications via the logic programming in
Acselerator Quickset. Slot B in the main base communication card. The slot has fibre -
optic, serial and Ethernet ports. An additional communication slot with input and
output contacts can be accommodated in slot D. Slot E is the voltage input card and

also accommodates for the neutral current analog input.
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The final slot Z is the analog current transformer input slot with the SEL 787

protection relay having option for 1 amp or 5-amp input [9].

Slots for Option Cards Ethernet Port

EIA-485
‘T Serial Port

[
24
-1
O

Fibre-Optic port

Figure 22 SEL 787 rear view slots [9]

Figure 23 shows the actual SEL 787 at Murdoch University which only has the base

cards slots A, B and Z.
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Figure 23 SEL 787 relay at Murdoch University rear view

The additional digital communication and voltage cards are not available on the SEL
787 transformer protection relay housed at Murdoch University. Investigations were
only undertaken for the protection functions for the available hardware slots, that is,
for the current based elements, such as overcurrent and differential protection. The
following protection functions: restricted earth fault, volts/hertz and RTD-based
protection element could not be investigated due no hardware slot cards being
available. A relay nameplate depicting the available slot cards and the expansion card

is shown in Figure 24 below.
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Figure 24 SEL 787 relay side view information template
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6.1.2 Front panel

The SEL 787 protection relay has 16 trip target and status indication light emitting
diodes (LEDs), as shown in Figure 25. These LEDs can be programmed for a specific
application. Factory labels for each protection function can be replaced with custom
made labels to suit the user’s application, as shown in Figure 25 below. The front
panel LCD display is used for displaying measured values and input and output
status. Four pushbuttons that can be programmed for operator control are also

located on the front panel.

Display Pushbuttons

THERMAL ( WERLOAL

OVERCURRENT
IMBALANCE
LOAD LOSS

MAED

FREQUENCY

Programmable  jger.configurable s

LED Indicators Labels

Figure 25 SEL 787 front panel [9]
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6.1.3 Wiring configuration
For current based fault simulations both high and low level testing slot Z of the
protection relay is used. For high level simulations the analog simulation currents are

wired directly on the slot Z terminals.

Carrying out high level fault simulations on protection relays can be tedious and time
consuming with regards to the wiring configuration as illustrated in Figure 26 which
shows the wiring configuration done by previous students at Murdoch university to

carry out fault simulations on the SEL 787 protection relay.
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Figure 26 Labvolt relay fault simulation setup [13]

For low level fault simulation, the SEL 787 relay has to be configured to cater for this
type of testing The current input card in slot Z, shown in Figure 27, was removed from

the relay and set up for low level testing.
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Figure 27 Analog current card

To facilitate for the low-level interface fault simulation Jumpers 1, 2, 3, and 6 on the

analog current card had to be reconfigured as shown in Figure 28.

Voltage input connection

terminals with  ground

reference point marked on
the bottom left corner in

white.

JMP4 to JMP6 bottom to

Figure 28 Slot Z Input circuit board
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Caution in connecting the ribbon test cable to the circuit board was of great
importance to prevent damage to the card. Figure 29 below shows the connection of

the test cable on the circuit board.

The Ribbon cable cc
AMS simulator. The
cable connected to t

white mark.

Figure 29 Test cable input connection
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Chapter 7 Protection relay standards and testing

To correctly carry out simulations on protection relays is
complex as fault conditions have to be simulated instead of
normal operation conditions. This chapter provides an insight
into the recommended approach to be taken when carrying out
the testing and the related standards. The simulation approach
taken to carrying out tests throughout this project is also

covered in this chapter.

7.1 Protection relay standards

Correct operation of protection relays during fault conditions is critical in preventing
and minimising damage to the protected plant and equipment and ensuring power
system stability. Incorrect operation may lead to protected devices being damaged
and undesirable power outage, hence testing of the relays to manufacturer
specifications is critical [22]. For the SEL 787 protection relay, the manufacturer
specifications with regards to relay element operation accuracy and metering accuracy
are detailed in appendix C of this report. The IEC 60255 standard details the
minimum requirements for the performance of protection relays under both steady

state and dynamic conditions.
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The different types of simulation methodologies for verifying the accuracy and

performance characteristics of the relays are also specified in this standard [17].

IEEE Standard C37.2-2008 covers and specifies the different elements and
abbreviations for protection relays. The protection relay functions or elements are
referred to by device numbers specified in this standard and letters are often added to
identify a certain application. Table 2 in appendix B of this report details the SEL 787
protection function acronyms and their description, all specified to ANSI and IEEE

standards [18].

7.2 Relay Testing and fault simulations

The guide for power system protection testing, IEEE C37.233/D3 lays out the
different methodologies and procedures to follow in testing protection relays. The
guide specifies the different types of tests and the minimum requirements for the test
equipment used in carrying out the simulations. These guidelines were used as the
foundation in carrying out the fault simulations analysing and verifying the

simulation results [18].

7.2.1 Types of tests
The guide lists the following tests; -certification, performance, application,

conformance, commissioning and maintenance are carried out during the life span of
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a protection relay. For this project conformance and performance tests or simulations

were carried out to verify and explore the capability of the relay.

Conformance tests are done to verify the functionality of a protection element as
expected. The -characteristics of the protection element are verified against
specifications. These tests are usually steady state test with the test signals not having
transient and DC components. By contrast, performance tests focus on what is desired

from the protection function under specific network conditions [18].

7.2.2 Test equipment

The IEE c¢37.233/D3 specifies some of the requirements for simulation equipment as
having software to generate fault sequences. The associated vendor software to
communicate with the protection device and the test equipment has the capability to
record the fault and capture all information associated with the fault. In addition, the
actual miscellaneous test equipment such as test leads and connector jumpers, are all

rated to withstand the required simulation voltages and currents [18].
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7.2.3 Fault data arrangement

Fault simulations or tests on the protection relays can be done as a single or three

phase injection, depending on the specific requirements. The layout of the fault

simulation can consist of different states and transitions. The states contain the

simulation data, for example pre-fault, fault and the post-fault as shown in Figure 30

[8]. To move from one state to the next, different transitions can be used as desired by

the user, for example, using a timer or user initiated digital input.

SEL 5400 --- C:\Sample.rta [SEL-221)

File Edit Aun Fesull Configusbon Hep

Bl (] 21l &% DB[0|v| | Blw| 2 [ Fesd
Standard ] Entended | Total Test States: 3
|Fre-Fauk State |Fauk Staie [Post-Fault State
Anal Analog: Analog:
I& |00 .00 14 20,00 80,00 I [ouon 0on
B 200 12000 B 200 420,00 B oon 12000
IC |20 120.00 IC | 200 120,00 IC [alil] 12000
WA, |&7.00 nao Wik 40.00 a.00 WA |&7.00 il
VB £7.00 12000 VB §7.00 120,00 £7.00 -120.00
WL |67.00 12000 VT E7.00 120000 WC |67.00 120000
| e
Tims Contact Dutputs: | 1.0 Contact Qutputs: | [ Contact Dulpuls:
= 1[E 52a 1[E 524 1[0 524
G0.00 ZFU_._, |sauu 2 oure IEEI.III ZEU_._.
3= outa = e e 3= ouTa
L 47 ouUTH fie 4[° DUTa rﬁ— 47 0UTY
S0 HZ §[F ouTs 000 |H2 s~ BUTS B0 H2 §[F outs
Sense Inputs: 6" 1 - Sense Inputs: Bl DUTC Sense Inputs: Bl 170
TRIF _|NOOP O F IRIP I0->C &7 C TRIP |wOOP 0 F
| |
I L o

Figure 30 State sequence test template [8]
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7.2.4 SEL-4000

The SEL-4000 system is a low level protection relay simulator and consists of the SEL
AMS shown in Figure 7 and the accompanying software SEL-5401. [8]. This system
was used for the greater part of the project to develop simulation templates and carry

out the testing.

The SEL-AMS consists of twelve analog outputs for voltage and current outputs, and
digital and analog inputs to capture measured times and for the simulation of circuit
breaker status condition. The test system also consists of LEDs on the front panel for
indication of input and output channels, auxiliary DC power supply and a serial

communication port [8].

The SEL-5401 software employs the finite state machine simulation philosophy to
enable simulation using different states as shown in Figure 30. Increment of fault
data in small values in a process called test ramping can be achieved using this
software to determine the minimum fault values which initiate operation of the relay.
Simulation results can be viewed via the simulation window. Both single phase and

three phase fault simulation was carried out [8].

7.2.5 Safety

In order to minimise the risk of injury and damage to equipment and devices, it is
critical to identify the dangers or hazards associated with the specific task to be
undertaken and also to take up actions to reduce or eliminate the hazards. For this

project prior to carrying out the simulations, a job hazard analysis document was
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completed to identify the hazards and establish the appropriate controls to reduce or

eliminate the hazard.

7.2.6 Self-test

Prior to carrying out the simulations the condition of the protection relay was

assessed by carrying out a self-test and displaying the results in the terminal window.

The command to display the self-test status is STA as shown in Figure 31.

SELF TESTS (W=Warn)

1.51 1.80 2.50 3.35 3.75 4.938 -1.25 -5£.08

Option Cards
CARD C CARD Iv CAED E CURERENT
)4 0K 0K 0]4

Cff=zet=
IAW1 IEW1 ICW1 TIAW2 IEWZ ICWZ
0K 0]'4 ()4 0K 0]'4 ()4

+1.5V +1.8V +2. 5V +3.3¥ +3.75¥W +5.0V -1.28V 5.0V

=:5TA

SEL-787 Date: 02-12-2015 Time: 15:08:30
TEHSFEME REELAY Time Source: Internal

Serial Hum = 2009300461 FID = SEL-787-R202-V0-Z2001001-D20100215

CID = 5341 FART HUM = 07870X1A0XK0X0HXa10830

FPGA GPSE HMI RAM  ROM CR_EAM NON_VOL CLOCE CID_FILIE +0.9¥ +1.2V
O oK OF O oK OF O O O

0.90 1.20

BATT
2.90

Figure 31 Relay self- test report

7.3 Simulation Methodology

The approach in carrying out the testing or fault simulations was divided into the

following three categories:
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1.

Device under test: This section involved obtaining all the necessary

information and specifications of the protection relay with regards to power
supply, analog AC voltage and current input, frequency and communication
parameters. A thorough understanding of the protection relay elements was
required with regards to their operation characteristics, element setting, relay
model current rating 1 Amp or 5 Amp, the accuracy limits of the secondary

current in steady state and time delay accuracy limits.

. Low Level simulator: After gathering all the information about the

protection relay to be tested and determining the protection relay elements and
the associated settings, the next step was to configure the simulator or test
equipment to carry out the simulation. For this report, single phase and three
phase fault simulations were carried out. Two main simulation techniques
were employed during the testing process, state sequence and ramping.
Ramping involved incrementing current or phase angle values at a desired rate,
either manually by clicking on the red arrows shown in Figure 32 below, or
automatically by defining the rate of increment. The state sequence method
involved developing static tests with simulation data which is applied to the

device under test. For a defined period of time, transition to the next state is
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done. If required, as described earlier, there can be a pre-fault, fault and post-

fault states.

This section of the test
Front Panel
Analog Channel Stabss Mag Inc/Dec Sync. Angle lncThee Syhe, template is used for ramping
, , SU on 3 [#] 4] o 3 4l >
S 1200 —— pErCTER the magnitude of the test
g
2 pwn 000 # o0 2
— — Frequency —) ~Sigse Input Slatus parameter voltage, current,
3 ow 000 S 12000 3 el iL Bl ol 0l
S0 = |2 345
0.00 = [1zo00 2 h
4wz = = frequency and phase angle.
5 B2 |[IEIEI ol |I:I|:I|:I Y| r Cortact Output Stagtus
— — cHccl el gelca i
6 Iow2[000 =l 12000 S 1 234 % &7 28 310 | This magnitude of the test
7 walooo 3 0 2 Relay o
o w2 [w 2 SEL_707 5A 3 parameter in this case
| B . .
s wvc|o0  #r fooo 3 Test Running current will increase in steps
w e 3 5 3 . - | o
= ~ specified in the increment
11 | e | Sln
12 =r | sr section.
Figure 32 Ramp testing

Result monitoring and Analysis: The following tools were used to monitor

operation and analysing the protection results. Protection relay front panel LEDs and
human machine interface device view event report, sequential event report, terminal
which are part of the Acselerator Quickset software. Protection relay operation was
monitored using these tools and the results were compared and analysed against the

manufacturer specifications.

52



Chapter 8 SEL 787 Protection relay elements

The SEL 787 transformer protection relay consists of current
and voltage based protection functions. This chapter covers in
detail the operation and the work carried out to explore the

functionality of these protection functions or elements.

8.1 Current based protection elements

The SEL 787 transformer protection relay has the following instantaneous and timed
based current elements: phase overcurrent, residual and negative phase sequence for
both the primary winding and secondary winding of the transformer. The difference
between the instantaneous and timed elements is that an intentional time delay is
introduced on the timed elements for the purposes of achieving protection relay co-
ordination. Protection relay coordination is a process that involves the appropriate
selection of current and time settings of the relay operation to achieve discrimination

in a power system network [9].

The current based elements for SEL 787 protection relay, that is residual, phase and
negative sequence, have inverse time characteristics from five U.S and IEC
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characteristics. The equations for these characteristics are shown in Figure 33 below

[9].
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Curve Type Operating Time Rezet Time

( 0.0104 7 108 Y
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M -1 | =M
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Figure 33 Inverse time current characteristic equations [9]



Achieving protection co-ordination between electromechanical relays and
microprocessor-based relays can be challenging, as the electromechanical relays
require a longer period of time to reset. The SEL 787 transformer protection relay
overcomes the issue via the torque control switch, which is enabled by its associated

logic equations as shown in Figure 34 [9].

SOPMIF
SOPMIP — - - SOPIIT
IPWn| —< o + . )
[IF#n| b - . -
S0PMXTC — " = SONTYP
SONTYP _ . SOMMYD, .
Ml &) B + o
] ) - 0
SONIYTC — SOGIVP
[, n f
S0GMYP S oG —_—
IG#n| —= = + " o
SOGIYTC — - S00myP
S00myF — T 00y -
j3zan| —o e T " e
SOQMYTC -

Figure 34 Torque control switch logic for overcurrent element [9]

Figure 35 shows an illustration of current protection elements of the SEL 787
protection relay: the raw input data from the field is calculated in the relay to
determine if pre-set values have been exceeded for phase, residual and negative phase

sequence elements.
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The SEL 787 protection relay considers

phase rotation in its calculations.

Figure 35 SEL 787 Current protection elements [9]

8.1.1 Phase overcurrent protection

This protection element, also denoted by its ANSI code of 50P11P for the
instantaneous element, was initially tested without an intentional time delay and later
tested with a time delay of 5 seconds. The ramping method was used to increase the
currents in incremental steps of 0.01 to determine the minimum amount of current
that causes operation of the relay. The minimum amount of current to operate the
relay was 0.48 Amps as shown in Figure 36, which shows the front panel display for a
single-phase fault simulation on the red phase. Both single phase and three phase

simulations were carried out to investigate operation of this protection element.
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Figure 36 Fault simulation template

Table 1 shows an example of some settings and changes done prior to carrying out
simulations. This was done to enable the investigation of the relay functions regarding
how the relay responds to different fault simulations. As mentioned earlier in the
simulation methodology for testing the device, this process was done for each and

every protection element being investigated in this project.
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Table 1 Phase overcurrent settings

Phase overcurrent Test settings

Phase Overcurrent

Element 1

S0P11P Winding 1 Phase Inst Qvercurrent Trip Level (amps)
0.50 Range = OFF,0.10-19.20

Current setting of 0.5 Amps

instantaneous phase overcurrent.

5 Ninding 1 Phase Inst Qvercurrent Trip Delay (seconds)
0.00 Range =0.00-5.00

.

N
-

Time delay for the

SOP1LTC Winding 1 Phase Inst Qvercurrent Torque Control (5ELogic)

: =

Pinstantaneous phase overcurrent

set at 0 seconds.

Phase overcurrent setting change

Phase Overcurrent

Element 1
50P11P Winding 1 Phase Inst Overcurrent Trip Level (amps)
0.50 Range = OFF,0.10-19.20

S0P Jinding 1 Phase Inst Overcurrent Trip Delay (seconds)
5.00 Range = 0,00-5.00

Time delay setting change from
the initial o0 seconds to 5

seconds.

50P11TC Winding 1 Phase Inst Overcurrent Torque Control (SELogic)

! =

\ 4

Sequential Event Report

Adding the instantaneous phase

SER Trigger Lists
SER1 (24 relay word bits)
IN101IN102 PBO1PBO2 PEO3 PBO4 52A1 5242 TRIP1 TRIP2 TRIPXFMR 51P€ SUP11P> g

SER2 (24 relay word bits)
OREDS1T OREDSOT 87U 87R 27P1T 27P2T 59P 1T 55P2T 59Q1T 58Q2T 3PWRIT 3PWRZT REFIF 24D1T 24C2T RTDT E]

SER3 (24 relay word bits)
81D1T 81DZT §1D3T §1D4T E]

SER4 (24 relay word bits)

SALARM =

Pover current word bit in the

equation event report trigger lists so
that operation of the protection
element can be monitored in

terminal via its word bit.
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8.1.2  Negative phase sequence

This protection element is mainly used for protection of the power transformer when
there are unbalanced loads and faults in the power system that can cause negative
sequence currents in the transformer. The presence of negative phase sequence
components is an indication of an abnormal condition in the power system. Figure 37
illustrates the process that a microprocessor relay goes through to filter the sequence

components from the input phase quantities [11].

L |
L

f g A .
_—l I"..I - —%—- o M _.-'l:"d'll; A == .

e

.- Htose
Anti- OFT Sequence
Aliasing Sampling Filter or =&q
— . Filter
Filter Similar

Figure 37 Obtaining Sequence quantities in Microprocessor-based relays
[11]

This protection element does not respond to balanced load. Due to this fact, the
negative sequence element can be set to be more sensitive and operate faster than the
phase overcurrent for coordination purposes in power networks [12]. From Figure 37
the SEL 787 transformer relay calculates the negative sequence phase quantity and

this value is multiplied by a factor of 3.
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This value is compared to the element predetermined setting value as shown in Figure

39. If the setting value is exceeded, then an output signal is initiated [9].

Relay
‘Word
Bits
#= S¥InP Pickup
ok SI0nT Negative-Sequence
SETHng Time-Overcurrent Hement
. Curve Timing 2nd Resst Timing e
Torque :nn:mﬂi_‘_ P Settings = 50T Timeout
/ 4 - L SIanF Pickup
v ure: i SnC  Curee Type .
SELDEIC I SlanTD  Tame Dial = 5InA Reset
Sekfing SELOGC SidnRS  Electromechanical
= TII. Torque Control Beset? (M)
m SIOnCT  Const Time Add.
SlOnMR  Min. Response
EXnlC Targue Contral Setting
State Switch Position E10nRS = Reset Timing
Logical 1 Closed T Electromechanical
Logical 0 Dpen N 1 Cycle

Figure 38 Negative Sequence 50Q [9]

A three phase fault simulation was carried out to investigate the operation of this

element with the protection setting at 0.3 Amps as shown in Figure 39 below.

Negative Sequence Overcurrent

Hlement 1
50Q11P Winding 1 Negative Sequence Overcurrent Trip Level (amps)
0.3 Range = OFF,0.10-19.20

500110 Winding 1 Negative Sequence Overcurrent Trip Delay (seconds)
0.2 Range =0.10-120.00

S0Q1ITC Winding 1 Negative Sequence Qvercurrent Torque Control (SELogic)

: 8

Figure 39 Negative Sequence overcurrent settings editor
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The relay operated as desired for input values of 0.1 Amps, as shown in Figure 40
illustrating the front panel display of the fault simulation currents. The results for the

operation of this element are detailed in the results and analysis section of this report.

Analog Channel Stabus Mag Inc/Dec Spnc. Angle IncDec Syne.
Ch Mame Magnitude Sync. Angle  Spc | 001 = iﬂ nm = iﬂ
1 Bl ||:||:||:| =r Increment Incremant
2 Bwi[00 3HE 12000 3
Fraquency Senze Input Status

3 w00 3E [0 3 == IFFEFEE

. - | xl 1 2 2 4 5 B
4 |ﬁw||:||:||:| = |12|:||:||:| =

- - Coract Dutput States

0.00 poo

LR i I L it aialalol ol ol el o
6 Iow2(000 2 [lzmoo 2 123 45678 910
Fi Wity |':"':":I =T |12':I me =y Flielay
8 VE |u.uu r ||1|:|u 2r SEL_787_5A
3 L |EI|]I] =l |DDD = Tezt Running
10 | Elg Bl T Stop
1 | 3 | =

— .
12 s = L Cioee | P Hep

Figure 40 Simulation template Negative Sequence Element

8.1.3 Residual overcurrent protection

This protection element is used against earth faults. The relay uses the vector sum of
the currents from the phase current transformer. Under normal conditions the vector
sum of the currents is zero. The residual component only exists under earth fault

conditions and is not affected by balanced or unbalance load currents.
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The residual quantity (IGWn) if present is compared to the setting value on the relay
as shown in Figure 41 below, and an output is initiated if the value exceeds the

predetermined setting [9].

Rely
Word
= SGne Fickup
) SHET Resifual
Setting Time-Dvercurrent Element
e [~ Curee Timing and Rese Timing -
. Torgue Control S ach | satings e g7 T
o 1 SEP P o
(From Figure 414) - BNt Curve Type
INL L | %GTD  Time Dil e SIGNS REsat
teting SELDGK SRS Elertmmechanical
T Tanque Control Raszt? (N
AL SGCT  Const Time dad.
EEIME  Min. Response
BenTC Torgue Control Satting
Stata W iCh Position EIGNRE = Reset Timing
Logical | Closed ¥ Electromechznical
Lngical 0 pen b I [yl

Figure 41 Residual element 50G [9]

To investigate the operation of this element, the ramping method was used. The fault
current simulation value on the red phase was incremented while having the other

two phases with the same value; and the relay operated when the value reached 0.68

Amps. Figure 42 shows the simulation template.
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Front Panel

Lnalog Channel Stabus Mag Inc/Des Senc. Angle Inc/ADec Syne.
Ch Mame Magnitude Sync. Angle  Spc | (001 = _H om = i_ﬂ
1 lawn 068 I [T =1 Increment Incremant
2 [0 3 flo0 Si-
Fraquency Senze Input Status

3 w00 3 [0 2 allrrerrr

- — T B A B
4 |aw2|n.ﬂﬂ =r |]2|J 1] =

- -l Cortact Dutput Stahes

0.00 0.oo

5 ipwzl = | il o tem———
6 low2lo0 2[00 2 123 45678910
7 VA |IJDEI i I |]2D on i I Fieday
8 vg (000 #r [ooo 2 SEL_787_5A
9 VC'UUU = |D[IIJ =" Test Running
0 | Hr | Elg = Stap
1 | #Hr | =

-— .
12 = = i Ciose | ? Hep

Figure 42 Simulation template residual element

8.1.4 Breaker failure protection

The SEL 787 relay has breaker failure protection that provides an option to initiate
tripping of back up or adjacent circuit breaker to operate when the main circuit
breaker fails hence preventing power system instability [9]. Assertion of the
associated trip relay word bits starts the circuit breaker failure timer. This occurs
when a fault occurs and one of the protection elements operates for example residual
overcurrent [9]. If the magnitude of the current remains above the pre-set value for
the breaker failure delay setting the relay word bit for the breaker failure BFT will

assert. Figure 43 shows the breaker failure logic.
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Figure 43 Breaker failure logic [9]

Investigation of this function was carried out in conjunction with the residual ground

overcurrent element. The settings used for the failure are shown in Figure 44. To

detect failure of the circuit breaker, auxiliary contact opening after a trip signal has

been initiated input 50ABF was selected as YES. The results of the operation can be

found in the results and analysis section of this report.
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Breaker Failure

52ABF 524 Interlock in BF Logic

Ui | Select: ¥, N

BFD1 Breaker 1 Failure Delay (seconds)
0.00 Range = 0.00-2.00

BFD2 Breaker 2 Failure Delay (seconds)
0.00 Range = 0.00-2.00

BFI1 Breaker 1Failure Initiate (SELogic)
R_TRIG TRIF1 OR R_TRIG TRIPXFMR

BFI2 Breaker 2 Failure Initiate (SELogic)
R_TRIG TRIP2 OR R_TRIG TRIPXFMR|

0

Figure 44 SEL 787 Breaker failure settings editor

8.2 Differential protection

8.2.1 Principle of operation

Transformer differential operation is based on Kirchhoff’s first current law which
states that the sum of currents flowing towards a junction or node is equal to the sum
of currents flowing from that same junction [3]. The differential protection compares
the currents entering and leaving the protected area, in this case the transformer, and
operates only if the differential current between these two currents exceeds a pre-set
value [5]. This type of protection falls under unit schemes of protection, which are
only required to operate for faults within the protected area governed by the current
transformer as shown in Figure 45 and is required to remain stable for out of zone

faults.
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This type of protection operates instantaneously for transformer faults and does not

need to be co-ordinated with other protection systems in the power system network

[9].

T, CcT S T2 o

- ¥ ¥ L
) Transformer e

Differential

Relay

I,p =|IW1+IW2 Ly = k(|91 +|172))

Figure 45 Transformer differential protection [9]

Operating Characteristic: The SEL 787 transformer protection relay uses a dual

slope percentage differential characteristic as shown in Figure 46. This characteristic
provides more sensitive and secure differential protection. The differential dual slope
characteristic compensates for errors due to tap changing, CT ratios, CT mismatching
and CT saturation. From Figure 46, the characteristic has two regions: the operate

and the restrain. The differential element 87R employs the operate (Iop) and restraint
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(Irt) quantities [9]. Figure 45 above shows the equations for the Iop the operate
quantity and Irr the restraint quantity. These quantities are calculated by the relay
from the differential current transformer input currents. Operation of the differential
element takes place when Iop quantity exceeds a predetermined value for the
particular IRT value for example for transformer internal faults. The relay will not

operate in the restraining region for example in cases of out of zone faults [9].
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Figure 46 Operating Characteristic [9]

The following factors have to be taken into consideration in the application of

differential protection for transformers:
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Transformation ratio:  The relationship between the primary winding and

secondary winding nominal currents changes in inverse ratio to the associated

voltages.

Compensation of this is done by using current transformers to achieve differential
ratios in relation to the primary and secondary currents of the transformer. On the
SEL 787 transformer protection relay the settings for current transformer ratio

selection are found in the group setting configuration window that is shown in Figure

51 [7].

Tap Changer: The main function of tap changers both on load and off load is voltage

regulation, which is maintaining a constant voltage on the secondary side of the
transformer under varying load conditions. During its operation the tap changer
changes the transformation ratio of transformer by changing the primary winding
turns hence maintaining a constant secondary side voltage. The practicality of
changing current transformation ratios for every tap change operation is impossible
hence the differential protection relay has to compensate for the tap changer
operation by modifying its sensitivity. This is done by providing an operating and

biasing characteristic shown in figure 46 [7].

Transformer Winding Connections: There are several ways to make internal

connections of the transformer windings. The different arrangements can be specified
into groups called vector groups. The vector groups define the internal arrangements

of the high voltage and low voltage windings of the transformer and the phase
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displacement between the windings with the high voltage being the reference. The
phase shift causes a differential current as seen by the protection relay which causes

its operation. The relay has to compensate for the phase displacement [7].

In the SEL 787 relay the ICOM setting allows the user to select if the input currents to
the relay require phase shift compensation. The relay uses a list of compensation
matrices to cater for the different vector group and phase displacement. For this
project a transformer with a star primary winding and star secondary winding with a

0 degrees’ phase displacement was used.

Magnetisation inrush current: This phenomenon, as described earlier, takes

place during the energization of the transformer. The inrush current flows on the
primary winding of the transformer but no equivalent current flows on the secondary
winding of the transformer. This resembles an internal fault hence the need for the
protection relay to compensate for this situation. The waveforms for the inrush
current and transformer fault currents when compared differ greatly. The presence of
the second and fourth harmonic currents in higher magnitudes in the inrush current
provides a way to distinguish between a genuine fault current and inrush current.
The magnetising inrush current can have peak values of six to eight times the full load
current on energisation. The difference in the waveforms is used by the SEL 787
transformer protection relay to either block the operation of the relay or restrain its

operation during energization [7].
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8.2.2 Differential relay configuration

The transformer SEL 787 relay configuration settings shown below in figure 47 below
specify the parameters of the transformer and the associated protection scheme

devices that is current transformers and voltage transformers.

AcSEleratar® Qui

Set - [Settings Ed

New Settings 1 (SEL-787 001 v5.6.0.2)]

Fle Edt Communications Tools Windows Help - |5[x
G BJIH | B8R 00 | R wRE | o® | 2 r
> -0 Global . -
4-© Group1 Configuration
40 Getd
O \dentiier MVA Maximum Transformer Capacity (MVA)
@ Configuration 50.0 Range = OFF,0.2-5000.0
@ Transfomer Differertial Elements !
O Feshicted Eatth Fault ICOM Define Internal CT Conn. Compensation
4.0 Dvercurent Elements W v]sekenvin
@ Winding 1 -
-0 Winding 2 R 2
+ O MNeutral Dvercurrent W1CT Winding 1 CT Connection
> © Time Overcunent Elements e + | Select: DELTA, WYE
- @ RTD
>~ © Under/Over Volage Elements CTR1 Winding 1Phase CT Ratio
© WMz Elements 100 Range = 1-5000
- © Power Elements
O Frequency W1CTC Winding 1 CT Conn. Compensation
@ Demand Meter = Range = 0-12
O Tripand Close Logic
p-© Logicl . VWDG1 Winding 1 Line-to-Line Voltage (kv)
© Graphical Logic 1 13800 Range = 0.20-1000.00
>~ @ Group 2
>0 Group 3 )
- Group 4 Winding 2
>0 Frark Parel W2CT Winding 2 CT Connection L
>~ O Repott WYE - | Select: DELTA, WYE
»-© PortF
>0 Patl CTR2 Winding 2 Phase CT Ratio
20 Port2 1000 Range = 1-5000
»-© Pont3
>~ O Port 4 W2CTC Winding 2 CT Conn. Compensation
© Modbus User Map = Range - 0-12
© DNP Maps
VWDG2 Winding 2 Line-to-Line Voltage (kV)
13.80 Range = 0.20-1000.00
CTRN1 Neutral (IN1) CT Ratio
120 Range = 1-5000
FTR PTRatio
120.00 Range = 1.00-10000.00
VNOM Protected Winding L4 Voltage (V)
13.80 Range = 0.20-1000.00
DELTA_Y Potential Transformer Connection
DELTA Select: DELTA, WYE
VIWDG Voltage-Current Winding
2 Select: 1, 2
COMPANG Compensation Angle (Deg)
n Range = 0-350 =
Part#: 07870X1 AOX0X0XE10830 Group 1 : Configuration
TXD[] RXD[C]  Open: Connected COML: Communications Port 9600 8-None-1 Terminal = EIA-232 Serial File transfer = YModem % Settings RDE

Figure 47 SEL 787 Configuration settings
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For this project the following settings for the relay were enabled

MVA: Maximum transformer capacity = 50 {transformer rating}. The
maximum transformer rating is used for this taking into account the cooling process

like forced air cooling and pump cooling [9].

ICOM Define internal CT Conn. Compensation = N this defines the phase shift
compensation if required to accommodate phase shifts in transformer winding
connections and also the current transformer connections. The transformer vector
group phase shift and current transformer wiring compensation is done with this
setting. This compensation accommodates for phase shift and removal of zero-

sequence current components [9].

Winding 1 and Winding 2: This denotes the transformer winding configuration.
For this project a two winding transformer with a star primary winding and a star

secondary winding.
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8.2.3 Differential relay setting

Figure 52 below shows the SEL 787 differential element settings used for the project.

Transformer Differential Elements
E87 Enable Transformer Differential Protection

TAaP1 Winding 1 Current Tap {Auto. Calculated)
2.09 Range = 0.10-5.20

TAPZ2 Winding 2 Current Tap {Auto. Calculated)
2.09 Range = 0.10-5.20

QE7FP Restrained Element Operating Current PU (multiple of tap)
0.30 Range = 0.10-1.00

87AaP Differential Current Alarm PU {multiple of tap)
0.15 Range = OFF,0.05-1.00

87AD Differential Current Alarm Delay {seconds)
5.0 Range = 1.0-120.0

SLP1 Restraint Slope 1 Percentage
25 Range = 590

SLP2 Restraint Slope 2 Percentage
Ja Range = 5-90

IRS1 Restraint Current Slope 1 Limit
3.0 Range = 1.0-20.0

US7P Unrestrained Element Current PU
10.0 Range = 1.0-20.0

PCT2 Second-Harmonic Blocking Percentage
15 Range = OFF,5-100

PCT4 Fourth-Harmonic Blocking Percentage
15 Range = OFF,5-100

PCT5 Fifth-Harmonic Blocking Percentage
35 Range = OFF,5-100

THSP Fifth-Harmonic Alarm Threshold
OFF Range = OFF,0.02-3.20

TH5D Fifth-Harmonic Alarm Delay (seconds)
1.0 Range = 0.0-120.0

HRSTR. Harmonic Restraint

HBELK. Harmonic Blocking

Figure 48 Transformer differential settings
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8.2.4 087P Differential Element

This function defines the minimum current required to operate the differential
restrained element. An alarm setting associated with this element 87AT can be set
depending on the application [9]. The protection function was tested using the
ramping method to establish the minimum value to initiate operation of the element.
Both input channels for winding 1 and winding 2 were injected with current. Winding
one current was increased in steps of 0.01 Amps until the protection relay operated.
The 87AT differential alarm function was activated first when the pickup current was
reached and with further increase in the fault current the restrained minimum pickup
element operated. The results are analysed in detailed in the results and analysis

section of this report. Figure 49 below show the differential function logic.

Transformer/CT
Connection
Compensation

1 IW1'
TAPI

IW1 —

lop
(Multiples
of TAP)

w2 Transformgr.’CT
Connection
Compensation

W2 —

TAP2

[+ 12— Ir
(Multiples
of TAP)

Figure 49 SEL 787 Differential element logic [24]
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8.2.5 U87P Unrestrained differential element

This protection element as the name implies is not affected by harmonics or
restrained elements activated in the protection relay. It is set to operate
instantaneously and react quickly when there are high current levels that indicate an
internal fault. It only operates for fault currents with the fundamental frequency
component current for the differential quantity. As stated earlier, it is not affected by
the restraint settings of the relay which are SLP1, SLP2, PCT2, PCT5 and IRS1, shown
in figure 48. It is recommended to set this protection element high enough so that it
does not respond to large inrush currents [9]. For this project the setting for this
protection function was 10 that is ten times the tap setting of the relay as indicated in
Figure 48 above. To carry out the fault simulation the fault data on the test template
was set to 20.9 Amps for the three phases. Figure 50 below shows the state sequence

test template used for this simulation with three states: Prefault, fault and post-fault.
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Figure 50 Test template for unrestrained differential element

8.2.6 Differential element slope 1

One test point was used to investigate the operation of the restrained differential
element in the slope one region. To correctly simulate the operation characteristic in
this region the value of the operation point has to be greater than the intersection of
slope 1 and the minimum operating restriction (0.87P) which has a value of 0.3 shown
in Figure 47 [24]. The restraint value for this operating point has to be less than the
value of the restraint current slope limit IRS, which is the break point between slope 1

and slope 2 as illustrated in Figure 47 [24].
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The following equation illustrates the operation point 087P = % < IRT < IRS

Equation 1 Slope restraint value calculation [27]

To carry out the simulation, current had to be injected in both winding inputs.

Substituting equation (1) with values in the setting 0.3 12%0 =< IRT < 3pu

For an IRT of 2 per unit the following operation current is expected for slope 1

10p = SLP
100

* [RT = 2 % 0.25 = 0.5pu

Referring to the equations in Figure 45, the input current IW1 an IW2 can be
determined by dividing IRT by the value 2. This calculates the amount of the restraint
current. Addition of half the required value of the operating current to 1tW1 and
subtracting half of the operating current from IW2 will result in the operate and

restraint values [24]:

(IRT +10P) _ (2.0 +0.5)

wi = = 1.25
2 2 p
Equation 2 Winding 1 test current in per unit [27]
(IRT — I0P) (2.0 — 0.5)
w2 = = = 0.75pu

2 2

Equation 3 Winding 2 test current in per unit [27]

To determine the test currents, the above calculated values are multiplied by the relay

setting tap value.
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IAW1 = IW1*Tap *CC =1.25%2.09=2.6125Amps

Equation 4 Winding 1 test current in Amps [27]

IAW2 = IW2*Tap *CC =0.75%2.09=1.5675Amps

Equation 5 Winding 2 test current in Amps [27]

For simulation winding 1 was set as the reference 0 degrees and winding 2 set at 180

degrees.

This fault simulation current was injected into the relay, as shown in Figure 55 below.
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Three phase fault simulation
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Figure 51 Three phase and single phase fault simulation

8.2.7 Differential element slope 2

To verify correct operation of the relay in the slope 2 region of the differential

operation characteristic, a similar approach to that of slope 1 was undertaken. The
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difference between the slopes, as shown in Figure 46, is that the slope 1 curve is a
straight line passing through the origin but slope 2 does not pass through the origin
but has an offset. Slope 2 has an offset which intersects slope 1 at IRS1 hence slope 2

exists only for values greater than IRS1 [24].

To correctly simulate a fault in this region the following condition has to be satisfied
IRT > IRS1. The setting for IRS1 is 3 as shown in Figure 48. A test point for a value of

5 pu was selected [24].

The operate current for this test point in slope 2 can be calculated:

op 2SEP2 e (SLPl-—SLPZ)
= *k *
100 100
0 543 (2 A O) 2.05PU
— * * — .
100 100

Equation 6 Slope 2 test point [27]
_ (IRT +10P) _ (5 + 2.05)

w1 = 3.525
2 2 pu
Equation 7 Slope 2 Winding 1 test current per unit [27]
(IRT +10P) (5 — 2.05)
w2 = = = 1.475pu

2 2

Equation 8 Slope 2 Winding 2 test current per unit [27]

IAW1 = IW1*Tap *CC =3.525%2.09=7.367Amps

Equation 9 Slope 2 Winding 1 test current in Amps [27]
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IAW2 = IW2*Tap *CC =1.475%2.09=3.083Amps

Equation 10 Slope 2 Winding 2 test current in Amps [27]

This simulation was conducted by injecting the calculated values of the IAW1 and

IAW2.and ramping the winding 2 current down by a value of 0.01 Amps.

The simulation template is shown below:

[ T Edfed Fhmabslin 4 AECH 70 0

Front Panel

Anakg Channel Shalus HMag. Inc/Tiaz Synz Anghe InctDec Senc.
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Figure 52 Slope 2 test card

8.2.8 Magnetization inrush suppression
8.2.8.1 Harmonic blocking
The SEL 787 transformer relay has the capability to provide harmonic blocking for the

second and fourth harmonic content to cater for the transformer inrush currents. The
81



fifth—harmonic content blocking for transformer over-excitation is also catered for as
indicated in Figure 53, the harmonic blocking logic diagram. The relay has the added
feature to perform cross blocking; that is, if one phase of the transformer has the

second and fourth harmonic currents, blocking is done on all the phases. [9]

nd Relay Relay Relay

. Word Word Word
2 T "l'flgﬂ‘k?ﬂg Bils Bits Bits
e N A T -
—- ; >— ARl BRI\
o 1] ) .
Harmonic Ly S ] 8780 L—— we a;
H4 ——+ Blocking g~ Lr— o
aP % J >ﬁ—- 87HB
5th 5HBZ2— 87BL2 ——— 1 s J
Harmonic giR3— | HBLK=Y—=
[HS —— = Blocking SHB —  (setting)
.- 5|-||33—.' > [Ty E—

[op1 —

Figure 53 Harmonic blocking logic [9]
8.2.8.2

8.2.8.3 Harmonic restraint

The harmonic restraint function operates differently from the harmonic blocking
element in that it moves the differential relay characteristic slope line relative to the
magnitude of the harmonic differential current measured by the relay as an input

from the current transformer [27].

8.2.9 Out of zone / through fault operation suppression
Differential protection is a unit scheme protection which only operates for faults in

the protected area demarcated by the location of the current transformers that is F1,
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shown in Figure 54 below, and shall not operate for out of zone faults F2, as shown

below in Figure 54 [9].
%g F1 F2
. 1 1 3& \/ ] L . \/
IAW1 IAW2
IBWA1 IBW2
ICW1 ICW2

Figure 54 In zone and out of zone faults

Out of zone faults or through faults take place outside the protected zone, as shown in

Figure 56. These faults subject the transformer windings and insulation to mechanical

and thermal stress. Figure 55 shows the category IV transformers time versus current

through fault curves [9].
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Figure 55 Transformer Time/ Current through fault curves [9]

The transformer protection relay offers an out of zone fault or through fault event

monitor for faults shown in Figure 56. This captures the fault current magnitudes,
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time and date and the duration of the through fault [9]. The following settings have to

be specified to enable the through fault monitor:

Through fault winding: this specifies which transformer winding to use in

calculating the through fault current [9].

Enable Through-fault monitor: the logic setting to select the different conditions

for the through fault monitor [9].

Through fault pick up alarm: this can be set as a percentage of the predetermined

setting [9].

Transformer impedance: setting of the transformer percentage impedance to

detect the through fault [9].

Sequential Event Report: to monitor the event the through fault alarm, relay word
bits have to be entered in the SER trigger equation TFLTALA, TFLTALB and

TFLTALC [9].

Source Transformer

: HV CT HV Breaker %g LV Breaker LV CT

_\;

Fault

Figure 56 Transformer through fault [9]
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The test template for the through fault event is shown in Figure 57.
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Figure 57 Test template for through fault simulation

8.3 Restricted Earth fault protection

This protection element employs the differential protection philosophy similar the
overall transformer differential protection. It is also a unit protection scheme .and
only operates for earth faults which occur inside the protected zone, as illustrated in
Figure 58. The zone of protection is governed by the location of the current

transformers [10].
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Figure 58 Restricted earth fault protection [10]

The SEL 787 transformer protection relay as Murdoch University does not have
restricted earth fault hardware circuit board housed in slot E of the relay. It was not

possible to explore the protection element functionality via fault simulations.
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8.4 Volts/Hertz

This protection element is also known as over-fluxing. Transformer over-fluxing
occurs when the transformer core becomes saturated due to abnormal conditions
arising in the power system. Any conditions occurring in the power system network
which will cause changes to voltage and frequency magnitudes beyond acceptable
levels will affect the voltage and frequency relationship and cause over-fluxing [9].
This protection function is voltage based and, as stated earlier, the SEL 787 protection
relay housed at Murdoch University does not have the voltage input channel card in

slot E, therefore, the operation of this protection element was not investigated.
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Chapter 9 Results and Analysis

This chapter covers in detail the simulation results of the tests
carried out on the SEL 787 protection relay for the protection
elements already discussed. Verification of correct functional
operation and confirmation of operation within the specified

manufacture tolerances is also discussed in this chapter.

9.1 List of Experiments conducted on the relay
The following protection relay elements were investigated through carrying out

simulations on the relay using the ramping and state sequence techniques:

e Instantaneous overcurrent

e Negative sequence overcurrent
e Residual ground overcurrent

e Breaker failure

e Unrestrained differential

e Restrained differential
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e Slope 1 restrained differential
e Slope 2 restrained differential

e Through fault monitor

9.2 Instantaneous Overcurrent

To verify correct operation of the instantaneous over current element, the associated
relay word bit was monitored using the TAR 50P11p 11000 command in the terminal
window of the Acselerator software platform shown in Figure 59. Figure 59 shows the
word bit deasserted with the value o prior to fault simulation and asserted with the

value 1 after fault simulation.
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Figure 59 Terminal window showing assertion of overcurrent relay word
bit

A single phase simulation was carried out on the red phase of winding one. The
simulation was initially done without an intentional time delay. A time delay of 5
seconds was later introduced. Figure 60 shows the results of the first simulation
without a time delay .The event report shows the element ORED50T which is the
logical OR bit for the current instatenteneous elements to initiate tripping, and
50P11P which is the relay word bit for the level 1 instatenteneous element, both being
activated at the same time. This element operated as expected because there was no

intentional time delay applied on the setting.
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Sequential Event Reports

SEL-787 Date: 08/12/2015 Time: 13:53:27
TENSFEME RELAY Time Scurce: Internal
Serial No = 2005300461 FID = SEL-787-R202-v0-Z001001-D20100215

CID = 533al

¥ DATE TIME ELEMENT STATE
1 0B/12/2015 13:53:23.830 CREDSOT Asserted
2 08/12/2015 13:53:23.830 sopllp Lsserted

Figure 60 SER showing operation of overcurrent element

In comparison, for the same overcurrent setting but with a setting change on the time

delay of 5 seconds: the element relay word bit 50P11P asserted first and after 5

seconds the ORED50T word bit and a trip signal was sent after a period of 5 seconds,

as shown in Figure 61 below.

Sequential Event Reports

SEL-787 Date: 08/12/2015 Time: 13:58:53
TENSFEME RELLY Time Scource: Internal
Serial WNo = 200%300461 FID = SEL—-787-R202-V0-2001001-D20100215

CID = 53al

¥ DATE TIME ELEMENT STATE
1 08/12/2015 13:58:47.620 TRIP1 Asserted
2 08/12/2015 13:58:47.620 OREDS0OT Asserted
3 08/12/2015 13:58:42.620 SOP11P Asserted

Figure 61 SER showing time delay for overcurrent



Appendix D of this report details the visual indication tools which were used to verify
operation for the phase overcurrent element. The following information can be
deduced from these which element has operated, trip output contact, location of the
fault winding one, the magnitude of the fault current in primary values and the time

taken to send the trip signal.

From the simulation results obtained, the protection relay operated as expected. The
protection relay element specifications, which can be found in the appendix C of this
report, state that the relay accuracy should be +5% of setting +0.02*Inom A secondary
current. The relay setting was 0.5 A and it operated at 0.48A. This value is within the
acceptable tolerance range. The time delay accuracy stated in the specifications is
+0.5% seconds. The time delay setting for this element was changed from 0 seconds
to 5 seconds and, as shown in the SER in Table 1, it took 5 seconds for the protection

relay to send out a trip signal. The relay operated as desired for the set time setting.

9.3 Negative sequence overcurrent
The relay word bit for the negative sequence protection element asserted during the
fault simulation, as shown in Figure 62 below showing the terminal window report

with the relay word bit 50Q11P changing state from low to high.
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Terminal  window  showing  assertion of negative sequence relay word  bit

EOG11F EOG12F SO011F S0012F EOG21F LOG22F S00Z1F S0022F

0 0 a 0 0 0 0 0
0 0 a 0 0 0 0 0
0 0 a 0 0 0 0 0
0 0 a 0 0 0 0 0
0 0 a 0 0 0 0 0
0 0 a 0 0 0 0 0
0 0 I 0 0 0 0 0
0 0 a 0 0 0 0 0
LOG11F LOG12F SOQ11F LOQ12F LOG21F LOG22F S0QZ1P SOQ2Ep

cooooooo o
cooooooo o
el el el el
cooooooo o
cooooooo o
coooooo o
cooooooo o
cooooooo o

Figure 62 Terminal window showing assertion of negative sequence relay
word bit

Appendix E of this report shows the tools used to verify the operation of the negative
phase sequence protection element. The relay operated correctly for the specified
setting of 0.3Amps. Figure 40 shows the actual fault simulation values of 0.1Amps
injected into the relay winding 1 input. From Figure 38, three times the negative
sequence current will cause the relay to operate and as stated before for all relay

elements the accuracy has to be +5% of the nominal setting as per relay specifications.
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9.4 Residual ground overcurrent
For the residual overcurrent setting, shown in Figure 63, with current 0.6Amps and 5
seconds time delay, the relay operated as expected. The relay operated for a value of
0.68 Amps on the red phase and the relay word bit 50G11P asserted, as shown in
Figure 65. The protection relay element operated accurately for the time delay setting

of 5 seconds, as shown in the sequential event report shown in Figure 66.

Residual Overcurrent

Element 1
50G11P Winding 1 Residual Overcurrent Trip Level (amps)
0.60 Range = OFF,0.10-19.20

50G11D Winding 1 Residual Overcurrent Trip Delay (seconds)
5.00 Range = 0.00-5.00

50G11TC Winding 1 Residual Overcurrent Torque Control (SELogic)
1 (o)
Element 2
50G12P Winding 1 Residual Overcurrent Trip Level (amps)
OFF Range = OFF,0.10-19.20

50G12D Winding 1 Residual Overcurrent Trip Delay (seconds)
0.50 Range = 0.00-5.00

50G12TC Winding 1 Residual Overcurrent Torque Control (SELogic)

! (=)

Figure 63 Residual overcurrent setting page

Figure 64 below show the simulation template used to carry out the test.
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Analog Channel Stabus Mag Incd/Dec Swnc. Angle Inc/Dec Spnc.
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3 w010 FHp 12000 - | FEEFEF
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Figure 64 Test template for residual overcurrent

E0G11P 50G12P S0011F E0Q12F E0GZ1P E0G22P S0021F S0022F
0 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
E0G11P 50G12P S0011F E0Q12F E0GZ1P E0G22P S0021F S0022F
1 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
0 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
1 1] 1] 0 0 0 1] 1]
1 0 0 i i i 0 0

Figure 65 Terminal window showing assertion of residual ground
overcurrent relay word bit
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Sequential Event Reports
SEL-T787 Date: 08/12/2015 Time: 20:29:49%5
TENSFEME RELAY Time Source: Internal
Serial No = 2005300461 FID = SEL-787-R202-v0-Z001001-D20100215
CID = 53zl
¥ DATE TIME ELEMENT STATE
1 08/12/2015 20:29:47.820 QREDSOT Lzserted
2 08/12/2015 20:29%:42.820 50G11e Lazserted

Figure 66 SER showing operation of residual overcurrent element

Appendix F of this report shows the visual indications verifying operation of the

protection element.

9.5 Breaker Failure
This back up protection function operated as desired after the trip signal had been
sent to trip the circuit breaker and the input from the auxiliary contact of the breaker
was not received by the relay to indicate circuit breaker operation. Figure 67 shows

the breaker failure word bit BFT getting asserted.
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8101T 81D2T 81DaT 81D4T EFT1 EBFT2 S901T S902T
0 0 0 0 0 0 0 0

o 0 0 0 1] 0 1] 0

0 0 0 0 ] 0 0 0

0 0 0 0 0 0 ] 0

o 0 0 0 1] 0 1] 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

o 0 0 0 1] 0 1] 0
81017 g1D2T g1D3T B1D4T EFT1 EFT2 £901T 590Q2T
0 0 0 0 1 1 0 a0

0 0 0 ] 1 1 0 a0

0 0 0 1] 1 1 0 0

0 ) 0 1] 1 1 0 o

o 0 0 1] 1 1 0 a

0 0 0 1] 1 1 0 o

0 0 0 1] 1 1 0 1

o 1] 0 o 1 1 0 a

Figure 67 Assertion of breaker failure

The sequential event report below shows all the relay word bits associated with the
simulation getting asserted. The time taken to activate the relay word bits is also
shown. The function operated correctly, as indicated by the sequence of events shown

in Figure 68.
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Sequential Event Reports
SEL-787 Date: 08/12/2015 Time: 22:15:53
TENSFEME RELAY Time Source: Internal
Serial No = 2009300461 FID = SEL-787-R202-v(0-2001001-D20100215
CID = 53al
¥ DATE TIME ELEMENT STATE
1 08/12/2015 22:15:39.785 BFT1 Lazerted
2 08/12/2015 22:15:39.275 TRIFL Lazerted
3 08/12/2015 22:15:39.275 OREDS0T Lazerted
4 08/12/2015 22:15:34.275 50G11F Lazerted
5 08/12/2015 22:13:48.710 SALAEM Deasserted
& 08/12/2015 22:13:47.750 52n1 Lsserted
7 08/12/2015 22:13:47.750 S52n2 Lsserted
8 08/12/2015 22:13:47.745 SALAEM Lsserted
3 08/12/2015 22:13:47.745 52n1 Deasserted
10 08/12/2015 22:13:47.745 52n2 Deasserted
11 08/12/2015 22:13:47.745 Relay Settings Changed
12 08/12/2015 22:13:45.185 SLLAEM Deasserted
13 08/12/2015 22:13:44.225 52n1 Lsserted
14 08/12/2015 22:13:44.225 52R2 Aazerted
15 08/12/2015 22:13:44.220 SALAEM Aazerted
16 08/12/2015 22:13:44.220 52m1 Deasserted
17 08/12/2015 22:13:44.220 52n2 Deasserted
18 08/12/2015 22:13:44.220 Relay Settings Changed
1% 08/12/2015 22:13:40.430 SLLAEM Deasserted
20 08/12/2015 22:13:39.430 SALABEM BAszerted
21 08/12/2015 22:13:38.000 TRIFP1 Deasserted
22 08/12/2015 21:52:32.870 OREDSOT Deasserted
23 08/12/2015 21:52:32.870 S0G11FP Deasserted
24 08/12/2015 21:52:07.&50 TRIP1 BAazerted
25 08/12/2015 21:52:07.&50 OREDSOT BAazerted
26 08/12/2015 21:52:02.850 30G11P Lazerted
27 08/12/2015 21:52:02.840 30G11P Deasserted
28 08/12/2015 21:52:02.635 S30G11P Lazerted
29 08/12/2015 21:52:02.620 50G11P Deasserted
30 08/12/2015 21:52:02.615 S30G11P Lazerted

Figure 68 SER indicating operation of the breaker failure element



9.6 Unrestrained differential element
The unrestrained relay word bit was activated when the setting value of 20.9 Amps
was reached, as shown in the simulation template in Figure 69. Figure 69 also shows
the relay word bit for the unrestrained element 87U changing state and the sequential
event report generated. The restrained differential word bit also changed state as the
restrained differential element minimum pick up setting is much lower than the

unrestrained pick up value, hence the relay word bit 87R also got activated.
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w1 [P 3 faw 3

2 Fosquency Seroe Input Stabs

3 owf@® 2 2w 2 g CFrrErErr
i 1234568

4 wwzfow 3 pao -

1 Cortact Oupnt Status
o 2 po 3 3

SRR X » CleRRBRBRR

s owi® 3 pawm 3~ 12345678930

7 who 3~ [fawm 3~ fel

e wim 2 pP® 3r SEL_787_5A |

s wpo 3 e - oo Py

10 gr [ dr - |
n _Eu' sr

12 o 3 5 dr flowe | 7

87u1 8702 87u3 870 87R1 87R2
0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1

1 1 1 1 1 1
Sequential Event Reports

seL-787 Date: 10/12/2015 Time: 09:00:27
TENSTRMR RELAY Time Scurce: Interzal

Sezial No = 2009300461 PiD = S21-787-R202-70-2001001-0201002:5

CID = S3Al

$ DATE me ELENENT STATE

1 10/12/2015 (08:57:27.380 87 Asserted

2 10/12/2015 (8:57:27.37S TRIBXDR Rsserted

3 10/12/2015 04:57:27.375 &M Assezted

Figure 69 Unrestrained differential element operation
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9.7 Restrained differential

The relay word bit for the differential alarm function 87AT element asserted during
the fault simulation, as shown in Figure 70. The time delay for the alarm was set at 5
seconds. The protection function was tested at a setting of 0.15 with a 2.09 tap value.
The alarm word bit asserted for a three phase fault simulation with a value of 0.41

Amps on all three phases for winding 1, as shown in Figure 70.

From the equation for the operate current Iop=(|IW,+IW2|),

Equation 11 Differential operate current [9]
Using one of the phases as an example, the differential current can be calculated for
this simulation as 0.14<0°+0.1<180° =0.31Amps. The expected operating current for
the alarm from the settings is 0.15%2.09=0.3135. The simulation results are accurate
as specified by the accuracy limits with a tolerance of +2%. Figure 70 also shows the
differential metering values for the , restraint current and differential operating
current in per unit (pu). From the metering display it can also be verified that the
relay operated correctly for a differential current of 0.3pu which is exactly the same as

the setting value of 0.3pu.
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Differential Metering Values
SEL-T87 Daee: 10/12/201% Time: 17:02:1
TRNSFRME RELRY Time Scurce: Intermal
o7l 10F2 1073
Cperate (pa 0.30 0.30 0.30
IRT1 IRTZ IRT3
Reatraint (pa) 0.40 ».40 a.40
IOPLFZ ICP2FZ IOPAF2
2nd Hazmomic (%) 0.04a 0.00 0.00
I0F1F4 IOF2F4 IOPIFY
4th Marmonic (%) 0.00 0. 00 Q.00
IOP1FS ICP2ZFS IOP3IFS
S5th Harmomic (%) o.00 0.33 Q.32

Figure 70 Restrained differential element simulation template and results
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9.8 Slope 1 Restrained differential element
The protection element operated as expected in the slope one region on single phase
and three phase fault simulations, as indicated in Figure 71. From Figure 71, the relay
operated as desired in the slope one region with a differential operating current of
0.52pu and restraint current of 2.06 verifying the region of operation from the

characteristic curve shown in Figure 44.

-~ Device Overview
- Phasors

- Fundamental

- Min/Max

Differential Metering Values

SEL-787 Date: 13/12/2015 Time: 17:19:5

Demand
- Peak
--| Differential
- Synchrophasor Metering

TRNSFRMR RELAY

IoPl

I0P2

ICE3

Time Source:

Internal

..Through Fault Event Operate {pu) 0.52 0.51 0.52
- Energy Metering
RMS IRT1 IRT2 IRT3
- Thermal Restraint (pu) 2.06 2.05 2.05
- Math Variables
.- Analog Inputs IOP1F2 IOP2F2 IOP3F2
- Load Profile 2nd Harmonic (%) 0.00 0.00 0.00
- Targets
Status IOP1F4 IOPZF4 ICP3F4
- SER 4th Harmonic (%) 0.00 0.00 0.00
- Control Window
IOP1FS IOP2F5S ICP3F3
5th Harmonic (%) 0.15 0.15 0.00

Figure 771 Slope 1 differential element operation results

Figure 72 shows the differential element restrained word bit being activated for the
slope 1 simulation, and the sequential event report shown in Figure 73 details the time
and date the event occurred and the element word bits which were asserted are the

differential alarm 87AT, restrained differential 87R and the transformer trip
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TRIPXFMR. The device overview metering display Figure 74 shows the primary

values of the injected current during the simulation.

8701 87102 87103 870 87E1 87R2 87R3 87R
0 1] 0 0 0 0 0 0
0 1] 0 0 0 0 0 0
0 1] 0 0 0 0 0 0
0 1] 0 0 0 0 0 0
0 1] 0 0 0 0 0 0
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
8701 g7z 87103 870 87R1 B7R2 87R3 87R
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
0 1] 0 0 1 0 0 1
Figure 72 Restrained element relay word bit activation

Sequential Event Reports

SEL-787 Date: 13/12/2015 Time: 17:17:41

TENSFEME RELAY Time Source: Internal

Serial No = 2009300461 FID = SEL-787-R202-V0-2001001-D20100215

CID = 53zl

¥ DATE TIME ELEMENT STATE

1 13/12/2015 17:14:28.507  87AT hsserted

2 13/12/2015 17:14:23.711 TRIPXFMR Lsserted

3 13/12/2015 17:14:23.711 87R Asserted

Figure 73 SER report for restrained element operation
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Device Current Device Voltage

= 270.07 A
[EW1l = 0.16A
= 0.25A

= 1608.94A
[EW2 = 4.17A
= 4094

OUT101 ouTioz ouT103

1

ser-Defined Targets (Double-Click on Target Label)
A MNA MA NA MA MA

1 [ . [ [ .

A MNA MA NA MA MA

1 (I [ (I (I [

0= 0%

@ ENABLED

® TRIP

(OBRKR 1

(O BRKR 2

(O BRKR 1 CLOSED
CLOSE
(O BRKR 2 CLOSED

() BRKR 1 OPEN
TRIP
() BRKR 2 OPEN

0=0¢

Figure 74 Slope 1 Differential simulation values in primary values

9.9 Slope 2 Restrained differential element

The protection element operated as expected in the slope two region on single phase

and three phase fault simulations, as indicated in Figure 75.
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From Figure 75 showing the differential metering values during the fault simulation,
the relay operated correctly in the slope two region with a differential operating
current of 2.21pu and restraint current of 5.08, verifying the region of operation from
the characteristic settings shown in Figure 48. The restraint current is above 3pu, as
shown in Figure 75, which is the IRS value confirming that the fault simulation is in

second slope region.

Differential Metering Values
SEL-T787 Date: 13/12/2015 Time: 18:26:04
TRNSFRMR RELAY Time Scurce: Internal
I0P1 I0EP2 ICE3
Cperate (pu) 2.21 0.00 0.00
IRT1 IRT2 IRT3
Restraint (pu) 5.08 0.00 0.00
IOPlFZ ICP2F2 ICP3F2
2nd Harmonic (%) 0.00 0.00 0.00
IOP1lF4 IOP2F4 ICP3F4
4th Harmonie (%) 0.00 0.00 0.00
IOP1FS ICPZFS ICP3FS
5th Harmonic (%) 0.00 0.00 0.00

Figure 75 Slope 2 differential element operation results

Figure 76 shows the event summary of the differential restrain element 87R operating
in the slope 2 region. The associated relay word bit was asserted as shown by the

terminal window report in Figure 77.
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Sequential Event Reports

SEL—787 Date: 13/12/2015 Time: 18:58:33
TENSFEME RELAY Time Source: Internal
Serial No = 200930046l FID = SEL-787-R202-v0-Z2001001-D20100215

CID = 3321

# DATE TIME ELEMENT STATE
1 13/12/2015 18:58:32.737 TRIPXFME Bsserted
2 13/12/2015 18:58:32.737 87R Lzserted

Figure 76 SER report for restrained element slope 2 operation

=:Tar G7R 11000
01

Lo o s e e o o o R}

8
0
0
0
0
0
0
0
0

Figure 77 Slope 2 Restrained element relay word bit activation

The device overview metering displaying primary values of the injected current and
indicators confirming correct operation of the protection element are shown in Figure

78 below.
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Device QOverview

Metering

Device Current Device Voltage
IAW1l = 76l.43A

IBW1 = 0.19A

ICW1 = 0.21A

IAWZ2 = 3001.83A

IBW2 = 4.25A

ICW2 = 430A

Contact 1/O

IN101 IN102

ouTiol ouTi02 ouTi03

[

User-Defined Targets (Double-Click on Target Label)

[ [ [ [ [ [

NA NA NA NA NA NA NA NA

[ (. 1 1 [ [ (. 1

NA NA NA NA NA NA NA NA
(. 1

@® ENABLED () ENABLE
LOCK

® TR QO DISABLE

@ DIFFERENTIAL ()BRKR 1

SELECT
OBRKR 2

(O BRKR 1 CLOSED
CLOSE
O BRKR 2 CLOSED
/UNDER FREQUENCY
()BRKR 1 OPEN
@ VOLTS/HERTZ TRIP
(O BRKR 2 OPEN

Figure 78 Slope 2 Differential simulation values in primary values
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9.10 Through fault monitor

The values injected into the relay were 20.9 Amps above the unrestrained pick up
value, and the relay did not operate. Through fault measurement for injected current
of 20.9 A on all phases: on the primary side, the currents have a phase displacement
of 120 degrees; and on the secondary side, as seen by the relay, the currents are
displaced 180 degrees. This is for a three phase fault hence all the currents are the

same. The relay did not operate because the simulation was for an out of zone fault.

The device metering overview display below shows the primary values of the through
fault event as seen by the relay. No output trip was activated as the relay restrained

and did not operate.
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Device Overview

Metering

Device Current Device Voltage
IAW1 = 2157.00A

IEW1l = 2138.52A

ICW1 = 2142594

IAW2 = 21398.98 A

IEw2 = 21333.79A

ICw2 = 21322.51A

Contact /O

IN101 IN102

ouT101 ouTi0z2 ouT103

[ [ [

User-Defined Targets (Double-Click on Target Label)

MA MA MNA MA MA MNA MA MA
1 1 1 1 1 1 1 1
MA MA MNA MA MA MNA MA MA
[ [ [ [ [ [ [ [

@ ENABLED (O ENABLE

@ RP O DISABLE
. DIFFERENTIAL -C) BRKR 1

SELECT
OBRKR 2

(O BRKR 1 CLOSED
CLOSE
(O BRKR 2 CLOSED
/UNDER FREQUENCY
()BRKR 1 OPEN
S/HERTZ TRIP
() BRKR 2 OPEN

Figure 79 Through fault simulation metering overview
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The differential metering values, as can be seen below in Figure 80, is 0, hence the
relay did not operate. The restrain current shot up to 20pu, also indicating that the

relay is restraining operation, as shown in Figure 80.

[Differential Metering Values

SEL-787 Date: 13/12/2015 Time: 15:23:43
TENSFEME RELAY Time Source: Internal
ICPl IOP2 ICP3
Cperate (pu) 0.0% 0.06 0.05
IRT1 IRTZ2 IRT3
Restralnt (pu) 20.5¢6 20.43 20.45

IOP1F2 IOP2F2 IOP3F2
2nd Harmonic (%) 0.00 1.5%9 0.00

ICP1F4 ICEZF4 ICP3F4
4th Harmonic (%) 0.00 0.00 0.00

ICP1FS ICPZFS ICEB3FS
5th Harmonic (%) 1.09 1.5% 0.00

Figure 80 Differential metering view through fault

Even without the relay operating, the through fault event report indicates this event.
The through fault event report in Figure 81 shows the number of through fault events,
and the latest event on the 13th of December is associated with the differential

metering report above.
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Through Fault Event Records

SEL-T787 Date: 13/12/2015 Time: 19:28:07
TENSFEME RELAY Time Source: Internal

Winding 1

Total Number of Transformer Through Faults: 445

Total Humber of & Phase Through Faults: 443

Total Number of B Phase Through Faults: 438

Total Number of C Fhase Through Faults: 439

Total Accumulated Percentage of Through Fault Capability:

A-Phase B-Phase C-Phase
999,99+ 995.9%+ 999.99+
Through Fault Zlarm: 1 1 1

Last Reset: 27/10/2015 10:28:29%

¥ DATE TIME Duration Iz IB Ic n B Z Llarm
(=2econds=s) (max primary k&) (Increment %)
1 13/12/2015 19:20:10.391 &0.000+ 2.1¢6 2.16 2.15 95.99 595.99 99.99 ABC
2 13/12/2015 19:15:48.3%6 0.010 1.89 1.69 1.65 0.36 0.2% 0.25% RABC
3 13/12/2015 08:07:00.811 0.020 1.01 1.00 1.00 0.04 0.04 0.04 ABC
4 13/12/2015 08:07:00.53¢ 0.015 1.14 1.13 1.13 0.22 0.22 0.22 RBC
3 10/12/2015 20:11:34.280 0.005 0.00 1.13 0.00 0.00 0.07 0.00 ABC
& 10/12/2015 20:11:34.070 0.040 1.59¢6 1.585 1.85 1.76¢ 1.73 1.74 ABC
7 10/12/2015 20:11:33.670 0.100 1.5%6 1.5%3 1.55 4.40 4.32 4.34 RBC
8 10/12/2015 20:11:33.270 0.050 1.5%6 1.55 1.85 2.20 2.1é 2.17 LEC
=] 10/12/2015 20:11:33.030 0.025 1.5¢6 1.55 1.55 1.10 1.08 1.08 ABC
10 10/12/2015 20:11:31.445 0.025 1.5%6 1.53 1.%5 1.10 1.08 1.08 ABC
11 10/12/2015 20:11:30.585 0.060 1.59¢6 1.585 1.95 2.64 2.39% 2.60 ABC
12 10/12/2015 20:11:18.105 0.015 1.5%6 1.5%3 1.%5 0.66 ©0.653 0.65 RABC
13 10/12/2015 20:11:17.245 0.030 1.5%6 1.55 1.85 1.32 1.30 1.30 ABC
14 10/12/2015 20:11:16.530 0.040 1.5¢6 1.55 1.55 1.7¢ 1.73 1.74 RABC
15 10/12/2015 20:11:16.230 0.030 1.5%6 1.55 1.55 1.32 1.30 1.30 ABC
le 10/12/2015 20:11:15.650 0.050 1.9¢6 1.585 1.85 2.20 2.1e¢ 2.17 REBC
17 10/12/2015 20:11:15.305 0.040 1.5%6 1.5%3 1.%5 1.76 1.73 1.74 RBC
18 10/12/2015 20:11:15.065 0.065 1.9¢6 1.595 1.%5 2.86 2.81 2.82 ABC
15 10/12/2015 20:11:14.850 0.075 1.5%6 1.5%3 1.55 3.30 3.24 3.26 RBC
20 10/12/2015 20:11:14.&30 0.070 1.5%6 1.55 1.85 3.08 3.03 3.04 ABC

Figure 81 Summary of through fault events

Figure 82 shows the relay word bits for the through fault asserted when the event

occurred. This also is verification of operation of the through fault event.
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=xlar 1TrLTALA

PHDEM JI2DEM GHDEM * * TFLTALA
0 0 n n n 1

=xtAR TFLTALA 11000

PHDEM JI2DEM GHDEM * * TFLTALA
0 0 n n n 1

0 0 n n n 1

0 0 0 0 0 1

0 0 0 0 0 1

0 0 0 0 0 1

0 0 n n n 1

0 0 n n n 1

0 0 n n n 1

PHDEM JI2DEM GHDEM * * TFLTALA
0 0 n n n 1

0 0 n n n 1

0 0 0 0 0 1

0 0 0 0 0 1

0 0 0 0 0 1

0 0 n n n 1

0 0 0 0 0 1

0 0 n n n 1

TFLTALE
1

TFLTALE

R e e

FLTALE

R el el e |

TFLTALC
1

TFLTALC

R e e

FLTALC

R el el e |

Figure 82 Through fault relay word bit assertion
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Chapter 10 LabVIEW/CompactDaq system

10.1 CompactDaq

The CompactDaq system by National Instruments is a robust modular data
acquisition platform. The system is mainly used in the chemical and process
industries to capture process data from sensors and to facilitate its measurement and
analysis through software programs like LabVIEW. In this project, the Ethernet
chassis consisted of eight slots where the analog or digital modules are inserted. The
chassis is robust and can withstand shocks of 30Kg to 50Kg. Figure 83 shows the

Ethernet chassis [26].

Figure 83 Ethernet CompactDaq chassis [26]
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The modules, both analog and digital, have a signal converter, circuitry for filtering,
conditioning circuitry excitation and signal amplification. Figure 84 shows the

different types of modules [26].

Figure 84 CompactDaq Modules [26]

For this project, the NI9263 was used to provide the necessary analog signals to carry
out fault simulations. The module has an output analog range of +10V. Figure 85
shows the module and the test setup for fault simulation. The wiring configuration of
the module and specifications can be found in the appendix A section of this report

[26].
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NI 9263

Figure 85 CompactDaq test setup

10.2 NI Max

LabVIEW is a graphical programming language developed by National Instruments.
It is a powerful tool used in many industries for data acquisition, measurement and
analysis. LabVIEW can be used in conjunction with the CompactDaq system via NI-
DAQmx drivers. Figure 86 shows the NI Max platform which was used to conduct the

fault simulation via the test panel.
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K 3: NI 9263 "cDAQ1Mod3" - Measurement & Automation Explarer - ‘ - : EE

File Edit View Tools Help

4 EA My System H {3 Refresh |+ Reset [gh Seff-Test §B) TestPanels.. | {3 Create Tack... E3 Device Pinouts [, Hide H

+ 3l Data Neighborheod
4 &8 Devices and Interfaces

ASRLL:INSTR "COML" Settings
ASRL3:INSTR "COM3"
ASRLIS:INSTR "COMa8” Name cDAQIMod3

@@ ASRLI0:INSTR "LPT1"
4 f) NIcDAQ-9178 "cDAQL"
@ 1:NI9472 " cDAQIModl" Model NI 9263
@ 2:NI9265 " cDAQIMod2"

Vendor National Instruments

&5 i PR Serial Number 01ASC406
: c o
A Metwork Devices Slot Number 3
» B Historical Data Status Present
, ad Scales
» &1 Software
+ i M Drivers
 BA Remote Systems External Calibration
Calibration Date 5/27/2015 &:16:43 PM
Recommended Next 5/27/2016 &:16:49 PM
Calibration
Device Temperature 20

Eeack B

NI-DAQmx Device
Basics

What do you vant to do?

PRun the NI-DAQmx
Test Panels

PRemove the device

MWiew or change
device configuration

Figure 86 NI Max test panel

10.3 Signal output measurement and analysis

Prior to using the CompactDaq system for testing, the fault simulation signals to the

protection relay slot Z input card needed to be analysed to determine the condition of

the signal. This was carried out using an oscilloscope to measure the signal inputs as

shown in Figure 87.
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Figure 87 Signal analysis test setup

The signal outputs from the CompactDaq system and the analog inputs to the relay
from the simulator were measured via an oscilloscope and compared. Initially, the
signals were compared at different output values to show the output waveform at low
voltage values as shown in Figure 88. The input signal to the relay circuit board was
found to be a voltage signal of a peak to peak value of 10V maximum for the SEL 787
relay as shown in Figure 89. After determining this value, the NI max analog output

voltage value was set to match a peak to peak value of 10V at 50Hz.
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Tek ol Trig'd k4 Pos: 4.000rms MEASLIRE
M CH1
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L010Hz

« CHI
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205Y

CH1
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CH2
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2+ S0,00Hz

CH2
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CH1 .00y CH2 .00y M 10.0ms

Push an aption button to change its measurement
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Figure 88 Initial test simulation of output voltages

CH1
Freq
4390Hz 7

PE—Pk

10.2¢

Telk e Trig'd M Pos: 4.000ms MEASURE l
+

CH1
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f\/\/\/\/
43.70Hz
CH2
Pk-Pk

10,4y
CH1 500%  CH2 5.00% 1 10.0ms
Push an option button to change its measurernent

CHZ . 0.00%

Figure 89 Maximum Output Voltages
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10.4 Testing relay using NI Max

After establishing the maximum voltage, the slot Z circuit board can take the test

panel setting in the NI. Max platform was set at the same maximum values. This was

done to prevent damage to the circuit board through accidental injection of voltages

above the maximum input voltage for the circuit board. Figure 9o shows the page

where the test settings can be changed.

T 3: NI9263 "
File Edit View Tools Help
4 B My System
> @ Datz Neighborhood
4 B Devices and Interfaces
ASRLIZINSTR " COMI"
ASRL3:INSTR " COM3"
ASRL9S:INSTR "COME9"
@@ ASRLL0:INSTR "LPTL"
4 & NIcDAQ-178 "cDAQL"
@ 1 NI9472"<DAQI Modl"
a 2: NI9265 "cDAQ1Mod2"
@ 319263 "<DAQIMod3"

H

¥ Refresh | Reset [ Self-Test Test Panels... ‘ {iif Create Task... g3 Device Pinouts [, Hide Help
@Back iz}
ings

DAQIMod3
National Instruments
NI9263

01A5C406

NI-DAQmx Device

Basics

What do you vant to do?

MRun the NI-DAQmx
Test Panels

Rate (Hz)

1000

4 Network Devices
> B Historical Data
> 44 Scales
» &1 Software | Test Panels : 3: NI9263: "cDAQ1Mod3"
- [l VI Drivers
» B8 Remote Systems | | Analog Output
Channel Name
DAQIMod3/a00

Max Output Limit (v)  Min Qutput Limit (V)
5 B

Snenave Ampitude (1)
5l

Snenave Frequency (Hz)
1.00000

2 start Stop

Help

Figure 90 NI Max test platform
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The relay was successfully tested using the CompactDaq system. The differential
protection element 87, as previously described, was tested and the relay operated, as

shown in Figure 91 which shows the test setup.

Figure 91 Fault simulation using CompactDaq system
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Chapter 11 Conclusion

This thesis has reviewed power transformer operation and protection. Work has been
successfully conducted on the use of low level simulators in showcasing the
capabilities of microprocessor-based protection relays using the SEL 787 transformer

protection relay.

This thesis described the different types of testing methodologies and analysis of
simulation results for transformer protection relays. In the project the current based
protection elements for the SEL 787 protection relay were successfully tested. The
knowledge acquired throughout the project led to the initial development of a low
level simulator using LabVIEW and the CompactDaq system, previous attempts by

Murdoch University students had been unsuccessful.

Finally, the presented method of using low level simulators in relay testing has many

benefits including the following:

¢ Providing low level signals that actual resemble the actual faults which occur in
power systems.

e Setting up the hardware and wiring is less tedious hence a lot of time is saved.
More time can then be spent on programming and testing the relay instead of
wiring.

e Itis a flexible, easy to implement low cost system compared to high level

simulation.
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Chapter 12 Future Work

While this thesis has showcased the capabilities of the SEL 787 transformer

protection relay and the development of a low level simulator using LabVIEW and the

CompactDaq system, the present study could be further extended. This section details

some of the potential directions:

1.

The protection relay functions for Harmonic restraint and blocking simulation
was not investigated in the present study. This can be carried out by applying
two current signals to the relay in parallel, one at the fundamental frequency of

50Hz and the other input at 2nrd4th or 5th harmonics.

. Simulations to verify the time current characteristics of the relay were not

conducted. This can be done by monitoring the time it takes for the relay
output contacts to operate for a specified fault current and plotting the data.
This data can then be compared to the standard time current characteristic
curves

Simulation using CompactDaq was done using the NI max test panel to
conduct the testing of the relay elements. The next step is to design a robust
CompactDaq system simulation station with the associated LabVIEW
simulation program not to cater for all the relays housed at Murdoch

University.
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Chapter 14 Appendices

14.1 Appendix A CompactDaq Wiring Connection

Connecting the NI 9263

The N1 9263 has a 10-terminal, detachable screw-terminal
connector that provides connections for 4 analog output channels.

AQO
COM
AO1
COM
AQ2
COM
AQO3
COM
NC
COM
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Isolated DAC

NI 92863

___________________

Overvoltage/
Short-Circuit —COAD
Protection
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14.2 Appendix B ANSI/IEEE Differential Relay Protection Functions

ANSI FUNCTION Description
24 Volts Per Hertz
27P Phase Under voltage
32 Directional Power
49 Temperature Alarm and Trip
50P Phase Overcurrent
50G Ground Overcurrent
50BF Break Failure
50Q Negative Sequence Overcurrent
51 Time Phase Overcurrent
51G Time Ground Overcurrent
51N Time Negative Sequence Overcurrent
59 Phase Overvoltage
59N Negative Sequence Overvoltage
810 Over Frequency
81U Under Frequency
87 Current Differential
87G Restricted Earth fault
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14.3 Appendix C SEL 787 Relay Specifications

Specifications

Specifications

Compliance
IS0 9001:2008 Certified
UL, clIL:

(18
CE:

General
AC Current Input

o =5 A
Contimeons Fating
1 Second Thermal:
Burden (per phass
Iow = 1A
Contimeons Fating
1 Second Thermal:
Burden (per phass]
Measrement Categomy:
AL Voltage Inputs
VHOM (L-L secondary)
Fange:

10 Second Thermal:
Burden:
Input Impedance:

Power Supply

Fates Suppiy Velng=
Inpus Voltags Fange:
Bower Consumptioa:
Inferraptions:

24/28 vdc

Fated Supply Woltage:
Tnpur Vnitage Fange:
Power Consumpden:
Intermaprions:

Date Code 20150130

Fatsd Contimons Valsgs:

Protective Falyy Catesory MRGU,
WRGUT per UL 508, C22 2 Mo, 14
C222 Mo, 61010-1
CE Mark—FMC Directive
Low Voltage Directve
IEC 61000-1:2001
TEC 0847-1
IEC 6084741
IEC 60847-5-1
CnmphzmnhUL 1604, [54 121201,
54 122 No. 213, and EN $0072-15
(Class 1 Dewizion 2).

Phase and Neutral Currents
Lynwg=1 Aor 5 A secondary depending on mods]

15 A linzar to 86 A symmemrical
A
MIVA@ESA

3 A linear to 182 A symmetrical
100 A

DV @A

I

190-250 V (if DELTA_Y =DELT4)
1900440 V (if DELTA ¥ = WYE)

300 Vac

ERRICY
4 M defferenfial (phase-to-phass)
7 M common mods (phase-to-chassis)

125250 Vdc or 120/240 Vac

110-240 Vac, 50450 Hz
110-250 Vidc

85-264 Vac

85-300 Vidc
<40 VA (ac)

=30 W (de)

S0ms (3 125 Vac/ Ve
190 ms @ 250 Vac'Vidc

2448 Vidc
192500 Ve
<20 W (de)
10ms @ 24 Ve
0ms @ 48 Viic

Instruction Manual

Output Contacts

General

0uTH03 &5 a Form C mip ourput, all ether ourpurs are Form & except for
the SEL=cT 4 DL3 DO card, which supperts two Form C outpurs and
ane Form B ourpur.

Diialectrac Test Voltage: 2500 Vac

Trpuilze Withstand Vaolage

Uk 4700V
Mechanical Curability: 100,000 po Load epentions
Packop Tiropout Time:

=8 ms (ool ensrEization 10 COMIACT
clozure)

DC output Ratings
Fated Operational Valage: 250 Vidc

Bated Voltage Fanse: 19.2-275 Vac
Eated Insulation Volger 300 Ve
Mk 30 A 5 250 Vidr per IEEE C37.90
Contimpons Cammy: §A @ TC
44 @85°C
Thenmal: SAfrls
Ceoniact Protection: 350 Ve, 40 7 MOV protection amoss
apen contacts
Breaking Capacity {10,000 opemtions) per TEC 60255-0-20:1874:
4V 075A LE=40m:
48 Ve 0504 LE=40ms
125 Vdr 0304 LE=40m:
250 Vdr 00A LE=40m:
Cydlic (2.5 cycles'second) per IEC §0255-0-2001974:
24 Vdc 075 A LE=40m:
48 Vi 0504 LE=40m:
125 Ve 030A LR=40ms
250 Vdr 00A LE=40m:
AC Qutput Ratings
Margnum (perational
Voltage (1) Rating: 240 Vac
Insulation Viltage (U;)
Raninz [m
EN61000-1) 300 Vac
Uhtilizarion Category: AC-15 {rontrol of elecmemapnetc
lnads =72 V)
Coniact Ratmg Desizmation: B300 (B= 3 A 300= mied moulation
valiage)
Viltaze Protection Across
Cipen Comtacts: 270 Vac. 40T
Bated Crperational 3 A @120 Vac
Comrent {L): 154 @ 240 Vac
Comentional Enclosed
Thermal Carrent (T3 -
Fated Frequency: 3060 =5 Hz
Eleomical Drrabiliny Maks
VA Rating 3500 VA, cosg= 03
Elecirical Drrability Ereak
b it 350 VA, cosg = 03

SEL-TET Relay
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Fiber Trpe: Miultimods
Link Budget: 151d8
‘Tipical TX Power: -13.7dBm
BX Min Sensitvity: -31.8dBm
Fiber Size: 625125 ym
Appronimate Fanss: ~f4 km
Data Rate: 100 Mb

Typical Fiber Afteration: -2 dB/km
Port 2 Serial (SEL-2812 compatible)

Winelengrh: 520 om
Opical Connector Type: 5T

Fiber Type: Miultimods
Link Budzst: idB
‘Typical TX Power: -1f dBm
BN Min Sensithity: -4 dBm
Fiber Size: 625125 ym
Approsimate Fangs: ~1km

Data Rate: SMb

Typical Fiber Afteruation:  —4 dR/km
(Opticnal Communications Cands

Opiion 1: ETA-231 or ELA-425 conmumicatans
and
Opiion 2: Devicelvat conmumications card
Communications Protocols

SEL. Modhus, DWE, FTR TCPIR, Telnst, SNTR [EC 61850, MEroar
Birs, EVMSG, C37.118 (synchrophasars), and Deviceliet See
Thible 7.3 for details.

(Operating Temperature

IEC Performance Rating  —3(F fo +25°C (—30° i +185°F)

(per IECEN 60068-2-1 & §0068-2-1)

NOTE: Mot applicable to UL applicatans.

MOTE: LCD contmast is mmpaired for temperanares balow —30°C and

ahowe +70°C

Dievicallet Compmmicatons
Card Rating: HH0°C (140°F) maninmm
{Operating Environment
Folbstion Degres: 1

Creryoltage Category: I
Amnospheric Pressire: E0-110k

Felative Hismidity: 505, noncondensing
Mronum Alnads: 0 m
Dimansians
144.0 oome (5.67 i) x 1020 mm (7,56 i) % 147 4 me (5.80in)
Weight
20ke (341
Ralzy Mounting Screws (#8-32) Tightening Torgue
Mimirmm: 14 Wm (11 in-To)
Mromumy 1.7 Km (13 in-To)
Terminal Connections
Terminal Block
Sarew Size: &

FRing Terminal Width: 0310 in mardnum
Terminal Block Tightening Torgue

Mmirmn: 0.9 Nm (8 in-In)

Maxinmmy 14 m (12 in-T5)

Introduwction and Specifications | L1

Specifications
Compression Plug Tightening Torgue
Minirmm: 0.5 Nm (4.4 in-T0)
Maninmmy: L0 Nm (8.8 in-Tb)
Compression Plug Mounting Ear Screw Tightening Torgue
Minmum 0.18 ¥m (1.5 m-Th)
Maninmmy 025 Hm 22 in-Th)
Type Tests
Emvironmental Tests
Enclosure Protection: [EC 60329:2001 + CRDG-2003
P45 enclosed in pans]
P20 fior temminals
assembly (SEL Part 01 50001700, The
10°C temperanms deratng applies to
ﬂlenampemm specifications of the
Vitmtion Fesistance: IE.C 6:1"*'»21 -1:1988,
(Class | Encomance
Class 1 Respomse
[EC 60255-21-3:1993, Class 2
Shock Pasistance: [EC 60155-21-2:1988,
Class | Shock Withstamd, Bumep
(Class 1 Shock Fesponse
Cald: EC 60068-2-1:2007
—20°C, 16 hours
Damp Heat, Steady State:  [EC 60068-2-78:2001
)T, 933 relatve madicy, 4 days
Damp Heat, Cyclic: [EC 60068-2-30:2005
153-55°C, 6 cycles, 95%: relative
ity
Dy Heat EC 60068-2-2:2007
B5°C. 16 hours
Dielectric Strength and Impulse Tests
TDiielectric (HiPof): IEC 60255-5:2000
IEEE C37.80-2005
2.5 KVac on cumrent ingus, ac voltage
ioputs, contact I'Q)
2.0EVac on analog imputs
1.0kVac on analog catprats
183 EVdc on power suprly
Tnnpualse: IEC 60255-5:2000
IEEE C3780-2005
0.5, 4.7 KV on power supply, confact
T'0y, ac current and woliage inputs
051, 530V on maleg oofpas

BFl and Interference Tests
EMC Immunity
Electrostatc Discharge IEC S1000-2-2: 1008
Imrmirty: [EC §0255-22-2:2008
Severity Level 4
B EV comfact discharze
15 KV adr discharge
Fadiated FF Imrmumity: [EC G1000-4-3:2010
IEC 60255-22-32007

10 Vim
[EEE C37.90.2-2004
BEVm
iztal Radso Telepbons BF
mﬂﬁmm ENW S0204:1005
Fast Transient, Burst IEC 61000-2-4:2004
Tmrmumity: EC E{I"\MJ."—UEOE

2KV @ 5.0 kHz for comm. ports

Date Code 20150130 Instruction Manual SEL-TET Relay




1.12 | Introduction and Spacifications

Time-5amp Resohtion: Ims
Time-SAmp Acouracy: =5 ms
Sequential Events Recorder
Time-Samp Res.ohn:im.' 1ms
Time-Samp Accuracy A
respedt to time smpce):  =fms

Relay Elements
Instantaneous/Definite-Time Overcurrent (S0P, 500G, S0N, 200)

Packup Setting Fange, A secondary-
5 A modals 0509600 & Q.00 A steps
1 A models 0.10-12.20 4 0.00 A steps
Acomacy- =5% of setting phos 002 = Ly A
secondary (Steady State pecap)

SEL-TAT Relay

Specifications
Surge Inmmmity- IEC S1000-2-5:2005
IEC 50355-22-5:2008
2KV line-to-line
4kV line-to-garth
Surge Withstand Capability  IEC $0253-22-122007
Trmimity: 23 EV common maode
LOkV differential mode
1 EV common mode oo comm. ports
IEEE C37.90.1-2002
25kV oscllatory
4LV fast transient
Conducted BF Imommity: — IEC S1000-4-6:2008
IEC 50355-22-6:2001
10 Vs
Mapretc Field mmmumity:  IEC S1000-2-8: 2009
1000 A'm for 3 seconds
100 A‘m fior | mémmate
IEC S1000-2-2:2001
1000 A'm
Power Supply Inmminity:  IEC 602351122008
EMC Emissions
Conducted Emissions: EN 55011:1998, Class &4
IEC &0255-252000
Fadiated Emiszions: E} 55011:1998, Class 4
IEC 50255-2522000
Electromagnetic Compatibility
Product Specific EN 50063:1000
Processing Specifications and Oscillography
AC Volmge and
et Topeats: 15 samiples per power system cycle
Frequency Tracking Farge: 2'3—'-‘01-1;. (requires ac voltgs npurs
Diigxtal Filterme- Cme-cycle cosine afier low-pass malag
filterine. Met filtering (analog phis
dizital) rejects dr and all harmomics
greater than the fundsmental
Protection md Pm-:smgmwhsi!my!pmﬁ
Contrel Processmg: system cycle (exoept for math vamables
and amalog ties, which are
mocessed avery 100 ms). The 51
elements are mocessed 2 dmes per
power system cycle.
Oscillography
Lengeh: 15 or 64 cycles
Sanmpling Fae 14 samples per cycle unditvered
4 samples per cycle fleered
Tngger Prozrammuable with Boolean expreszion
Fommat: ASCHT and Compressed ASCIT

Instruction Manual

Time Dielay: 0.00-5.00 secands, 0.01 seconds steps,
=0 5% phus =035 oyc
Packoup Tiropont Time <1.5or
Inverse Time Overcurrent (1R, 516, 51N, 510)
Packorp Setting Fange, A secondary-
5 A modals: 0.50-16.00 A, 0.01 A steps
1 A modals: 0103230 A, 001 A steps
Acomacy: =% of serting plos £001 =
secondary (Steady State Fll'i'l.lp
Time Diial-
Us: 0.50-15.00, 0.01 steps
IEC: 0.05-1.00, 0.01 steps
Acomacy: =15 cyles phus +4%; batween 1 and 30
multiples of pickup (within mated range
af oomment)

Diffarantial (BT)
Unrestrained Pickap Range:  1.0-20.0 in per umit of TAP

Resmmained Pickup FRanzes  0.10-1.00 in per unit of TAP
Packonp Acomracy (A secondary)c

5 A Model: =i phs 0104

1 A Model: =% phs 02 A
Unrestrained Elerment
Packop Timer ORL018 coycles (Mim Typdvax)

Restrained Element (with harmonic blocking)

Packup Time 15622 cycles (Min/ Typ/ax)
Restrained Element (with harmonic restraint)
Packup Time 2627271286 cycles (Min/ Typ/Max)
Harmonics
Packup Fangze (3¢ of ; )
fumdamenal): 100
Packonp Acomracy (A secondary):
5 A Model: =% phas =010 4
1 A Model: 25% phas =002 &
Time Dielay Accuracy: =0 5% plus =025 oycle
Restricted Earth Fault (REF)
PR
it IN:- 0.05-3.00 per unit, .01 per-umit steps
Packonp Acomracy (A secondary):
5 A Model: =53 phas =010 4
1 A Model: 25% phas =002 &
Timing Acomacy:
Directional Curtput: 15025 cyc
AWEI Exremaly Imversa =5 cycles phus =5%; between 3 and 30
TOC Carve (T4 With 0.5 moualtiples of péckup (within rated range
Time Drial af oument)
Undervoltage (27)
Setting Range: Of, 12.5-3000V
Acomacy =1%; of setting phuz 0.5V
Peckeap Tiropont Time: <15 cycle
Time Dielay: 0.0-120.0 seconds, 0.1 second steps
Acamacy- =) 5% plus 20,25 cycde
Overvoltage (59)
Setting Fange: Off, 12.5-3000V
Acomacy: =1%; of setting phus 0.5 V
Peckeap Tiroponnt Time: <15 cycle
Time Deelay: 0.0-120.0 seconds, 0.1 second steps
Acomacy =0 5% plus 20,25 cyde

Date Code 20150130




Pickup Fange
Steady-State Pidap
Acommacy:
Pickp Time
Feset Tims Fange:
Directional Power (32)

Composite-Time Elemant
Combination af definste-time and imverse-tme specifications
User-Definable Curve Element

Negative-Saguence Qvervoltage (590)
Setting Fange: 1252000V
Acomacy. =5% of setting plus 22V
Pickoup Tiropont Time <15 cyde
Time Delay: 0.0-120.0 seconds, 0.1 second steps
Acomacy: =) 5% phus 025 cyde
Volts/Hertz i24)
Definite-Time Element
Ficlorp Fange 100-200%
Seeady-Siate Pidamp
Acoumacy: =]% of w=tpomt
Pickop Time 15 ms (@ 60 Hz (Max)
Time-Delay Range 0.00—-200.00 5
Time-Telay Acouracy =) 1% phs =4 2 ms @ §) Hz
Bieset Time Range 0.00—-200.00 5
Inverze-Time Element
Fickup Fange 100-200%
Seeady-Siate Pidam
Acoumacy: =]% of s=tpoimt
Fickup Time 15 ms (@ 60 Hz (Max)
Cumver 035, 10,00 2.0
Factor 01-100s
Timing Accuracy: =43 phis £25 ms (@ 60 He, for ViHz
ahove 1.05 mltiples (Curve 0.5 and
L0 or 1.10 multiples (Curve 2.0) of
Fieset Time Fangs: 0.00—200.00 5

100-200%

=] % of w=tpomt
15 ms & 60 He (Max)
000200005

Instantaneous/Definite Time, 3 Phase Elements

Tpe: +W, WL +VAR. VAR
Pyckp Settines Fanze, VA secondary:
5 A Modal: 1065000 WA, 0.1 VA steps
1 A Modal: 02-1300.074, 0.1 VA steps
Acomacy: =010 A~ (L-L voltage and
=59 of seffing at unity power foior for
power elements and zero power factar
for reactive power element (5 A
nonmnal)
=02 A = {L-L voliage secondary) and
=5%; of seffing at umity power fcor for
power elements and zero power factar
for reactive power alement (1 A
Pac ko Tiropert Time <10 oycles
Time Delay: 0.0-240.0 seconds, 0.1 second steps
Acomacy: =) 5% phe H1 15 cyde
Frequency (81} (requires ac voltage option)
Setting Fange: Off, 20.0-T0.0Hz
Acomacy: =01 Hz (V1> 60 V) with woltage
racking
Packop Tiroperat Time <4 oycles
Date Coda 20150130
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Specifications
Time Delay: 0.0-240.0 seconds, 0.1 second steps
Aromacy- =0, 5% phis +0.25 cycle
RTD Protection
Satting Fange: Off, 1-250°C
Acomacy: 2°C
FID Open-Circit
Tietection: =150°C
Detection: 30
FID Typss: PT100, KT100, KI120, CU10
FTD Lead Resistancer 15 ohm ma per lead
Update Rate- <33
Maise Iormmity o BTD Te 1.4 Vac (peak) at 50 Hz or greater
FID Trip/Alarm Time
Delay- Approx. §s
Metering Accuracy

Acomacies are specified at 20°C, nomira] frequency, ac coments within
(0:2-2000) * Lgrpg A secomdary, and ac voltages within
50250V secondary unless atherwize nofed.

Phase Cumments: =1% of reading, =1° (=1.3° st 02-0.5 4
for relays with Inom =1 A)
3-Phase Average Current:  =2%: of reading
Differential (uantities: 5% of reading pls =01 A (FA
momiral), £0.02 A (1 A nomizal)
Cumrent Harmemics: =5% of reading plhiz =0 1 A (5 A
nomiral), =002 A (1 A nomizal)
I (Fesidim] Corend): =3% of reading, =2° (=5.0° st 02054
fior relays with Inom =1 &)
DN (MNeatral Cumrent): £1% of reading, =1° (#2.5° at 02-0.5 4
for relays with Inom =1 A)
312 Negative-Sequence
Cumrent: =3% of reading
System Frequency: .01 Hz af reading for e Within
20.00-70.00 Hz (V1 = 60 V) with
valiage mading
Lire-fo-Line Volages: =]%: of reading, =1° for woltages
within 24-354 V
3-Phace Average Line-to- 1% of reading for voltages
Line Viltags: within 24-254 V
Lire-to-Ground Voltages:  =1% of reading, £1° for volages
within 24-254 V
3-Phase Average Line-to-  =1%: of reading for veltages
Grmund Volmges: within 24-354 V
Violtage Harmemics: £5%; of reading ploz 0.5V
W2 Megzamve-Saquence =3% of reading for volfages
Veltaze: within 24-253 V
Fieal 3-Phase Power (KW =3%: of rading for 0.10 < pf < 100
Feactive 3-Fhose
Power (KVAR): =3%; of reading for 0,00 < pf < 0.00
3-Phase
Power (KVA): =3% of reading
Power Factor =2%; of reading for 0 25 Spf= 1
FID Tempematures: £2°C

Instruction Marual
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14.4 Appendix D Overcurrent protection element simulation results

Ascelerator human machine interface

Device QOverview

Metering

Dewice Current Dewice Voltage

IAW1l = 50.11A

IBW 1 = 0.10A

cwi = 0.19A

IAWZ2 = 1.15A

IBW2 = 3.31A

ICW2 = 3.8668A

Contact 1/O

IN101 IMN102

1 1

ouT101 ouTin2 ouT103

i (-

User-Defined Targets (Double-Click on Target Label)

A MA A A A MA A A
— — (- —a — — (- (-
A A A A A MA MA A
— — [ — — — [ [

() ENABLE
LOCK
O DISABLE

() BRKR 1
SELECT
O BRKR 2

-
-
L
. N
L J
@® o
o°

& BRKR 1 CLOSED
CLOSE
O BRKR 2 CLOSED

() BRKR 1 OPEN
TRIP
(IBRKR 2 OPEN
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Relay front panel indication

SEL-787
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Event summary verifying operation

Ceriel To = 2000000460 FID = CEL-T97-RA00-TO-00L0M-DO0L00tS
1D = 53l RVENT 1065 = 73

Event:  Udgl Gud 50 Trip
Targets 11010000
Freg (Hz) 50.0

Tinding One Curzent Mag
R [Bi1 ICH U

4 70 10.2 10.1 1. 21

Tinding Two Current Mag
[4l12 IB12 ICH2 106012

4] 2 0.8 5.7 1421
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Event Oscillograph

IAWT(A) IBWA(A) ICW1(A)

50

40

30

20

10

-10

-20

-30

-40

-50

Event Time (Sec) 16:55

VWV“ N
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14.5 Appendix E Negative Sequence element simulation results

Relay front panel indication
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Ascelerator Human machine Interface

Device Overview

Metering

Dewvice Current Device Voltage
Lawvvl S50.11 A

IBW 1 0.10 A

ICwvwl = 0.19A

Lavy2 1.15 A

IBW 2 3.31 A

ICWVW2 = 3.88 A

Contact /O

IN101 IN102

1 | —

ouTi101 ouUT102 ouUT103

—a —a

User-Defined Targets (Double-Click on Target Label)

A A MA (7Y A (TN A A
 —  — I— I—  —  —  —  —
A A MA (7Y A A A A
—a —a —a —a  —  — —a —a

TARGET |
R E

ENABLED Oy ENABLE
LOCK
TRLE O DISABLE
DIFFEREMTIAL 3 BRKR 1
SELECT
O BREKR 2

@ BRKR 1 CLOSED
CLOSE
O BRKR 2 CLOSED

CURREMT

"UMDER FR
) BRKR 1 OPEN
ERTZ TRIE
O BRKR 2 OPEN

-
-
-
-
-
-
-
-
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Event summary verifying operation

Serial No = 2009300461 FID = SEL-787-R202-Y0-Z001001-D20100215
CID = 534l EVENT LOGS = 100

Event : Wdgl 500 Trip
Targets 11010000
Freq (Hz) G&0.0

Winding One Current Mag
4 [BlI1 I IG1
(4] 11.1 10.2 10.1 1.50

Winding Two Current Mag
[4W2 [BlI2 ICh2 G2
(4) 2.0 4.1 L1 11 .15
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Sequential Event Report

SEL-T787
TENSFRMR RELAY

CID = 5321

s DATE

1 07/12/2015
2 07/12/2015
3 07/12/2015
& 07/12/2015
5 07/12/2015
6

07/12/2015

Sequential Event Reports

erial No = 2003300461

TIME
03:27:03.634
09:27:09.634
03:27:095.434
08:42:32.574
08:34:35.034
08:34:35.034

Date: 07/12/2015

Time: 09:27

Time Source: Internal

FID = SEL-787-R202-v0-z001001-D20100215

TRIF1
OREDSOT
50q11e
TRIF1
OREDSOT
50Q11e

ELEMENT

STATE
Lzzerted
Lazerted
Lzzerted
Deasserted
Deasserted
Deasserted
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14.6 Appendix G Residual Ground (50G) element simulation results

Relay front panel indication

SEL-787

TRANSFORMER PROTECTION RELAY
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Ascelerator human to machine interface

Device Overview

Metering

Device Current Device Voltage
AW 1 F0.53 A

IBW1 10.56 A

Icwi = 10.26 A

IAW2 2.37 A

BwW2 “4.21 A

ICW2 = 4.39A

Contact /O
IN1D1 IN1D2

ouT101 oUT102 ouT 103

—  —

User-Defined Targets (Double-Click on Target Label)
MA MA MA MA

A rA rA rA
[ — — — — [ — [ — — —
M MA MA MA 7 M MA MA
| — — — — | — | — — —

ENABLED (j ENABLE
LOCK
AL O DISABLE

DIFFERENTIAL O BRKR 1
SELECT

1O BRKR 2

© BRKR 1 CLOSED
E CLOSE
D BRKR 2 CLOSED

—(:} BRKR 1 OPEN
LTS/HERTZ TRIP
{2 BRKR 2 OPEN

HDER FREQUE
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Event summary verifying operation

cerial o = Q00330041
(0 = S

Event

i
Targets 1l
Freq (Fz) B

100
i

Tnding Oue Corvent fag
YN

Vinding Too Corrent Kag

gl Gud 50 Trap
[

LAl LBl

10.2

L LB,

FID = SEL-TET-Ra -t

EVENT L0G5 = 23

L0 LE)!
10.0 bl

112 LEl
7 14l

146



1

1‘"5‘4'

‘M‘? Nl‘l' ‘IN‘M‘ N‘"i‘t? 4

b‘l"l‘l"'u'u' 4' 4'1;4'“' '; 1;“";‘

75+
53.90 53.95 54.00 54.05 54.10 54.15
Event Time (Sec) 20:30

|

N

|




14.7 Appendix G Unrestrained differential protection (87) element

simulation results

Relay front panel indication

148



Ascelerator human to machine interface

Device Overview
Meternng

Device Current

IAWVY 1
IBwW 1
ICWW 1

2157.05 A
2138.80 A
2142.23 A

IAWVWZ
IBwW2
ICwWw2

1.71 A
3.83 A
“4.23 A

Contact /O

101 102

—1 —

ouT101 ouT102 ouT103
— E

A A ™A
—a  — —a
MA A MA
—1 1 —1

EMABLED

TRIP

DIFFEREMNTIAL

URREMT

LURREMNT

-
-
-

-

-

-

-

-

Dewvice Voltage

A
—a
A

—1

User-Defined Targets (Double-Click on Target Label)

A [ A
—a  — —
MA MA MA
—1 —1 [—

) ENABLE
LOGCK
O DISABLE

O BRKR 1 CLOSED
CLOSE
O BRKR 2 CLOSED

) BRKR 1 OPEMN
TRIFP
) BRKR 2 OPEMN

IHIg
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Event summary verifying operation

Diferental Metering Values
3FL-787 Date: 10/12/2015 Time: 08:59:39
TRNSFRMR RELAY Time Source: Internal

I0Fl  I0P2  I0P3
Operate (po) 10.32 10,23 10.2

IRTl IR IRT3
Restraint  (pu) 10,32 10.23 10.25

I0PIFZ I0PZFZ IOR3FL
ind Ramonic (%) 0.00  0.00  0.00

IOP1F4 IOP2P4 IOR3F4
4th Rarmonic (%)  0.00  0.00 0.0

IOP1FY IOP2FS IOP3FS
Sth Hamonic (%)  0.00 0.00 0.0
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Event Oscillograph

i Graph for C:\Users31133995\DeskiopBcev ‘ ‘ ‘ [EIEEEE |
0.25,7.80

2500 ~

2000 -

1500

1000

500 -

LAVWA (A) 1BV (A) ICWA (A)
(]

—

o

(=)

o
|

-1500

-2000

-2500

25 50 75 10.0 125 15.0
Cycles
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