Enhanced Reliability
of Power System Operation
Using Advanced Algorithms
and IEDs for On-Line Monitoring

Part | of Final Project Report

Power Systems Engineering Research Center

A National Science Foundation
Industry/University Cooperative Research Center
since 1996



Power Systems Engineering Research Center

Enhanced Reliability of Power System Operation
Using Advanced Algorithms and IEDs
for On-Line Monitoring

Final Project Report

Part | : Substation Automation

Report Authors

Mladen Kezunovic
Goran Latisko

Texas A&M University

PSERC Publication 05-56

October 2005



Information about this project
For information about this project contact:

Mladen Kezunovic, Ph.D.

Texas A&M University

Department of Electrical Engineering
College Station, TX 77840

Phone: 979-845-7509

Fax: 979-845-9887

Email: kezunov@ee.tamu.edu

Power Systems Engineering Research Center

This is a project report from the Power Systems Engineering Research Center (PSERC).
PSERC is a multi-university Center conducting research on challenges facing a
restructuring electric power industry and educating the next generation of power
engineers. More information about PSERC can be found at the Center’s website:
http://www.pserc.org.

For additional information, contact:

Power Systems Engineering Research Center
Cornell University

428 Phillips Hall

Ithaca, New York 14853

Phone: 607-255-5601

Fax: 607-255-8871

Notice Concerning Copyright Material
PSERC members are given permission to copy without fee all or part of this publication

for internal use if appropriate attribution is given to this document as the source material.
This report is available for downloading from the PSERC website.

©2005 Texas A&M University. All rights reserved.



Acknowledgements

The Power Systems Engineering Research Center sponsored the research project titled
“Enhanced Reliability of Power System Operation Using Advanced Algorithms and IEDs
for On-Line Monitoring” (PSERC project T-17). This is Part | of the final report on that
project.

We express our appreciation for the support provided by PSERC’s industrial members
and by the National Science Foundation under grant NSF EEC-0002917 received under
the Industry / University Cooperative Research Center program. Also, the supplemental
funds support from TVA is acknowledged.

Several graduate students and research staff at Texas A&M University participated in this
project and contributed to the final report: Goran Latisko (glatisko@ee.tamu.edu)
(research  staff), Nitin Ved (nitinved@tamu.edu) (student), Yang Wu
(wuyang@ee.tamu.edu) (student), and Xu Luo (xuluo@ee.tamu.edu) (student).



Executive Summary

This report is Part | of a study aimed at demonstrating how the reliability of substation
operation may be enhanced using data collected by Intelligent Electronic Devices (IEDs).
To achieve major operational reliability benefits, data collected by IEDs can be processed
in real time to extract information to improve reliability. This report (Part I) discusses the
applications that may be executed locally, while Part Il talks about applications that are
related to the overall power system operation and that may be located at the Energy
Management System (EMS) level.

The report first identifies the applications and then discuses how they may be
implemented in a substation automation system. Several automated analysis applications
are included. While some applications were developed during this project, others were
developed in other PSerc projects (T-9 and T-10), as well as some project funded by
external sources. The automated analysis functions process data from the following IEDs:
Digital Fault Recorders (DFRs), Digital Protective Relays (DPRs), and Circuit Breaker
Monitors (CBMs). In addition, some applications were developed based on the data from
the substation database; they include: Verification of Substation Switching Sequences
(VSSS), Verification of Substation Database (VSDB), and Overall Analysis of
Disturbances that includes Fault Analysis and Fault Location (FAFL).

Following benefits can be drawn from the proposed approach:

e Measurement Redundancy. The substation Intelligent Electronic devices (IEDs) quite
often measure the same signals from the substation switchyard. If one collects the
signal samples in the substation database, one can then use the redundant
measurements to improve accuracy and robustness of the measured signals.

e Cause-effect Relationship. Since several IEDs may be involved in tracking substation
operation, having data from different IEDs integrated, it is possible to capture various
stages of the operation. This enables one to establish a cause-effect relationship in the
changes of the measured signals. The ability to track cause-effect relationships in a
control sequence, such as clearing of a fault, enhanced ability to determine any
problems or deviations from the expected.

e Time series analysis. Being able to track IED measurements for longer periods of
time and stored for future time series analysis allows implementation of function that
will be able to tell if performance of a given function or peace of equipment is
deteriorating. The ability to identify deteriorating performance and have a subsequent
maintenance or design action that will restore the performance requirements, provides
an improvement in the reliability of substation and power system operation.

This study paves the way for future change in substation automation practices aimed at
improving operational reliability of substations, and, consequently, the entire power
system. Software is developed for demonstration purposes and can be accessed from
following password protected URL.: http://eentl.tamu.edu/epri/temp/download.html.


http://eent1.tamu.edu/epri/temp/download.html
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1. Introduction

1.1 Project Information

Academic Mladen Kezunovic (Texas A&M-lead: kezunov@ee.tamu.edu,
Team 979-845-7509, Fax. 979-845-9887)
Members Co-Leader: Ali Abur (Texas A&M), Sakis Meliopoulos (Georgia

Tech) and Rahmat Shoureshi (Colorado School of Mines)

Industry Team | TVA (M. Ingram), CenterPoint Energy (D. Sevcik), ABB (M.
Members Subramanian), AEP (D. Krummen), Entergy (L. Priez), Mitsubishi
(D. Wong), Tri-State G&T Association (A. Mander), TXU (J.
Bell), WAPA (P. Kaptain)

Project Period | June 1, 2002 to June 30, 2005

1.2 Organization of the Report
The first section of the document provides basic information about the project.

The second section contains Statement of work, describing what are project objectives,
tasks and final project outcomes.

The third section focuses on functional requirements of the applications developed for the
project. First, the research framework of the project is given, describing the substation
topology and IEDs configuration. Afterwards, block diagram of software architecture is
given. At the end of this section, functional requirements for Graphical User Interface
(GUI), Verification of Substation Database (VSDB), Substation Switching Sequences
Verification (SSSV) and Digital Protective Relay Analysis (DPRA) are given.

The fourth section elaborates on implementation details of individual software modules.

The fifth section focuses on testing. The description of the IED data simulation process is
given. The tested substation scenarios are briefly presented.

The last section of the document contains the conclusion and the references.



2. Statement of Work

2.1 Project Objective

Develop substation automation system which enables:
e Integration of data from multiple IEDs
e Processing of data at substation level by implementing novel applications
e Sharing of results with other substations and remote control centers.

2.2 Project Tasks

In order to successfully develop and implement the substation automation system
featuring the functions listed in the project objectives, following project tasks have been
identified:

Data integration:
0 Research interfacing between IEC 61850 and IEC 61970 [1][2]
o Enable importing data from multiple substation IEDs
o Create description of substation topology in Substation Configuration
Language (SCL) file [1]

e Implementation of substation tracking system:
o Develop advanced application and user interface supporting information
exchange

e Data simulation:

o Create substation data model in Alternative Transients Program (ATP) [3]
based on an arbitrary substation layout. Substation topology described in
SCL file has been used.

o Create Digital Protective Relay model in C++ and integrate it into the
substation data model [10]

o Enable conversion of simulated IED data from PL4 (native ATP) into
standard COMTRADE file format [4]

e Implementation and integration of novel applications for automated analysis and
verification:

o Applications based on specific devices:

= for Digital Protective Relay (DPR) device - Digital Protective
Relay Analysis application (DPRA), [6][7]]8]

o Applications based on integrated data:
= Verification of Substation Database (VSDB)
= Substation Switching Sequences Verification (SSSV)



2.3 Project Outcomes

The project outcomes can be summarized as software deliverables and published papers.
For list of published papers, please see the References section.

During the project, the following software applications and modules were designed,
implemented and integrated into the Substation Automation software solution:

e VSDB - Verification of Substation Database
The application verifies the correctness of the substation IED data before they are stored
into the substation database. The IED data can be analog (currents, voltages) and/or
digital (statuses of contacts of circuit breakers).

e SSSV - Substation Switching Sequences Verification
The application monitors and extracts the switching sequences of circuit breakers in the
substation. Additionally, it traces and finds the reasons for an extensive switching of
large numbers of circuit breakers.

e DPRA - Digital Protective Relay Analysis
The application analyzes the protection (relay and circuit breaker) operations.
Additionally it verifies data consistency between relay event report and oscillography
files.

e GUI - Graphical User Interface
The user interface integrates the analysis applications, enables the simulation and
displays IED data in graphical and consistent way.

e Substation Data Model [13]
Designed and implemented in ATP application package, used for simulation of substation
IED data

e Substation Topology Description in SCL file
Designed and implemented using new SCL (Substation Configuration Language) as
specified in new IEC 61850 standard.

e Digital Protective Relay model
Designed and implemented in C++ and MODELS language of the ATP application
package.

e File converter from PL4 to COMTRADE file format
Designed and implemented as a separate application, capable of converting single PL4
file, generated by ATP application package, into multiple COMTRADE files



2.4 General Benefits

Automated data extraction and verification, which enables fast and consistent
analysis of data measured by multiple IED.

Integrated archiving of IED data and analysis reports on a consistent basis

System wide dissemination of IED data and analysis reports

Universal user interface

Elimination of IED measurement errors using measurement redundancy

2.5 Application Specific Benefits

VSDB - enhances the reliability and correctness of the substation database by
verifying the accuracy of IED data based on the redundancy and fundamental
electricity laws.

SSSV - verifies substation switching sequence automatically by gathering
information from IED measurements and provides fast and accurate analysis to
assist substation operators.

DPRA - automatically analyzes protection operation based on reports and files
generated by large number of digital relays under complex event conditions.



3. Functional Requirements

3.1 Research Framework

Substation automation software solution consists of the following software modules:
e substation tracking system (integrated GUI)
e module for simulation of substation IED data
e applications for automated analysis and verification of substation data.

All listed modules are integrated via common graphical user interface (GUI), as shown in
Figure 3.1
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Figure 3.1 Substation Automation application architecture

The one-line diagram of the substation used for demonstration and testing of the analysis
algorithms is displayed in Figure 3.2.

As indicated on the figure, some of the analysis applications, such are DFR Assistant
(DFRA), Two Stage State Estimation (TSEE), Fault Analysis and Fault Location (FAFL),
Power Quality Monitoring and Analysis (PQMA) and Circuit Breaker Monitoring and
Analysis (CBMA) were developed for some earlier projects and included in substation
automation solution.
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Figure 3.2 One-line diagram of modeled substation

The topology of the modeled substation is described using new Substation
Configuration Language (SCL) which is defined in the latest version of substation
communication standard IEC 61850. In the figure below, the excerpt from the

topology file is given.



<?xml version="1.0" ?>
- <tns:SCL xmins:sxy="file://c:/schema.xsd"
xmlns:tns="file://c:/schema.xsd">
<Header Ref="" NameStructure="IEDName" />
<Substation Name="S1">
<VoltageLevel Name="D1" Voltage="220kV">
<Bay Name="Q1">
<Device Name="DIS01" Type="DIS" sxy:x="2" sxy:y="1">
<Connection CNodeName="L1" />
<Connection CNodeName="B1" BayName="Q3" />
</Device>
- <Device Name="CTO1" Type="CTR" sxy:x="2" sxy:y="2">
<Connection CNodeName="L1" />
<Connection CNodeName="L2" />
</Device>
- <Device Name="CB1" Type="CBR" sxy:x="2" sxy:y="3">
<Connection CNodeName="1L2" />
<Connection CNodeName="L3" />
</Device>
- <Device Name="CTO2" Type="CTR" sxy:x="2" sxy:y="4">
<Connection CNodeName="L3" />
<Connection CNodeName="1L4" />
</Device>
- <Device Name="DI1S02" Type="DIS" sxy:x="2" sxy:y="5">
<Connection CNodeName="L4" />
<Connection CNodeName="C5" BayName="Q6" />
</Device>
- <Device Name="DIS03" Type="DIS" sxy:x="2" sxy:y="7">
<Connection CNodeName="C5" BayName="Q6" />
<Connection CNodeName="L6" />
</Device>
- <Device Name="CTO3" Type="CTR" sxy:x="2" sxy:y="8">
<Connection CNodeName="L6" />
<Connection CNodeName="L7" />
</Device>
- <Device Name="CB2" Type="CBR" sxy:x="2" sxy:y="9">
<Connection CNodeName="L7" />
<Connection CNodeName="L8" />

Figure 3.3 SCL topology description of modeled substation




3.2 Graphical User Interface (GUI)

3.2.1

Introduction

This section of the document contains descriptions of the functions of the common
graphical user interface developed for support of the substation data analysis and
verification applications.

Functions can be divided in three main groups:

data displaying,
data simulation
interfacing the analysis and verification applications \

Each of these functions is explained in following subsections.

3.2.2

Functions for Data Displaying

This section describes design and implementation of functions for data displaying of
integrated GUI. These functions are classified based on the type of information they are
rendering to the user and are listed below:

Functions for displaying measured and simulated data. In order to be displayed,
data does not have to be assigned to the substation IEDs. Types of data displayed
this way are signal waveforms in COMTRADE file format, event logs and
various device specific reports in plain ASCII textual file format.

Functions for substation topology displaying. The information displayed using
these functions are the one line diagram of substation layout and the designations
of buses, lines, equipment and IEDs used for monitoring, protection and control in
the substation.

Functions for displaying of device statuses. These are reflecting the statuses of
substation equipment and IEDs such as circuit breakers (CBs), circuit breaker
monitors (CBMs), digital protective relays (DPRs), Current Transformers (CTs)
and Voltage Transformers (PTs). Different device statuses, such as
“open”/’closed” circuit breaker, “data assigned”, digital relay “tripped”,
“inconsistent data”, are indicated in different colors of device symbol in topology
window. Some of the device statuses can be set by user, and others can be set by
the analysis and verification applications.

Functions for displaying the instantaneous measurements. These functions are
displaying instantaneous values of currents and voltages measured by substation
CTs, PTs and CCVTs. Measured values are displayed for each phase, at specific
time instances by the label next to the device symbol.

More details about each of the functions for data display is given in the rest of this
section.



Functions for displaying measured and simulated data

Those functions can display the data for the whole measurement/simulation interval.
These function are used to display following measured and simulated data from IEDs
data records:
e Signal waveforms — The displayed data has to be stored in COMTRADE file
format
e Event files and device specific reports — The displayed data has to be stored in
ASCII textual file format

Signal waveforms are displayed using custom developed software module “COMTRADE
Viewer” for displaying of the ASCII COMTRADE files, as displayed in Figure 3.4. This
module has features such as zoom in, zoom out, horizontal and vertical scrolling, reading
of the current cursor position, window panning etc. User can also change the color used
for drawing the waveform and additional details about selected signal such as max and
min magnitude, unit, type of signal, channel, ratio etc. displays the screenshot of the
“COMTRADE Viewer” main window, displaying the CT current waveform.

CTO7A[A];

Type Unit olar
Analog A M |
: M

in
-160.0

I

an
160.0 [

Channel Fiali

1 }ﬁ‘ﬁgﬁ
BRehesh I Delete | Delete &l ]

| Cancel |

Ready [Time: 1L.30ms  [Mag: -48.00  [144.74% | oM [

Figure 3.4 Main window of the “COMTRADE Viewer” application
displaying the CT current waveform



Event files and device specific reports are displayed in common text editor.

GUI can display measured and simulated signal waveforms, events and reports from the
following devices:

Current and Voltage Measurement Transformers — CTs, PTs, CCVTs
Circuit Breaker Monitors — CBMs

Digital Fault Recorders — DFRs

Digital Relays — DPRs

It is anticipated that all data will be in COMTRADE or plain ASCII text file format, as
shown below:

Comtrade files:
CTs, PTs, CCVTs, CBMs, DFRs, DRs waveforms files

ASCII Textual files:
DPRs Event files, DPRs Fault files

User can display data by either:

selecting a data record file using standard file selection dialog from the main
application menu OR

(if data is already assigned to the substation device) by clicking on the device
symbol in the Topology window and selecting appropriate command from the
context menu.

Functions for topology displaying

Those functions are used to display one line diagram of the substation layout and
designations of buses, lines, and IEDs used for monitoring, protection and control in the
substation.

Substation topology and designation of its devices and components are shown in the
Topology window, as indicated in Figure 3.5. The following elements of the substation
topology are displayed:

Devices:

Current and Voltage Measurement Transformers — CTs, PTs, CCVTs
Circuit Breaker Monitors — CBMs

Digital Fault Recorders — DFRs

Digital Relays — DRs

Components:

buses
lines
circuit breakers — CBs

10
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Figure 3.5 “Topology window” of the GUI

In current GUI implementation, substation topology is predefined and fixed. We selected
an arbitrary substation layout, allocation and designation of the equipment in the
substation and hardcoded it into the GUI. In the future implementations of the GUI,
information about the substation layout will be stored in a single, IEC 61850 compliant,
topology file. This file will follow the requirements defined in the Substation
Configuration Language (SCL). The user will be able to modify the topology information
displayed in the topology window by changing the contents of a XML file.

By selecting commands from the context menu assigned to each substation device
symbol in the Topology window, user will be able to:
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e assign measurement/simulated data to the devices (CTs, PTs, CCVTs, CBMs,
DRs)

e view assigned measurement/simulated data

e set switching sequences of the circuit breakers (CBSs)

o set faults and values of related fault parameters

o call analysis and verification applications for particular device (if data is assigned
to device).

Functions for 1ED status displaying

Those functions are rendering the statuses of substation equipment and IEDs. Devices
that are reporting different statuses are circuit breakers (CBs), circuit breaker monitors
(CBMs), digital protective relays (DPRs), Current Measurement Transformers (CTs) and
Voltage Measurement Transformers (PTs and CCVTSs).

Different statuses of the substation IEDs are distinguished by different colors of their
symbols in the topology window. Some of the device statuses can be set by user, and
others can be set only by the analysis and verification applications. Table below lists the
relations between substation devices, statuses and their colors.

There is a slider control with navigation buttons, which enables the users to view statuses
of the CBs, DPRs and CTs, PTs, CCVTs, at different time instances. Each time the time
instance is changed using slider control, information displayed within the topology
window is updated with the new set of data describing substation state at the selected
moment. Smallest resolution of the slider is 0.0001 sec.

Time instances at which the statuses of the devices are displayed are defined by the user,
ATP model parameters and analysis and verification applications. User defines the
instances at which the switching sequences of the circuit breakers or faults occur. ATP
model and predefined circuit breaker failure ratios influence the actual switching times of
the breakers. Results of analysis and verifications applications affect the time instances at
which the statuses of the analyzed devices should be reported.
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Table 3-1 List of substation devices, statuses and corresponding colors

Reporting Device Status Color

application

SSsV Circuit Breaker — CB Closed by user Dark Green
Actually closed Light Green
Opened by user Dark Blue
Actually opened Light Blue
Breaker miss operated or Red
delayed

DPRA Digital Protective Data not assigned Gray

Relay - DPR

Data assigned Yellow

Data inconsistent, relay failed Red
to trip or delayed

VSDB Current and Voltage Data not assigned Gray
measurement
transformers: - CTs, Data assigned Yellow
PTs, CCVTs
Data inconsistent with related Red
data
CBMA Circuit Breaker Data not assigned Gray
Monitor - CBM
Data assigned Yellow
There is a problem in CB Red
operation

Functions for instantaneous data displaying

Functions for instantaneous data displaying are showing the instantaneous values of the
currents and voltages measured by the substation current and voltage measurement
transformers (CTs, PTs and CCVTs) or obtained by simulation of the ATP model.

Values are extracted from the COMTRADE format files. Sample values of the signal
waveforms are extracted from the DAT files and multiplied with the ratios read from the
CFG files. Only values at predefined time instances are displayed. Measured values for
each phase are displayed next to the device symbol in the topology window together with
the units (volts or amperes).
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3.2.3 Functions Supporting Data Simulation

This section will describe design and implementation of the user interface functions
supporting simulation of the substation data.

Simulation of the data is based on the Alternative Transients Program (ATP) and the
substation data model defined in the ATP compatible input file. ATP software is invoked
from the user interface shell and provided with the following information: simulation
parameters (such as length of the simulation interval and simulation step), circuit breaker
switching sequences, backup schema and failure ratios, faults and related parameters,
substation layout and equipment designations etc.

As a result of a simulation, COMTRADE format files containing the simulated signal
waveforms of currents and voltages of the CTs, PTs and CCVTs defined in the ATP data
model are created. Figure 3.6 illustrates the simulation process. The details about the data
model and how the ATP is simulating the data are given in separate section of this
document.

ATP substation
data model

Simulation File

ATP Input File
Simulation parameters P

GUI Fault parameters
= | CB Switching = -
sequences

/P ATPF Output File \J/
Tﬂ FPL4 -» Comtrade
pra -
D Converter - PL4 ATP
COMTRADE
Files

Figure 3.6 Substation data simulation with GUI and ATP
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The operation of digital protective relays are defined by the waveform, event and fault
files and are also simulated by the ATP program, using precompiled IED device models.
The details of this procedure are described in separate section of this document.

The circuit breaker monitor IED is also simulated by the ATP program using
precompiled IED device models. The details of this procedure are described in separate
section of this document.

In this section, the following user interface functions supporting data simulation are
described in the order they are used to enable the simulation of data:
e Setting the simulation parameters
Setting the circuit breaker switching sequences
Setting the circuit breaker failure ratios
Setting the faults and related parameters
Substation data assignment

Functions for setting the simulation parameters

Those functions provide support to the custom “Simulation parameters” dialog in which
users can set parameters required for the simulation of IED data. Parameters that need to
be provided are length of the simulation interval, simulation step, name of the input
simulation file (default value is info.txt) and parameters identifying the simulations such
as time and location of the substation data simulation.

X
Simuiation Interval T _
Diate mm/ddy W
Lenght [300 i) e ]
Time [Hhcminss.see] [1215355.000
Step (01 frs]

Time zone |+50

Location Blase of simlation Bs

| Subistation D {WERC e
Compary [TaMU E

Seve I Deft | Cancel |

Figure 3.7 Dialog for setting the simulation parameters

Additional information required for the ATP simulation, such as path of the ATP
substation data model file and path of the ATP program used for simulation is provided
as well.
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Selected simulation parameters are saved to the “Simulation File” in ASCII text file
format. Figure 3.7 shows the dialog for setting the simulation parameters.

Functions for setting the circuit breaker switching sequences

They enable users to set the switching sequences for one or more substation circuit
breakers. Sequences can be set within the whole simulation interval. Before saving the
new open/close operation in the switching sequence of the circuit breaker, software
verifies the new status by comparing it with the previously set status of the breaker within
the sequence and informs the user if any discrepancies are detected.
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Figure 3.8 Dialog for setting circuit breaker switching sequences and faults

These functions can be invoked by clicking on the circuit breaker device symbol in the
Topology window of the GUI or by calling the command from the main menu. Figure
below displays the dialog used for setting the circuit breaker switching sequences and
faults.

The statuses of the circuit breakers could be set to the values OPEN or CLOSED.
Sequences for each phase circuit breaker can be set. By default, all circuit breakers in the
substation are initially CLOSED.

Each time the user changes the circuit breaker status, new status is saved to the substation

status file. After that, color of device symbol representing the relevant circuit breaker in
the Topology window changes according to the set operation — status.
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Functions for setting the circuit breaker failure ratios

These functions enable users to set the circuit breaker failure ratios. Circuit breaker
failure ratio is used by the ATP model to define the probability that the circuit breaker
will fail to perform its operation. Failure ratios can be any number from the interval
between 0 and 1, and can be different for open and close operation. Once set, circuit
breaker failure ratio is valid for the whole simulation interval. Figure 3.9 below displays
the screenshot of the dialog for setting the circuit breaker failure ratios.

CB Failure ratios dialog |

CEID Phase  Operation Failre ratio (01]

'I |A '-'I [Dpen j [0.45 Besion |
Location Operation Failure Ratio =
E CBD4a 0.450 LI

open
Refiesh |

Dalete Dne |

A 7]  Deletesi |

| oK | Cancel [

Figure 3.9 Dialog for setting circuit breaker failure ratios

Functions for setting the faults and related parameters

These functions are providing support for setting the faults in the substation simulation
scenario. They can be invoked by clicking on the symbol for the fault in the “Topology”
window or from the user interface main menu. Figure 3.8 illustrates the dialog used for
setting faults and related parameters.

In current implementation, user can set the following fault parameters:

e Time of fault occurrence within the simulation interval

e Location of the fault. Faults can be set on all lines and buses in the substation
layout

e Type of fault (phase to ground, phase to phase, 3 phase, 3 phase to ground).
For each selected type of faults, an image is displayed illustrating the fault and
related parameters

e Fault resistances (R1-R4)

Each time user changes any of the fault parameters, changes are saved to the substation
status file and color of the fault symbol in topology window changes from gray to yellow.
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Functions for substation data assignment

Functions for substation data assignment are used after the simulation to enable
assignment of simulated or measured data to the substation devices represented by the
symbols in the topology window. In order to be assigned, data for each device have to be
stored in a single COMTRADE or ASCII textual file. Names of the files assigned should
follow IEEE file naming convention for time sequence data [4]. Figure 3.10 below
illustrates the dialog for substation data assignment.

Asxign data record(s) 5 x|

[Crevaces D FPhaze Diatn smcoed
frrm =] | R IIZHI1DE.122538£W_+50_WEH‘C_EEDEB_EAHIJ-:in
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1~ Dreta asagrmaent kst

Davice D | File path fl
= CTOA 011002 1 22638000+ 5D WERC CTO1A, TAMU. el
s CTHE 0481102 1 22538000,50 WERC LTI B TAMLU cig
FECTOIC | 041102 122638000 +50 WERC.CTOIE, TAMU cig
s CTi2a 01 1021 22638000 50 WERC CTO24 TAMU chy
B CTO2E 0811021 22538000, 50 WERC CTOZE. TAMU cig
P CTOEC | 0411021 22638000 +50 WERIC, CTOZL, TAML. cig
i CT03A 081102 1 22638000 50 WERC CTO3A. TAMLU cig

f.f[ CT02E | 0211001 22638000 54 WERL L1038 TAHU.ifa I LI:J
swe | Aeeh | view | DeleteOne | Doletest |
o, | fianed |

Figure 3.10 Dialog for substation data assignment

This dialog can be invoked by clicking on the device symbol in “Topology” window or
from the GUI main menu.

If simulation is performed successfully, software automatically assigns simulated data
from the current and voltage measurement transformers to the substation devices. If
simulation or automated assignment fail, user can manually assign the CT, PT or CCVT
data using the dialog shown above.

The list of devices to which data can be manually assigned is given below:
CT - Data file: ASCII Comtrade file
PT - Data file: ASCII Comtrade file
CBM - Data file: ASCII Comtrade file
DFR - Data file: ASCII Comtrade file
DPR - Data files:
Oscillography file - ASCII Comtrade file
Event file - ASCII Textual file
Fault file - ASCII Textual file
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After the data is successfully assigned to the device, the color of its symbol in
“Topology” window changes to yellow.

Functions for insertion of IED data errors

Functions for insertion of IED errors are supported by the dialog displayed in Figure 3.11
below.

—lED———————— ~Analog Emor(z] Diigital Error(s) Errar Interval ——————
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Protection Component: Zane: ErrorType:
Phasze Distance LI IZone‘I LI IDperation Timer Setting j
Circuit Breaker Monitar Eror(s] Setting
Operation Signal Mame Enrar Type
DFF Errarfz] Setting
Object Ermor Type
— List of IED' Data Emrors
IED I Error bupe | Error parameter | Start time | End time | Add
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Delete One
Delete Al
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Figure 3.11 Dialog for insertion of IED errors

The dialog enables inserting the errors into the simulated data of the following IEDs:
e CT,PT, CCVT. Their errors can be relative or absolute (DC offset).
e CB status. The errors can be random or deterministic.

e CBM, DPR, DFR. For these devices, the errors are defined based on the specific
functionality that they are representing.

See tables given below for more detailed explanation of errors.
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Table 3-2 List of DPR errors

Phase 10C Pickup Setting Incorrect 1102
Operation Timer Setting Incorrect 1103

Operation Block Logic Incorrect 1104

Ground I0C Pickup Setting Incorrect 1202
Operation Timer Setting Incorrect 1203

Operation Block Logic Incorrect 1204

Zone 1 Supervision Current Level Setting Incorrect 1311

Zone 2 Supervision Current Level Setting Incorrect 1321

Zone 3 Supervision Current Level Setting Incorrect 1331

Phase Distance Zone 4 Supervision Current Level Setting Incorrect 1341
Zone 1 Pickup Setting Incorrect 1312

Zone 2 Pickup Setting Incorrect 1322

Zone 3 Pickup Setting Incorrect 1332

Zone 4 Pickup Setting Incorrect 1342

Zone 1 Operation Timer Setting Incorrect 1313

Zone 2 Operation Timer Setting Incorrect 1323

Zone 3 Operation Timer Setting Incorrect 1333

Zone 4 Operation Timer Setting Incorrect 1343

Zone 1 Operation Block Logic Incorrect 1314

Zone 2 Operation Block Logic Incorrect 1324

Zone 3 Operation Block Logic Incorrect 1334

Zone 4 Operation Block Logic Incorrect 1344

Zone 1 Supervision Current Level Setting Incorrect 1411

Zone 2 Supervision Current Level Setting Incorrect 1421

Zone 3 Supervision Current Level Setting Incorrect 1431

Ground Distance Zone 4 Supervision Current Level Setting Incorrect 1441
Zone 1 Pickup Setting Incorrect 1412

Zone 2 Pickup Setting Incorrect 1422

Zone 3 Pickup Setting Incorrect 1432

Zone 4 Pickup Setting Incorrect 1442

Zone 1 Operation Timer Setting Incorrect 1413

Zone 2 Operation Timer Setting Incorrect 1423

Zone 3 Operation Timer Setting Incorrect 1433

Zone 4 Operation Timer Setting Incorrect 1443

Zone 1 Operation Block Logic Incorrect 1414

Zone 2 Operation Block Logic Incorrect 1424

Zone 3 Operation Block Logic Incorrect 1434

Zone 4 Operation Block Logic Incorrect 1444
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Table 3-3 List of DPR errors (continued)

Trip Logic Incorrect 1501
Circuit Breaker 1 Trip Wire Connection Broken 1502
Close Logic Incorrect 1503
Close Wire Connection Broken 1504
Reclosing  Fault Detection  Function 1505
Incorrect
Trip Signal Recording Incorrect 1506
Close Signal Recording Incorrect 1507
“a” Contact Recording Incorrect 1508
“b” Contact Recording Incorrect 1509
Trip Logic Incorrect 1601
Trip Wire Connection Broken 1602
Circuit Breaker 2 _
Close Logic Incorrect 603
Close Wire Connection Broken 1604
Reclosing  Fault  Detection  Function 1605
Incorrect
Trip Signal Recording Incorrect 1606
Close Signal Recording Incorrect 1607
“a” Contact Recording Incorrect 1608
“b” Contact Recording Incorrect 1609
Fault Type Fault Detection Incorrect 1701
Fault Location Fault Detection Incorrect 1801
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Table 3-4 List of CBM errors

Trip Initiate Flat 1111
Trip Initiate Reset Premature 1112
Trip Current Flat 1121
Trip Current Pickup Delayed 1122
Trip Current No Drop 1123
Trip “a” Contact Flat 1131
“a” Contact Change Premature 1132
“a” Contact Change Delayed 1133
“b” Contact Flat 1141
“b” Contact Change Premature 1142
“b” Contact Change Delayed 1143
Phase Currents No Drop 1151
Phase Currents Interruption Slow 1152
Close Initiate Flat 1211
Close Initiate Reset Premature 1212
X Coil Flat 1221
X Coil Activation Delayed 1222
X Coil Deactivation Premature 1223
Close Close Current Flat 1231
Close Current Pickup Delayed 1232
Close Current No Drop 1233
“a” Contact Flat 1241
“a” Contact Change Premature 1242
“a” Contact Change Delayed 1243
“b” Contact Flat 1251
“b” Contact Change Premature 1252
“b” Contact Change Delayed 1253
Y Caoil No Activation 1261
Y Coil Activation Premature 1262
Y Coil Activation Delayed 1263
Phase Currents No Rise 1271
Phase Currents Resume Slow 1272
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Table 3-5 List of DFR errors

Fault Fault Detection Incorrect 111
Relay Trip Signal Recording Incorrect 121
Close Signal Recording Incorrect 122
Circuit Breaker 1 “a” Contact Recording Incorrect 131
“b” Contact Recording Incorrect 132
Current Interruption Detection Incorrect 133
Current Resume Detection Incorrect 134
Circuit Breaker 2 “a” Contact Recording Incorrect 141
“b” Contact Recording Incorrect 142
Current Interruption Detection Incorrect 143
Current Resume Detection Incorrect 144

3.2.4 Integration with Analysis and Verification Applications

This section describes design and implementation of the user interface functions
supporting integration of the analysis and verification applications within the GUI.
Analysis and verification applications are implemented as independent software modules.

Integration functions provide the applications with measured/simulated data and
information about events and statuses of the devices (IEDs) in a substation. They enable
users to launch the applications from the integrated shell and display the results of the
analysis (such as reports and device statuses) within the “Topology” window.

There are two ways how the applications can be invoked from the GUI. First is from the
main application menu. This is the only possible way if application is analyzing the data
originating from several substations IEDs. If application is analyzing the data from only
one IED (e.g., DPRA application for a single relay), then the application can be also
invoked by clicking on the device symbol in topology window and selecting appropriate
command from the context menu.

In general, GUI interfaces with the analysis and verification applications as shown in
Figure 3.12. Substation status data contains the information about the statuses of the
substation devices, assigned data, switching sequences and fault parameters.
COMTRADE files contain the signal waveforms of the assigned data and “Application
Reports” are the conclusions drawn on the data after analysis and verification.
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Figure 3.12 Integration of the GUI with the analysis and verification application

User interface functions for integration of the analysis and verification applications
currently support three applications listed below:

e Verification of Substation Database - VSDB

e Substation Switching Sequences Verification - SSSV

e Digital Protective Relay Application - DPRA.

More details about their interfacing is provided in the remainder of this section.

Integration of Verification of Substation Database (VSDB) application

The VSDB application verifies the currents and voltages measured or simulated in the
substation by the CTs, PTs or CCVTs. The GUI supports the integration of the VSDB
application by providing input data and displaying the results of the analysis. VSDB can
be invoked from the main application menu only.

Input data:
e GUI provides location of data records (in form of the IEEE filenames) assigned to
all CT, PT and CCVT devices in the substation
e GUI provides statuses and switching times of all substation CBs

Output data:
e GUI displays statuses and time instances reported by VSDB when data assigned
to CTs, PTs or CCVTs were inconsistent mutually or with reported CB statuses
e GUI displays report generated by VSDB
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More details about the VSDB application can be found in separate section of this
document.

Integration of Substation Switching Sequences Verification (SSSV) application

The SSSV application verifies switching sequences of circuit breakers in the substation in
case of faults or operator initiated circuit breaker operations. The GUI supports the
integration of the SSSV application by providing input data and displaying the results of
the analysis. SSSV can be invoked from the main application menu only.

Input data:
e GUI provides the simulation file created before simulation, containing following
parameters:

1. Breaker initial statuses (OPEN/CLOSED)

2. Fault information (location, type, parameters, time of occurrence)

3. Statuses of the circuit breakers (CBs) at specific time instances (when
CB status changes during switching sequence or fault occurrence)

4. Topology information (switch and circuit breaker names, from/to node
names, switch type, corresponding CT names, backup breaker names)

5. ATP simulation parameters (simulation time, time step)

e GUI provides paths of data records assigned to all CTs in the substation

Output data:
e GUI displays statuses and time instances reported by SSSV when the data and
statuses assigned to the CBs were inconsistent
e GUI displays the SSSV report.

More details about the SSSV application can be found in separate section of this
document.

Integration of Digital Protective Relay Analysis (DPRA) Application

The DPRA application analyzes digital protective relay files acquired in the field or
simulated by the ATP. The GUI supports the integration of the DPRA application by
providing input data and displaying the results of the analysis. DPRA can be invoked
from the main application menu or by clicking on the digital relay symbol in the topology
window. Since the input data cannot be simulated by ATP, only measured data can be
provided.

Input data:
e For each analyzed digital protective relay in the substation - the following files
are assigned to the relay device symbol in the GUI: Comtrade oscillography files,
event record file and fault report file assigned by the user.
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Output data:
e GUI displays statuses of analyzed digital protective relays. Based on results of
the analysis, the following statuses of the relays could be reported:

0 Relay tripped
o0 Relay miss operated
o Data within different relay reports are inconsistent

e GUI displays relay data consistency checking report

e GUI displays relay status validation report.

More details about the DPRA application can be found in separate section of this
document.

3.3 Verification of Substation Database

3.3.1 Introduction

Verification of Substation Database (VSDB) performs data processing and consistency
checking at the substation level. The detected errors are updated in the application GUI
for their particular time stamps for user to view. The application is designed to run on the
substation computer due to physical proximity of measurement points located in the
substation control house.

The VSDB takes data input from files deposited into a directory/database by different
IEDs and measurement devices. The application is designed to take input data in IEEE
COMTRADE and IEC 61850 formats. The data is verified using redundancy in
measurement based on certain basic electrical network theory laws. If there is an
inconsistency in data, it is reported.

Bad data is eliminated if available redundancy makes is possible to determine accurate
data, else the data is stored as is, but is labeled as inconsistent.

The application provides a graphical user interface for viewing error reports. A user can
set tolerances for the consistency check algorithms, run the data consistency checks and
view error reports using this interface. The interface is invoked from the main application
GUI by clicking the appropriate button in the toolbar or through the Analyze menu.

3.3.2 Input Data Specification

The applications input data can be grouped into four categories
Topology data

Measurement data

Configuration data

User inputs

Topology data - The topology information required to process data using network laws is
provided in the IEC 61850 SCL file format. Topology information is extracted from the
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SCL configuration file for the substation and stored in a txt format file named
‘topology.dat’. This file must be placed in the SETTINGS directory of the application
folder.

Measurement data - Measurement data from the substation is provided to the application
in COMTRADE file format. The data includes:

e Voltage and current measurements from CTs and VTs.

e Switch and circuit breaker statuses from CBM

e Switch and circuit breaker statuses from the main application user interface.

The data is extracted from COMTRADE files with.dat extension. Each file has a record
of data from a single measurement device or IED for a duration specified in the
configuration file corresponding to that data file. The current software version supports
data files in ASCII format only. The file name must be in the IEEE file naming standard
format.

Configuration data - Configuration data here refers to the measurement device’s
configuration settings. This data is extracted from the COMTRADE format from files
with .cfg extension. The files are loaded in the applications installation directory and each
file corresponds to a single device or IED. The file name must be in the IEEE file naming
standard format.

The configuration files contain the following information:
e Station name, identification of the recording device, and COMTRADE Standard

revision year;

Number and type of channels;

Channel names, units, and conversion factors;

System frequency;

Sample rate(s) and number of samples at each rate;

Date and time of first data point;

Date and time of trigger point;

Data file type; and

Time Stamp Multiplication Factor.

3.3.3 User Input

The user can set tolerance parameters for different consistency check algorithms used in
the application. The following parameters can be set using the settings tab from the
Options Menu in VSDB GUI:
e Maximum Allowable Double Measurement discrepancy (MADM(dis)
Maximum KCL first law error allowed. (KCLerr)
Zero Current Value (ZCV)
Necessary Voltage Difference for current existence (NVD)
Maximum Tolerable Analog Measurement Change (MTAMC)
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3.3.4 Data Generation

The measurement data is generated using the ATP software. The data is generated by
setting parameters in the integrated GUI. The simulated data is stored by GUI into
specific folders and then picked up by the VSDB software from these folders. The
topology data comes from SCL file that is currently generated manually for the substation
model to be used for demonstration.

3.3.5 Output Data Specification

The VSDB software generates two reports and updates main GUI after running
consistency checks on the input data.

Summary Report: The summary report lists the timestamps during which any of the
inconsistency errors has occurred for the entire set of input data. The order of
reporting errors is

Double current measurement errors

Kirchoff’s current law errors

Branch status errors

Time status change errors

The summary report file is named according to the IEEE file naming format
specified in appendix with the only difference that the name is appended with
‘VSDB_Summary’. The file format is ASCII text.

Detailed Report: The detailed report lists detailed error records for each timestamp
in the input data. The format of each record is as follows:
e Timestamp: <timestamp>
Double current Measurement errors: <branch><phase>........
KCL errors: <node><phase>.........
Branch Status error:<branch><phase><description>...
Time Status error: <branch><phase>

The detailed report file is named according to the IEEE file naming format
specified in appendix with the only difference that the name is appended with
“‘VSDB_report’. The file format is ASCII text.

Main GUI Update: The VSDB module after performing consistency check updates
the main application GUI with branch status error data. If the status of circuit
breakers is found to be incorrect in the input data the breakers are set to red color in
the main GUI.

3.3.6 Functional Specification

Verification of Substation Database (VSDB) performs data processing and consistency
checking on the input data obtained by ATP simulation and generates error reports. It
also updates the man GUI to show data inconsistencies and circuit breaker status for
particular timestamps. This section describes the functionality of the software in detail.
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The VSDB software loads input data and performs the following checks using the user

set parameters:

e Double Measurement check: For all branches that have more than 1 current
measurement available, the software checks the discrepancy between all
measurements and sets the branch current to the average value. If the percentage
discrepancy is higher than the maximum allowed value set by the user in parameter
MADM(dis the values are declared inconsistent. Inconsistent measurements detected
are reported in the “Errors reported during current timestamp” window.

e Kirchoff’s Current Law check: For all nodes that have all the incident branch
currents known, the measured values are tested for consistency with Kirchoff’s
current law. If the total current at a node is greater than the user-set parameter
KClLerror, the node is declared as inconsistent with KCL. Nodes at which KCL is not
satisfied are reported in the “Errors reported during current timestamp” window.

e Branch Status check: The software verifies the circuit breaker statuses against the
current flowing through them and voltage difference across the branch. The following
decision table is used for verification. The squares in gray show the decisions taken
for different cases.

|[Measured . Voltage difference in Voltage difference
Switch . )
current| required range outside range
Open Open (010) Open(000)
=0 Open Previous status
Closed | (Bad switch data detected (Status doesn’t
and corrected)(011) matter)(001)
Closed Open
Open (Possible switch data (Current measurement
inconsistency)(110) error)(100)
>0
Closed
Closed Closed(111) (Possible voltage
measurement
error)(101)

e Time based Status check: After every cycle, the software checks if there has been a
change in the previous cycle’s analog and digital measurements and those for the
current cycle. Inconsistent changes are detected and reported according to the
following decision table.
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Change in topology
Yes No

Inconsistency in

Changein | Yes All ok

analog measurement
analog

Possible
measurement | No | : All ok
inconsistency

The following two error reports can be viewed from the GUIs Run VSDB Menu screen:

Summary Report: This report lists the time stamps at which the following errors
have occurred.

Double measurement error

KCL error

Branch Status Check error

Time status change error

Detailed Report: This report lists the detailed errors for each time stamp. It specifies
the branch/node and the phase where the error originated.

3.3.7 Implementation

The VSDB software is implemented in Visual C++ 6.0 using Microsoft Foundation
Classes (MFC) Library for the windows GUI. The software is implemented using
single document multiple views architecture. This section describes the
implementation of software in VC++. Figure 3.13 shows the flow diagram for the
different modules of VSDB software.
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The Main menu of VSDB software GUI lets the user interact with the software using the

GEAPHICAL
USER INTEEFACE

JJS

COMTEADE files

r

Topelogy file

!

!

Tepelogy load
function

Input load function

Topologyload

!

function

Double current
measuremnent checl
function

{

Eirchoff's  current
laww check function

l

Branch status check
function

l

Time series check
function

l

Eeport generation

Figure 3.13 Flow diagram for VSDB application

following options:
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Figure 3.14 shows a snapshot of the topology view.

Topology: This option opens the topology view which displays the topology
information in terms of branches and nodes.

Options - Settings: This menu item opens a tabbed dialog for setting the
consistency check parameters and the file paths for Data folder, topology file and
report file. Figure 3.15 and Figure 3.16

Run VSDB: This is the main view of the program. This view lets the user start
the consistency check routine and stop it. After consistency check is completed
the user can view the summary report or the detailed report by clicking the




respective buttons at the bottom right corner of the view. The view displays
assigned branch currents and statuses for each timestamp as the consistency check
algorithm progresses. It also displays the data discrepancies encountered for the
current time stamp. Figure 3.17 shows the Run VSDB view.

¥ sSuhstation Topology Description - ¥SDE - Systen Topobogy o =] JE|
i Ext Topology Options  RunWSDE  Help

|
Hode Nunrburl Mode Tvpe | Davice [
1 i covT
2 i COVTOZ
3 b
4 ®
5 =
B =
7 C
] [
9 i CCy TG
Branch Mumbe: | From Node | ToMNode | Devices |
1 1 & DIS02 CTO2 CROY CTON OIS
2 1 2 DIS 04 CTO4 0202 CTOZ DIS0Z
3 2 7 DIS0E CTOE CRO3 CTOS DISOS
4 E 3 DI508 CTO8 CBO4 CTO7 DISOT
5 3 7 DISTOCTI0CEOS CTOS NS0T
B 3 4 cm
7 5 g DIS12CT12 CROG CT12 DIST]
8 g g DIS14 CTE5CR07 CT14 D513
9 4 0 Wil
10 5 0 w2
Ready [ [moer | &

Figure 3.14 Topology View
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¥5SDB Settings

Figure 3.15 Settings: VSDB parameters

¥SDB Settings

Figure 3.16 Settings: VVSDB file paths
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Figure 3.17 Run VSDB view

3.4 Substation Switching Sequences Verification

Substation Switching Sequence Verification (SSSV) is an independent software
application. Its main task is to compare the user-defined switching sequences with the
actually measured switching sequences, to find if there exists any discrepancy and
determine which devices might have problems within a substation. Figure 3.18 shows the
architecture of the SSSV application.

Sequence & topology
Information file
(info.txt)

COMTRADE files
(ss.CFG, ss.DAT)

-~ —— —
/ Switching Sequence Verification \
3 i

o Detracted [
! Sl switching P |
I Analysis information Detractor l
\ ) \—/_\
~_ _ 1 _______ .- -‘-"‘‘-‘“‘—_= _ /
OUPUT
Report file
(report.txt)

Figure 3.18 SSSV Software architecture
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3.4.1 Input Data Specification

The Switching Sequence Verification software module takes two types of files as input:
the topology/events information file, and the data files.

The topology/events information file (INFO.TXT) basically describes what the desired
switching sequence should be. It could be a desired operator switching sequence, or a
description of faults.

The data files, on the other hand, are coming from the ATP data simulation or DFR
records, which contain the analog and digital measurements in the substation during a
switching scenario. The data files can be either a PL4 file or a group of COMTRADE
files ((CFG, .DAT). If PL4 file is provided, it will be converted to COMTRADE format
internally before any verification functions are executed.

3.4.2 Output Data Specification

The output report consists of two sections: verification of faults & relay operations;
verification of operator switching sequences.

Verification of Faults & Relay Operations

If the topology/events information file (INFO.TXT) contains the description of faults, the
SSSV application will verify whether the described faults have occurred and whether
they have been correctly cleared by the relay operations. The provided verification results
include: the location and type of fault; the fault duration times; the fault clearing time;
whether the correct CBs are operated; whether auto-reclosing is executed, etc.

Verification of Operator Switching Sequences

This section consists of the following seven parts:

Original Switching Sequence. The user-defined switching sequence (as shown in the
topology/switching information file) is listed in this part. The switching operations are
sorted by their occurring times.

Real Switching Sequence. The actual measured switching sequence is listed in this part.
If any circuit breakers failed during the simulation time, backup circuit breakers would
have operated instead. The real switching sequence reflects the actual operations and thus
might differ from the user-defined switching sequence.

For an opening switching operation, since a switch is not allowed to operate until the next
instant when the current crosses zero, the device's real opening time may be delayed after
the trip signal is set. Both the times that operation signals are set and the real operation
times are listed in this section.

CB Switching Sequence Analysis. This part shows the analysis of the actual switching

sequence of circuit breakers. A step-by-step analysis procedure is done for each event in
the real switching sequence. Status of each operation and the description of analysis
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result are listed for each event. Possible combinations of operation statuses and
descriptions are list in Table 3-6.

Table 3-6 Switching operation statuses and descriptions

Operation D
Status Description
OK Normal operation was executed correctly.

Backup operation was executed correctly.
The backup CB was already OPEN.
SKIPPED Operation was blocked due to breaker failure requirements.
The operation time was out of the simulation period.
Device failed to open. Breaker failure scheme was initiated.
FAILED CB failed to close.
Device did not respond because of a previous failure.

CB Statuses. This part shows the change of circuit breaker statuses in the substation at
different times. Each time when there is a change in any of the circuit breaker statuses, a
column will be added to the status table, showing the statuses of all circuit breakers at
that particular time.

Table 3-7 Circuit breaker statuses

C=CLOSED, O = E = ENABLED, D = H=HEALTHY, U =
OPEN DISABLED UNHEALTHY

Value

Circuit breaker statuses are expressed by a 3-bit binary code, as shown in Table 3-7.
Bit 0 is either CLOSED or OPEN, indicating the close/open status of a circuit breaker.

Bit 1 is either ENABLED or DISABLED. When a circuit breaker is ENABLED, it
accepts operation signals; otherwise all operation signals issued to this circuit breaker are
blocked and the circuit breaker cannot be operated until its status is ENABLED again.

Bit 2 is either HEALTHY or UNHEALTHY. When a circuit breaker is HEALTHY, it is
in a normal state and can execute operations correctly; otherwise the circuit breaker has
failed and needs repairing.

It should be noted that a DISABLED circuit breaker is not necessarily an UNHEALTHY
circuit breaker. For example, in a breaker failure scheme, the backup breaker is
HEALTHY but it becomes DISABLED after it has operated, because it has to isolate the
failed circuit breaker and thus is not allowed to operate again. Likewise, an ENABLED
circuit breaker is not necessarily HEALTHY, because although a circuit breaker can
accept operation commands, it might physically fail at the time of execution.
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CB Operation Times. This part shows the actual device operation times of circuit
breakers that are reflected in the COMTRADE data files. A list of operation times, when
applicable, is formed for each of the circuit breakers and listed in the timetable.

Disconnect Isolator Report. Disconnect isolators usually have no current breaking
ability and thus are not allowed to open when there is residual current in the circuit. If
there is any operation aimed at opening disconnect isolator during the simulation, the
switching sequence verification software will check to see if at the time of opening, there
is no residual current in the circuit and the operation is safe. The summary of such
verification is listed in this part.

Conclusions. The “Conclusions” part lists the names of all circuit breakers that have
failed or operated as a breaker failure scheme. It also lists all disconnect isolators that
opened when there was residual current.

3.4.3 Functional Specification

A Win32 SSSV application was compiled using Visual C++. Figure 3.19 shows the file
selection dialog box that is shown when the user starts the application. The user can then
select the input files and the output report file name. The application is also capable of
updating the main GUI with the circuit breaker status display. Those circuit breakers that
failed will be marked in red color for easier observation purposes.

When the user clicks the “OK” button, the verification process will start. After the
verification report is created, it will be displayed in a dialog box shown in Figure 3.20. A
copy of such a report will be automatically saved using the IEEE file naming convention.
The user can also select to save the report to another location.
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Select Files/Directories... |

To run Substation Switching Sequence Wefification (S354), please
locate the Following Files directories,

—ser-defined Switching Sequence File

I piaashell_release 5. 1SETTIMNGS inFo, bxk Browse, .. |

—Simulation Result Data Fileds)

I sashel_release 5. 13 SETTINGS autpat, pld Browse, .. |

¥ Read from a single PL4/COMTRALE file
" Read all COMTRADE files from a Folder

—Directory of the Cukput Repork
I topitempisashel_release 5. 13\REPORTSY Browse. .. |

—Substakion State File to Be Updated

I ell_release_5. 1234SETTIMGS  Substation, dat

| (0] | | Cancel | | Default |

Figure 3.19 File Selection Dialog Box
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& Substation Switching Sequence Yerification o ]
- =]
========================= 1_ ORIGINAL SWITCHING SEQUENCE =
The user-defined switching sequence {as showm in the topology/switchineg
information file) is listed below.
HANE TIME
CEO4h 0.10000
CEOQ4E 0.10000
CEO4C 0.10000
CEBOSA 0.11000
CEOSE 0.11000
CEOSC 0.11000
CEBOGA 0.1z000
CEOGE 0.1z000
CEBOGC 0.1z000
========================== £_ REAL SWITCHING SEQUENCE =
The actual switching secquence is listed below. Tn a normal switching secuence,
the dewice's real opening time may be delayed after the trip signal is set,
since a switch is not allowed to operate until the next instant when the
Current Crosses Zero.
TIMEl - TIME WHEM OPEM/CLOSE SIGNAL IS SET, TIMEZ - REAL OPERATION TIME
HNAME TIMEL TIMEZ
CEO44 0.10000 0.1048
CEO4E 0.10000 0,102
-
Kl ;I_I

Figure 3.20 Verification Report Dialog Box

3.5 Digital Protective Relay Analysis

By virtue of the power of microprocessors, a modern digital protective relay can provide
users with abundant data related to protection, control and monitoring during certain
power system disturbances. They are usually saved in the form of several relay reports
and files such as event record reports, fault reports, oscillography files and setting files
for further use. Since these data actually record what the relay saw and how it responded,
it is possible for users to utilize these data to validate the correctness of relay operation
and diagnose the reasons for failures and misoperations.

The Digital Protective Relay Data Analysis (DPRA) application is an expert system
based analysis application which automates validation and diagnosis of relay operation. It
takes various relay reports and files as inputs, displays their contents in graphic user
interface, uses embedded expert system to automate the analysis and generates a report
on the results of analysis.

This section specifies the inputs and outputs of the application and details the design of
analysis algorithms. Section 3.5.1 specifies the inputs of the application. Section 3.5.2
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specifies the output of the application. Section 3.5.3 details the design of knowledge base
of expert system.

3.5.1

Input data of DPRA application comes from external disturbance information, relay
performance specification, and relay reports and files which include an event record
report, an oscillography file and a setting file. They are explained as follows:

Input Data Specification

A) External disturbance information

External disturbance information includes fault type, fault location, fault inception time,
fault disappearance time, current interruption time and current resume time of associated
circuit breakers. It is the fundamental information used to predict expected relay
behavior. The information is supposed to be manually entered by users or be
automatically obtained from the reports of external fault analysis applications based on
advanced algorithms and techniques such as expert system, neural network and
synchronized sampling. In the demo environment, if automatic input option is chosen, the
information about fault type, fault location, fault inception time, and fault disappearance
time is extracted from the info.txt file which is for disturbance simulation specification
purpose while the information about current interruption time and current resume time of
associated circuit breakers is obtained by the signal processing function of DPRA based
on the data contained in the oscillography file. Figure 3.21 is the dialog for disturbance
information input.

DISTURBANCE INFORMATION =3

" AUTOMATIC INPUT (+ MANUAL INPUT

FAULT

TYPE

* ZOME1

LOCATION
" ZOME 2

" ZONE 3

" ZOME 4

DURATION INTERWAL

INCEPTION 0

DIS&PPEARANCE |100

CIRCUIT BREAKER 1 CURRENTS
INTERRUPTICON TIME
* NOT INTERRUPTED

" INTERRUPTED

RESUME TIME

# NOT RESUMED

" RESUMED

CIRCUIT BREAKER 2 CURRENTS
INTERRUPTICON TIME RESUME TIME

' MOT INTERRUFTED + NOT RESUMED
" INTERRUPTED

" RESUMED

Cancel

Figure 3.21 Dialog for disturbance information input
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B) Relay performance specification

Relay performance specification includes time delay parameters and operating speed
timing tolerance for each protection element and associated circuit breaker. It is the
complementary information of relay setting used to predict expected protection behavior.
The information is entered by users manually according to user’s manuals of relays and
circuit breakers and the users’ empirical knowledge. Figure 3.22 is the dialog for
performance specification input.

C) Event record report

An event record report is a list of time-stamped relay logic operands in chronological
order corresponding to certain disturbance event. It contains most of the information of
actual protection behavior. Each record item in the list consists of the event number, the
event time, and the event cause in the form of relay logic operands. An example of event
record reports is displayed in the left view of the GUI shown in Figure 3.23.

D) Oscillography file

An oscillography file is in COMTRADE format. It consists of a configuration file and a
data file. The configuration file specifies what are the data and how the data are stored in
the data file. The data file stores actual data in binary or ASC Il format. It usually
contains analog values of three-phase voltages and currents and digital status (O or 1) of
logic operands which are selected to be recorded by users. The status and timing of logic
operands which are also contained in the event record report are checked about their
consistency. The status and timing of logic operands which are not contained in the event
record report are used as complementary information of actual protection behavior. An
example of oscillography files is displayed in the right view of the GUI shown in Figure
3.23.

PERFORMANCE SPECIFICATION 3]
PHASE DIST
ZONE 1 ZONE 2 ZOME 3 ZOME 4
SUPN DEL&Y [EIEE SUPN DEL&Y [0.008 SUPN DEL&Y [0.008 SUPN DEL&Y [0.008
PKP DEL&Y  [0016 PKPDEL&Y  [001a PKP DELAY  JOOT2 PKPDELAY  [0.01
OP DELAY 0.002 OF DELAY 0.05 OF DEL&Y 1 OF DEL&Y 2
OF SPEED 0P SPEED OF SPEED OF SPEED
Tolerance |00 TolERance 10098 TolERsnce 10008 Tolerance 10008
GROUND DIST
ZOME 1 ZONE 2 ZONE 3 ZOME 4
SUPN DELaY |0.004 SUPN DELaY [0.004 SUPN DEL&Y [0.008 SUPN DEL&Y [0.004
FPEP DELAY omz PKP DEL&Y 0.01 PKP DELAY 0.008 PKP DEL&Y 0,006
OPDEL&y  |0008 OPDELEY [0S oPDELEY [T oFDELEY |2
OPSPEED  [gogs | OPSPEED  [ggog | OPSPEED  [ggy | DPSPEED  [gogs
ToCeRance |00 ToLERsnce 1000 TolERsNCE 10008 TolERsnce 1000
CIRCUIT BREAKER
PHASE I0C GROUND 10C B 1 B2
PKPDELAY  [0.008 PEP DELAY  [0.004 OPEN DEL&Y [0.076 OPEN DELAY [0.076
oPDELAY [0 DPDEL&Y  [01 INTR DEL&Y [0z INTR DEL&Y [0z
0P SPEED 0P SPEED
DREFEED  [nom OPSPEED  [nom ARCDEL&Y Jo ARCDEL&Y  [01
RES DELAY [0.102 RES DEL&Y [0.102
SPEED SPEED
ToleERance 10008 ToleRance 10008
<Back Fiish | Cancel |

Figure 3.22 Dialog for performance specification input
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FEEIERE:

EventRecord File:  050515,005800000 45D, WERC,DROLTAM.evt © | Comirade File 050515,005800000,+5D, WER.C,DRO1, TANMTI cfg S
EVT]’]I Mumber E‘;E;EZT;QE ?vHegIga‘ZjiesU'PN BC &‘.UU I 0'0’.7 I UI 4 I 0'11 I 0'23 I 0‘35 “m;
s 0z
5 0.056268 PHDIS 22 STPN BC coovia m\,‘f\UﬁUﬂUﬂV]\UﬂUﬁU n\fﬂuﬁuﬂvﬂvf\vﬂ\
3 0.056268 PHDIS 23 STPN BC 3 AU V
4 0.056789 PHDIS Z1 SUPN C4 =S Naanna
5 0.056789 PHDIS 22 SUPN CA BB s | ERTATAYS
6 0.056789 PHDIS 23 SUPN CA =y
7 0.058873 PHIOC PEP B e AVﬂVnUﬂUﬂ
8 0.058873 PHDIS Z1 SUPN AB . Al V
9 0.053873 PHDIS Z2 SUPN AB =
10 0.058873 PHDIS 23 SUPH AR i N\ 8V T8 ST RV a v AT ATATRTRTAY
11 0.060957 PHIOC PKP C e
12 0.060957 PHDIS 23 PRP BC cnm ] U“Vf\vﬂvf\vf‘
13 0.064083 PHDIS Z2 PRD BC 4
14 0.068251 PHDIS Z1 PEP BC & SR A
15 0.073461 PH DIS Z1 DPO BC I o LRVRVAVAY
16 0.114099 PHDIS 22 OP BC |
17 0.114099 CBO1TRIP ALL PHDIS 21 0
18 0.114099 CB02 TRIP ALL Ny | —
19 0.129729 CBO1 OPEN ALL |
20 0.129728 CBO2 OPEN ALL I
21 0.140670 PHDIS 22 DPO BC e —
22 0.142754 PHICCDPOE |
23 0143275 PHDIS 23 DPO BC ©B02 TRIP ALL —
24 0.143796 PHIOCDPO C — —
25 0.224761 CBO1 ARC ATL |
26 0,229761 CROZ ARC ATL £B02 O AL
P 0.229761 CBO1 CLOSE ALL SR | —_—
28 0.225761 CB02 CLOSE ALL 2 |
¢ 5 CE0Z ARC ALL —— B

1y Start FE Digital Pratective Rel...

o —
N T & )% L0 AM

Figure 3.23 GUI for an event record report and an oscillography file

E) Setting file

A setting file contains relay information, power system information, relay setting, and
logic operand selection. Relay information includes relay ID, protected line ID, and
associated circuit breaker ID. Power system information includes protected line
parameters, load parameters, and ratios of current transformers and voltage transformers.
Relay setting specifies the operating parameters of protection elements, including Phase
Distance (PAHSE DIST) element, Ground Distance (GROUND DIST) element, Phase
Instantaneous Over Current (PHASE 10C) element, Ground Instantaneous Over Current
(GROUND IOC) element, and Autorelosing Logic. Table 3-8 lists the operating
parameters of each protection element. Logic operand selection specifies the logic
operands to be recorded in the oscillography file.
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Table 3-8 Operating parameters of protection elements

Protection Element Operating parameters

Enable/Disable Option
Supervision current level

PHASE DIST —
Operation time delay
Zone boundary
Enable/Disable Option
GROUND DIST Supervision current level

Operation time delay
Zone boundary
Enable/Disable Option
PHASE 10C Pickup current level
Operation time delay
Enable/Disable Option
GROUND I10C Pickup current level
Operation time delay
Enable/Disable Option
Operation time delay

Autoreclosing Logic

3.5.2 Output Data Specification

Output data of DPRA application are contained in the analysis report. The report includes
four information sections, which are relay information, fault information, summary of
protection operation, and diagnosis information respectively. Relay information includes
relay 1D, protected line 1D, associated circuit breaker ID, oscillography starting time, and
oscillography ending time. Figure 3.24 shows an example of the relay information section
of an analysis report. Fault information includes fault type, fault location, fault inception
time, and fault disappearance time. Figure 3.25 shows an example of the fault
information section of an analysis report. Summary of protection operation lists the
expected operation and the actual operation. Figure 3.26 shows an example of the
summary of protection operation section of an analysis report. Diagnosis information
gives detailed diagnosis results in the way of cause-effect chaining. Figure 3.27 shows an
example of the diagnosis information section of an analysis report. In this section, several
symbols are used to denote the cause-effect relation. The sentence immediately behind
“<" s the cause for the effect sentence immediately before this “<". “**” and *“****”
mean that there are one or more cause sentences for one effect sentence.
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ANALYSIS REPORT

REL&Y INFORMATION: ~
Relay D: DROT
Protected Line/Bus: Lo

Azzociated Circuit Breaker(s): CBO1.CBO2
Oscillagraphy Starting Tirme:  0.0000 sec
Dscillopraphy Ending Time:  0.3496 sec

ANALYSIS REPORT
FAULT INFORMATION: ~
Fault Type: EC
Fault Location: Zane 2
Fault Inzeption Time: 0.0500 sec

Fault Disappearance Time: 02200 sec

ANALYSIS REPORT

SUMMARY OF PROTECTION OPERATION: ~

Expected Operation

PH DIS £2 should operate at 017140 sec
Relay should tip at 0.1140 sec

CBOZ should open at 01300 sec

CBO1 ghould open at 0.1300 sec

CBO1 should interrupt currents at 0.1340 sec
CBO2 should interrupt currents at 0.1340 sec
CBO1 should reclose at 0.2300 sec

CEOZ should reclose at 0.2300 sec

CBO1 should resurme cuments at 0.2320 zec
CBOZ should resume cuments at 0.2320 zec

A ctual Operation

PH 10C operated at 0.1589 sec

Relay triped at 01589 sec

CBO1 opened at 0.1943 sec —
CBOZ opened at 01745 sec

CBOZ interrupted curents at 018712 sec

CBOT interrupted curents at 0.1979 sec

CBO1 reclosed at 0.2944 sec

CBO2 reclosed at 02746 sec

CEBOZ resumed currents at 02755 sec

CBO1 resumed cuments at 02953 sec

Cloze

Figure 3.26 An example of the summary of protection operation section
of an analysis report

44



ANALYSIS REPORT A=
LY

PH I0C operated at 01589 sec

Relap triped at 0.1583 zec

CBO1 opened at 0.1943 zec

CBO2 opened at 0.1745 sec

CBOZ intermupted currents at 01812 sec
CBOT interupted currents at 01979 zec
CBO1 reclosed at 0.2944 sec

CBO2 reclosed at 0.274E6 sec

CBOZ resumed curents at 0.2755 zec
CBO1 rezumed currents at 02953 zec

DIAGMOSIS INFORMATION:

Felay was tipped by inconect element

<- Relay should be tripped by PH DIS 22 but it was tipped by PH |OC ™
**¢- PH DIS Z2 failed to operate

<- All the phazez of PH DIS 22 expected to operate failed to operate **
- PH DIS 22 BC failed to operate

<- PH DIS £2 BLC failed to pick up

£- PH DIS 22 pickup characteristic zetting was not comect

CBON opened slower than expected by 0.0134 sec and out of tolerance
<-CB01 had mechanical problem

CBON intermupted curments slower than expected by 0.0190 zec and out of tolerance
<-CB01 had mechanical problamm

Cloze

Figure 3.27 An example of the diagnosis information section of an analysis report

3.5.3 Design of Knowledge Base

Conceptual strategy of analysis

Validation and diagnosis of relay operation is fundamentally based on comparison of
expected and actual relay behaviors in terms of the status and timing of logic operands. If
the expected and actual status and timing of an operand is consistent, the correctness of
the status and timing of that operand is validated. If not, certain failure or misoperation is
identified and diagnosis will be initiated to trace the reasons by logic and cause-effect
chain.

Figure 3.28 illustrates the conceptual strategy of validation and diagnosis of relay
operation. The expected behaviors of the relay are predicted by an expect system module
call Relay Operation Logic which simulates the relay operation logic. Inputs to this
module are disturbance information, relay settings and performance specification. The
expected status and timing of each active operand of the relay are inferred by forward
chaining rules. The results are regarded as hypothesis of relay behaviors. The actual
status and timing of relay operands which are obtained from the event record report and
the COMTRADE file are regarded as facts of relay behaviors. With both the hypothesis
and facts of relay behaviors as inputs, an expert system module called Validation and
Diagnosis performs validation based on hypothesis-fact matching and diagnosis based on
logic and cause-effect chain.
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Figure 3.28 Conceptual strategy of validation and diagnosis of relay operation

Rules of knowledge base

The knowledge base for validation and diagnosis of relay operation includes two parts:
rules for Relay Operation Logic Module and rules for Validation and Diagnosis Module.

A) Rules for relay operation logic

The rules for relay operation logic are developed at five levels: operation of individual
phases of an element, operation of an element, relay trip and circuit breaker opening and
current interruption by circuit breaker. The reasoning is in a bottom-up manner, i.e., from
operation of individual phases of an element to current interruption by circuit breaker,
which is actually a forward chaining process. Figure 3.29 illustrates the rules for relay
operation logic, which only details the logic for GROUND DIS Element. Operation logic
for other elements is quite similar. The time delay parameters such as dTsuen, dTrkpr_p_z,
dTor_p_z, which are used to infer the timing relations, are obtained from relay
performance specification and relay settings.

B) Rules for validation and diagnosis of relay operation
The rules for validation and diagnosis of relay operation can be divided into three parts
according to their functions including validation and diagnosis of status of operands,

evaluation of operating speed of protection elements and associated circuit breaker and
examining whether the relay is tripped by the expected element.
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Type F fault in
Zone X at Time T

< +
Neutral current
is supervised
in all zon atTsupN

f
i

i PHASE DI S Element
i operation logic

i
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in Zone Z (Z>=X)

GROUND | OC Element
at TPP P z

operation logic

b

2 Phase P is blocked
in Zone Z (z>=X)
atTewk ez and
\_TPer_ P z<Taic P 2<Tor P 2

PHASE 10C Element
operation logic

? Phase P current
is interrupted
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Terr_P_z< TINTR< TOP_P_Z
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PHASE DI S Element
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at ToP z PHA DIS
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Figure 3.29 Rules for relay operation logic

Validation and diagnosis of status of operands is performed in two stages. Figure 3.30
illustrates the rules. In the first stage, the validation of correctness of status of operands
and diagnosis of the direct reason for incorrectness of status of operands is performed at
all of the five levels. In the second stage, the final reasons for symptoms identified in the
first stage will be traced in top-down manner by relating together the direct reasons for
symptoms found in the first stage, which is a backward reasoning process.

The operating speed of protection elements and associated circuit breaker is evaluated by
examining the timing of status of logic operands. Figure 3.31 illustrates the rules for
evaluating the operating speed of protection elements. The rules for evaluating the
operating speed of the circuit breaker are similar.

With the validation and diagnosis information of status of operands and operating speed

of protection elements available, whether the relay is tripped by the expected element is
examined and the diagnosis is performed. Figure 3.32 illustrates the rules.
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Symptom:
Circuit Breaker
should have
interrupted currents
but not

Hypothesis:
Current Interruption
by Circuit Breaker
exsits

Fact:
CircuitBreaker

Opening
exsits?

rrent Interruption
by Circuit Breaker
exsits?

Diagnosis:
Gircuit Breaker failed
to interrupt currents

because Circuit
Breaker expected to
open failed to open

Diagnosis:
Circuit Breaker
malfunctioned

Correctness of status
is validated

Current Interruption

Find diagnosis of circuit
breaker control

Fact:

Circuit Breaker
Opening

exsits?

Hypothesis:
Circuit
BreakerOpening
exsits

Symptom:
Gircuit Breaker
should have opened
but not

Fact:
Trip of Relay
exsits?

No

Diagnosis:
Gircuit Breaker failed
to open because
relay expected to trip
failed to trip
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Circuit Breaker Control
malfunctioned

Correctness of status
is validated

v

Breaker Opening

Find diagnosis of relay

Fact:
Operation of at least
one element
exsits?

Fact:
Trip of Relay
exsits?

Hypothesis:
Trip of Relay
exsits

Symptom:
Relay should have
triped but not

Yes

Diagnosis:
Trip of Relay
malfunctioned

Correctness of status
is validated

Relay Trip

Diagnosis:
Relay failed to trip
ecause
its elements expected
to operate failed to
operate

Find diagnosis of its
elements which are
expected to operate but
failed to operate

Hypothesis:
Operation
of Element E
exsits

Fact:
Operation
of Element E
exsits?

Fact:
Operation of at lea:
one phase
exsits?

Symptom:
Element E should
have operated but not
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Diagnosis:
Operation of Element E
malfunctioned

Correctness of status
is validated

Operation of Element

Diagnosis:
Element E failed to
operate because
its phases expected to
operate failed to
operate

Find diagnosis of its
phases which are
expected to operate but
failed to operate

Hypothesis: Symptom: Fact:
Operation of Phase P Phase P should have Pickup of Phase P

No

Diagnosis:
Phase P failed to
operate because

exsits picked up but not exsits? Phase P failed to
pickup
Correctness of status Diaggosis;
> Operation of Phase P
is validated A
malfunctioned
Fact: Diagnosis:
Hypothesis: Fact: Symptom: A Supe-rvisiOn o No Phase P failed to pick
Pickup of Phase P Pickup of Phase P Phase P should have . up because current of
exsits exsits? picked up but not exsits? Phase P failed to be

Yes

supervised

Diagnosis:
Pickup of Phase P
malfunctioned

Correctness of status
is validated

v

Fact:
Current Supervision
of Phase P

lypothesis:

Current Supervision of
Phase P

exsits

Symptom:
Current of Phase P
should have been
supervised but not

Diagnosis:
Current Supervision
ofPhase P malfunctioned

Correctness of status
is validated

Operation of Phases of Element

Figure 3.30 Rules for validation and diagnosis of status of logic operands
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Fact:
Element E operates at time
ToP_Fact

Fact:
Element E picks up at time
TPKP_Fact

Hypothesis:

v

Operating time of Element E
is dToP_Hypo

‘ dTopP_Fact= TOP_Fact- TPKP_Fact

v

dT=|dTorP_Hypo-dTOP_Fact| ‘

dT=0? No
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Yes

Diagnosis:
Element E operates faster
than expected by dT but
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Correctness of operating
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Y
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than expected by dT but
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Diagnosis:

Element E operates faster

than expected by dT and
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Diagnosis:
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than expected by dT and
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Figure 3.31 Rules for evaluation of operating speed of protection elements

Hypothesis:
Relay is triped by
Element X

Symptom:
Relay should have
been tripped by
Element X but by
Element Y insdeed

No

Fact:
Relay is triped by
Element Y

Yes

Correctness of the
element tripping the relay
is validated

Fact:
Operation
of Element X
does not exist?

Diagnosis:

Relay should have been
tripped by Element X but
by Element Y insdeed
because Element X
operated slower than
Element Y did

v

Diagnosis:

Relay should have been
tripped by Element X by
by Element Y insdeed
because Element X failed
to operate

v

Find diagnosis
of Element X

Find diagnosis
of operate speed of
Element X and Element Y

Figure 3.32 Rules for validation and diagnosis of the element tripping the relay
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3.6 Conclusion

This section of the document described the functions of the integrated graphical user
interface supporting the substation data analysis and verification applications, as well as
functional requirements and implementation details of the three analysis and verification
applications.
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4. Testing

4.1 Summary of Demonstration Cases

In order to verify correctness of implemented algorithms and operation of the overall
software solution, several test cases have been implemented and tested. In below, brief
overview of the test cases is given. More details about each case can be found in the
Appendices section.

4.2 Data Simulation

In this project, ATP is used as a simulation tool. Data Simulation software module
utilizes ATP and provides all applications with transient analog and digital data. Its main
task is to create correct ATP simulations according to user-defined switching sequence
scenario, faults and circuit breaker failure possibilities.

4.2.1 Input Data Specification

Data simulation requires the following input data files:
e Substation data model — contained in an ATP format file (TEMPLATE.ATP)
e Topology and events — contained in an ASCII textual file, created by the GUI
application (INFO.TXT).

Substation data mode

In order to start the data simulation, first a substation data model compatible with the
ATP software requirements needs to be created using ATPs graphic tool ATPDraw.

The demonstration substation consists of three buses, three transmission lines, one
transformer, seven circuit breakers, fourteen disconnecting isolators, fifteen current
transformers, and six voltage transformers. Two voltage levels are involved: 220kV and
132kV. Figure below shows the one-line diagram of the demonstration substation, its
corresponding template ATP model and layout of devices.

The template ATP model was created using ATPDraw 3.5 to reflect the steady state
substation statuses (without faults or switching operations). Several custom group model
symbols are used to make the model more compact in appearance. These symbols and
their structures are shown in Table 4-2.
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Table 4-1 Overview of test scenarios

Scenario 1 Incorrect current measurement by multiple CTs mixed with incorrect
CB status reporting

The VSDB successfully detected and corrected CBO1A status random errors, detected
absolute error in CTO1A measured current and detected the absolute errors in CT05B,
CT06B measured currents

Scenario 2 Disconnecting the transformer for maintenance

CB04, CB05 and CB06 had to open to disconnect the transformer. Due to breaker
operation error, all breakers except CB06, have opened correctly. CB06 had a failure and
did not follow the operator command. The report identified CBO6 as a failed CB.

Scenario 3 Permanent fault with reclosing logic error

A permanent AB fault occurred on Line 1 and was successfully cleared by CBO01 and
CBO02. The reclosing relay reclosed the breakers but failed to reopen, because of a fault in
the reclosing logic. The verification report showed errors in the switching sequence.

Scenario 4 Incorrect setting of a phase distance element and slow opening of a
circuit breaker

A temporary fault occurred on Line 1. The fault was in Zone 2 of Relay DRO1. The Phase
Distance Zone 2 Element failed to pick up due to incorrect characteristic setting.
Consequently, the Phase I0C Element instead of Phase Distance Zone 2 Element
operated to make the relay trip. In addition, Circuit Breaker CB01 opened slower than
expected because of mechanical problems. DPRA application reported two errors and
identifies the reasons.

Scenario 5 Permanent fault with fault detection error of autoreclosing logic

A permanent fault occurred on Line 1. Relay DRO1 tripped Circuit Breakers CBO1 and
CBO02. Then the relay reclosed the two breakers but failed to reopen them, due to
incorrect fault detection function of the autoreclosing logic. DPRA application reported
the error and identified the reason
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Table 4-2 Custom ATP group models

Symbol Meaning Diagram

DELTAT

Circuit breaker

-lr—-c%:»—-

Disconnecting Isolator R RIE

l—-c-'j;\-:-—l

» & an'? bn'Y on'
Phase-to-Ground or
FLT Phase-to-Phase Fault ng

Topology and events

The topology and events descriptions are contained in file INFO.TXT created by user
interface application.

INFO.TXT consists of 5 sections:

e Topology and Switch Initial Statuses. This section defines name, type of each
device, its from/to nodes in the ATP model, initial status, corresponding current
transformers, backup circuit breakers, and failure possibilities.

e Fault Models. This section defines the times and types of fault occurrences and
value of fault resistances.

e Switching Sequences. This section contains the switching sequence of switches,
including their names and operation times.
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e Simulation Parameters. This section consists of several simulation parameters
needed for the ATP program and the PL4 to COMTRADE file conversion.

e DFR Configuration. This section points to another DFR configuration file which
defines the channel allocations of the virtual DFR device. A DFR file will be
simulated accordingly.

4.2.2 Output Data Specification

The output data of the Data Simulation software module are the analog and digital signals
measured by the current/voltage transformers and contact signal probes in the ATP
model. The output data file(s) can be in either PL4 format or COMTRADE format. These
output files are named using the IEEE File Naming Convention. An example of the
output file name is illustrated in Figure 4.2 below.

041023,002050000,+5D,WERC,CT03A,TAMU.dat

b v

date time time zone substation  device company

Figure 4.2 An example of a COMTRADE filename

The program is also capable of converting a single PL4 file into a group of COMTRADE
files, with each COMTRADE file reflecting a single measurement device. These
COMTRADE files are then assigned by the GUI to different devices for displaying
purposes.

4.2.3 DataFlow

Figure 4.3 shows the software structure of the Data Simulation software module. Data
simulation consists of following steps:

1. Before data simulation, two files need to be prepared — the Sequence/Topology
Information File, and the Template ATP File.

2. These two files are then passed to the ATP File Generator as input parameters to
create an ATP file that corresponds to a certain substation switching sequence.

3. The resulted ATP file can now be simulated using the ATP program.

4. The data simulation results are stored in a PL4 file, which is created by the ATP
program.

The PLA4 file can then be converted to a single pair of COMTRADE files (.CFG, .DAT)
or a group of COMTRADE files with each device having one pair of files.
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Figure 4.3 Data simulation software structure

4.3 Relay Model Description

A multifunctional digital relay model is developed to serve as the data source for the
DPRA application and other individual applications. Table below lists the main features
of the relay model.

Table 4-3 Main features of the relay model

Requirements Features

« analog filter
« A/D converter

Components « implementation of signal processing and protection
algorithms
e Up to 4 channels of node voltages inputs and 8
channels of branch currents inputs
up to 2 channels of breaker status contact inputs
Interface

« up to 2 channels of pilot signal inputs

« up to 6 channels of trip signal outputs

« up to 2 channels of pilot signal outputs

« phase distance

« ground distance

Protection Functions | « phase instantaneous over-current

« ground instantaneous over-current

« autoreclosing

« user-defined error insertion

« setting file reading

« generation of oscillography files, fault reports and
event reports

Others

The relay model is developed using MODELS language of ATP and C++ language,
based on the “compiled foreign model” mechanism of MODELS language of ATP. The
interface to power system network model, the analog signal filtering, and the A/D
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conversion is implemented in the MODELS section, while all other functions of the relay
model are implemented in the C++ “foreign model”.

Interface to the power system network model

The inputs from the power system network model are three phase voltages measured at
bus nodes, three phase currents measured through circuit breaker switches, and statuses
of circuit breaker switches. The outputs to the power system network model are control
variables of the control nodes of the circuit breaker switches. The names of these nodes
and switches are declared in the INPUT and OUTPUT directives of the MODELS
section. In the USE statement of the MODELS section, the inputs from and outputs to the
power system network model are referred by the generic relay model. In the USE
statement of the generic relay model, the inputs and outputs associated with a specific
relay location are further referred by a “foreign model”. In such a way, the interaction
between the power system network model and the relay model associated with a specific
location is realized.

Analog filtering

In the relay model, an analog second order Butterworth low-pass filter is employed. Such
a filter can be represented by the Z-plane digital transfer function. It is realized by the Z-
transform transfer function of MODELS language.

A/D conversion

The sample and hold circuit of A/D converters is realized by the TIMESTEP MIN: “time
step” directive in the USE statement of the relay model. This actually performs the
interpolation on the original simulation time-stamp at the rate of the specified time step.

Protection algorithms

All the protection algorithms are implemented in the C++ “foreign model”. Fourier
Transform is used to extract the fundamental frequency phasors for phase voltages and
currents, line voltages and currents, and zero sequence currents. The phasors of phase
currents and the phasors of zero sequence currents are used for comparison with the
pickup thresholds of the Phase IOC Element and the Ground IOC Element respectively.
The phasors for line voltages and currents are used to calculate the line impedances for
comparison with the MHO characteristic of the Phase Distance Elements. The phasors
for phase voltages and currents are used to calculate the phase impedances for
comparison with the quadrilateral characteristic of the Ground Distance Elements.
Timers are simulated to ensure the required time coordination between the pickup and
the operation of protection elements.

Relay file generation

In the relay model, the analog signals of input voltages and currents, and digital signals
representing current supervision, pickup and operation of protection elements are stored
in the arrays for oscillography use. The status changes of digital signals are detected and
used for event report generation. At the end of the simulation, the file 1/0 functions of
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C++ are employed to generate the event report and the oscillography files in
COMTRADE format.

4.4 Conclusions

In this chapter the testing of the Substation Automation software developed for the
project was discussed. The brief list of the demo cases was given in the beginning. The
description of data simulation procedure followed. The section ended with the description
of the implementation of the relay model in MODELS and C++ language, used in the
data simulation procedure.
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5. Conclusion

This report demonstrated how substation operation may be improved by the use of real-
time data recorded by substation IEDs. Several improvements are demonstrated as
follows:

e Measurement Redundancy. The substation Intelligent Electronic devices (IEDs)
quite often measure the same signals from the substation switchyard. If the signal
samples are collected in the substation database, one can then use the redundant
measurements to improve accuracy of the measured signals.

e Cause-Effect Relationship. Since several IEDs may be involved in tracking
substation operation, having data from different IEDs integrated, it is possible to
capture various stages of the operation. This enables one to establish a cause-effect
relationship in the changes of the measured signals. The ability to track cause-effect
relationships in a control sequence, such as clearing of a fault, enhances ability to
determine any problems or deviations from the expected.

e Time Series Analysis. Being able to track IED measurements for longer periods of
time and stored for future time series analysis allows implementation of function that
will be able to tell if performance of a given function or piece of equipment is
deteriorating. The ability to identify deteriorating performance and have a subsequent
maintenance or design action that will restore the required performance, provides an
improvement in the reliability of substation operation.

The implementation of various substation automation functions documented in this report

illustrates all the mentioned benefits and allows future implementations to take advantage
of the concepts and approaches discovered in the course of this study.
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Appendices

Appendix 1 Detailed Description of Demonstration Cases

Scenario 1 — Detection and correction of CB0O1A status random errors, detection of
absolute error in CTO1A measured current, detection of absolute errors in CTO05B,
CTO06B measured currents

Errors

Device Type

CBO1A Status measurement error
CTO1A Current measurement error
CTO05B Current measurement error
CT06B Current measurement error
Waveforms

Status and current measurement errors

CBOLA (Mag)
co oo
(2 Q]
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Reported output

3-8 CBO1A | Errors in status measurement
detected and corrected by
branch status check

3-8 CTO1A | Errors in current measurement
detected by double current
measurement check

10-15ms | CTO05B, | Errors in current measurement
CT06B | detected by KCL check

Waveforms

Corrected Breaker Status
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Scenario 2 Disconnecting the transformer for maintenance

In this scenario, CB04, CB05 and CB06 need to be open to disconnect the transformer. All
breakers, except CBO06, are opening correctly. CB06 has a failure and does not follow the
operator command. The verification report identifies CBO06 as a failed CB.

User defined switching events

Time[ms] Location Operation
100 CB04 open

110 CB05 open

120 CBO06 open
Errors

Device

CBO06 Breaker fails to open when a
tripping command is issued
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Reported output
Time[ms] Device  Description |
120 CB06 Fails to open

Scenario 3 Permanent fault with reclosing logic error

In this scenario, a permanent AB fault occurs on Line 1 and is successfully cleared by CB01
and CBO02. The reclosing relay recloses the breakers but fails to reopen them, because of a
fault in the reclosing logic. The verification report shows errors in the switching sequence.

Fault events

Time[ms] Type Location
50 AB LINE1
Errors

Device Type
DRO1 Reclosing logic error

Expected Protection Operation

Time[ms] Device Description

90 CBO01, | open
CB02

190 CBO01, | close
CB02

198 CBO01, | open
CB02

Reported output

Device | Description
CBO01, Fail to reopen
CB02

Scenario 4 Incorrect setting of a phase distance element and slow opening of a circuit
breaker

A temporary fault occurs on Line 1. The fault is in Zone 2 of Relay DRO1. The Phase
Distance Zone 2 Element fails to pick up due to incorrect characteristic setting.
Consequently, it is Phase 10C Element instead of Phase Distance Zone 2 Element that
operates to make the relay trip. In addition, Circuit Breaker CB01 opens slower than
expected because of mechanical problems. DPRA application reports the two errors and
identifies the reasons.
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Fault events

Time[ms] Type Location
50.0 BC L1 (Zone 2)
220.0 Cleared L1

Major relay settings

Elements Range (% of the line length ) Coordination Time Delay (Sec)
Zone 1l 75 0.008
Phase Distance Zone 2 150 0.05
Zone 3 230 1.0
Zone 1l 75 0.008
Ground Distance Zone 2 150 0.05
Zone 3 230 1.0
Phase 10C N/A 0.1
Ground I0C N/A 0.1
Autoreclosing N/A 0.1
Errors
Device Type
DRO1 Incorrect setting of Phase Distance Zone 2 Element which causes failure

of pickup of the element

CB01 Mechanical problem which causes slower opening of the circuit breaker

Expected Protection Operation

1) Events

Time[ms]  Device/Element Description

114.0 Phase Distance Zone 2 Element of | Operate
DRO1

114.0 DRO1 Trip

130.0 CBO01, CB02 Open

230.0 CBO01, CB02 Reclose

64



2) Event Report and Oscillography File
EL A [ [5[x]

EE R~ ?

vent Becor: B H ,+ % % 3 vt omtrade B s ,+ . & ¥ .l
Event Record File:  050515,005800000,4+5D, WERC.DRO1.TAMTevt © | Comtrade Fil 050515,005800000,+5D, WERC,DEO1, TAM.ofg &
Event Mumber  Event Time Event Cause nlnn n‘n? ' DI 4 ' 0‘21 ' nlgs ' n|35 “m;
1 0.056268 PHDIS Z1 SUPN BC i
2 0056268 PH DIS Z2 SUPN BC cBOL1A Wﬁ—%ﬁwﬂﬁ
3 0.056268 PHDIS 23 SUPN BC 05
20
4 0.056789 PHDIS Z1 SUPH CA _— 1 NAaana .
5 0.056789 PHDIS Z2 SUPN CA % | VAT
& 0.056789 PHDIS Z3 SUPN CA e AL
7 0.058873 PHIOC PEE B eBoLIE | Uﬂvf\vﬂvﬂvﬁ
3 0.058873 PHDIS Z1 SUPI AR 23
9 0.058873 PHDIS 22 SUPH AR e o8
10 0.058873 PHDIS 23 SUPN AR R
11 0.060557 PHIOC PKE C i 1*1
12 0.060957 PH DIS 23 PEP BC cBuLE | vﬂvﬂuﬂvf\vf‘ ;
13 0064083 PHDIS Z2 PEP BC RSN
14 0.068251 PHDIS Z1 PEPEC + MNA AR
CEO02-IC
15 0.073461 PHDIS Z1 DPO B g I FRVRVTAY
16 0.114099 PHDIS 22 OF BC |
17 0114099 CBO1 TRIP ALL PHDIS Z1 0P
18 0.114099 CBO2 TRIP ALL s | o
19 0.129729 CBO1 OPEN ALL |
20 0.129729 CBO2 OPEN ALL PHIOC 0P
21 0.140670 PHDIS 22 DPO B s | —
22 0.142754 PHIOC DPC B |
23 0143275 PH DIS 23 DPO BC CEOZ TRIE ALL
24 0.143796 PHIOC DPC C — —
25 0.229761 CBO1 ARC ALL |
26 0.229761 CBOZ ARC ALL CB02 OPEN ALL
27 0229761 CBO1 CLOSE ALL - | I —
28 0229761 CRO2 CLOSE ALL =
< > CEB02 ARC ALL | -

L = .
[ E Digital Pral

5 Start

Reported output

1) Events

Time[ms]  Device/Element Description
158.9 Phase 10C Element of DRO1 Operate
158.9 DRO1 Trip

174.5 CB02 Open
199.0 CB01 Open
274.6 CB02 Reclose
299.1 CB01 Reclose
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2) Event Report and Oscillography File
EE

EE R~ ?

Event Record File:  050515,010406000,+5D, WERC DROLTAMU.evt = | Comrade File: 030515,010406000,+5D, WERC DRO1, TAMU. cfg 5
Ewent Mumber  Ewvent Time Ewent Cause nlnn ‘ n‘n? ' nl + ' 0‘21 ' nlgs ' n|35 “ms‘
1 0.056268 PHDIS Z1 SUPN BC 0 M
0.056268 PHDIS Z2 SUPN BC CBOLTA la e h L n n f ——
3 0.056268 PHDIS 23 SUPN BC 07 Af Vv
4 0.056789 PHDIS 21 SUPH CA A iy
5 0.05678% PHDIS 72 SUEN C4 s R BT07;
6 0.056785 PHDIS Z3 SUPN CA o M
7 0.058573 PHIOCPEP B eRoLIE | NN Tl
8 0.058573 PHDIS Z1 SUPN AB +8 Al v
9 0.058873 PHDIS Z2 SUPN 4B 2 lom wa — st
10 0.058873 PHDIS 73 SUEN AB PR g [N 7 UV
11 0.060957 PHIOCPED C M
12 0.060957 PHDIS 23 PEP BC cBos e } Ayararavarayiy
13 0.068251 PHDIS Z1 PKPBC S v
14 0.073461 PHDIS Z1 DPO BC ¥ NAAAAARR
15 0.158905 PHIOC COP B G CATRVRVRTRVAY
16 0.152905 CBO1 TRIP ALL '
17 0.158905 CBO2 TRIP ALL mosao |
18 0.160989 PHIOC 0P C SREE |
19 0.174535 CBO2 OPEN ALL
20 0.199022 CBO1 OPEN ALL FHIOE 0P |
21 0.209442 PHIOCTPOE ke | —
22 0.209963 PHDIS Z3 DPO BC
23 0.210484 PHIOC DRO C o s |
24 0.274567 CBO2 ARC ALL e | —
25 0.274567 CB02 CLOSE ALL
26 0.299054 CBO1 ARC ALL o ovmis |
27 0.259054 CBO1 CLOSE ALL — —
3
< > CBOZ AR ALL | | — v

P ——

, o
iy Start rE Digital Protective Rel. ., BN T QJ.rﬁ 1:07 &M

3) Diagnosis Information

e Relay trip was issued by incorrect element
<- Relay trip should have been issued by PH DIS Z2 but it was issued by PH 10C
<- PH DIS Z2 BC failed to pick up
<- PH DIS Z2 pickup setting was not correct

e CBO01 opened slower than expected and out of tolerance
<-CBO01 had mechanical problem

e CBOLl interrupted currents slower than expected and out of tolerance
<-CBO01 had mechanical problem

Scenario 5 Permanent fault with fault detection error of autoreclosing logic

A permanent fault occurs on Line 1. Relay DRO1 trips Circuit Breakers CB01 and CBO2.
Then the relay recloses the two breakers but fails to reopen them, due to incorrect fault
detection function of the autoreclosing logic. DPRA application reports the error and
identifies the reason.
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Fault events
Time[ms] Type Location
50 AB L1 (Zone 1)

Major Relay Settings

Elements Range (% of the line length ) Coordination Time Delay (Sec)

Zonel 0.008
Phase Distance Zone 2 150 0.05
Zone 3 230 1.0
Zone 1 75 0.008
Ground Distance Zone 2 150 0.05
Zone 3 230 1.0
Phase 10C N/A 0.1
Ground 10C N/A 0.1
Autoreclosing N/A 0.1
Errors
Device Type
DRO1 Incorrect fault detection function of

autoreclosing logic

Expected Protection Operation

1) Events

Time[ms]  Device/Element Description

74.0 Phase Distance Zone 2 Element of | Operate
DRO1

74.0 DRO1 Trip

90.0 CBO01, CB02 Open

190.0 CB01, CB02 Reclose

198.0 CBO01, CB02 Reopen
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2) Event Report and Oscillography File

BEEE*~|7

EwentRecord File:  050515,012650000 450, WERC, DRO1,TAMU.evt | Corntrade File: 030515,012650000,+5D, WERC DRO1,TAMU.cfg _
Event Mumber  Event Time Event Cause uluu u‘us ' U' W ' u‘ 5 ' ulzu ulzs “m:

1 0.053663 PHDIS Z1 SUPN AB i) 1\1 ' ' ' '

0.053663 PHDIS Z2 SUEN AB CBILIA ’va\/\ 7

3 0.053663 PHDIS 23 SUPN AB 1

4 0.053663 PHDIS Z1 SUPH BC = M I

5 0.053663 PHDIS Z2 SUPN BC | VARV,

6 0.053663 PHDIS 23 SUPN BC o

7 0.059915 PHIOCPEP A eBnLIE | U(\U{\U{\V{\UA v

8 0.060436 PHDIS 23 PEP AB 04

) 0.060957 PHDIS Z1 SUPN CA | A M

10 0.060957 PHDIS Z2 SUPN CA MR o | TUV

11 0.060957 PHDIS Z3 SUBN CA i »\1

12 0.061478 PHIOCPEP B eBIE | ﬂvﬂ\/{\ v

13 0.051939 PHDIS Z2 PEP AB 4

orF

14 0.066167 PEDIS Z1 PKP AR . 1A A A sn M

15 0.073982 PHDIS Z1 OP AB I V2 T A

16 0.073982 CBO1TRIP ALL |

17 0.073982 CBO2 TRIP ALL PiLDIS 21 0 —"

18 0.089612 CBO01 OPEN ALL sisats |

19 0.089612 CE02 OPEN ALL |

20 0.032217 PHDIS 21 DPO AR FHIOC 0

21 0.034822 PHDIS Z2 DPO AB Sl | —

2z 0.097427 PHIOCDPO B |

23 0.037948 PHDIS Z3 DPO AB CB02 TRTF AL —

24 0.038930 PHIOCDPO A —__——_ i ]

25 0.189644 CBO01 ARC ALL . |

26 0.189644 CBO02 ARC ALL £D02 OPE AL I LI

27 0.189644 CBO1CLOSE ALL R e

28 0.189644 CB02 CLOSE ALL ®
e > CBO2 ARC ALL | P

i Start ¢ E Digital Pra

Reported output

1) Events
Time[ms] Device/Element Description
74.0 Phase Distance Zone 1 Element of | Operate
DRO1
74.0 DRO1 Trip
89.6 CBO01, CB02 Open
189.6 CB01, CB02 Reclose
190.6 CB01, CB02 Resume currents
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2) Event Report and Oscillography File

- [=[x]

BEE & ¢~ ¢

Event Record File:  050515,013146000,+5D, WERC DRO1LTAMU evt © | Comirade File: 050515,013146000,+5D, WERC,DRO1 TAWU cfir 2
Ewent Mumber  Event Time Event Cause UIDU 0‘05 4 UI i ‘ 0‘ T 4 Ulzo 0|25 “m;
1 0.053663 PHDIS Z1 SUPN 4B 19 A1 } ' ) 3
0.053663 PEDIS 22 SUPN A3 CBOLIA r *’va\/\ \f\vﬂvf\u
3 0.053663 PHDIS Z3 SUPN AB I
2.2
4 0.053663 PEDIS Z1 SUPN BC ki 1 Al A AR
5 0.053663 PHDIS Z2 SUPN BC 22 | AT TR
6 0053663 PHDIS 73 SUPH BC o B
7 0.059915 PEIOCDEP A — }(\U{\UAUAU{\\/A wﬁvﬂvﬁv
g 0.060436 PHDIS Z3 PEP AR o
] 0.060957 PEDIS Z1 SUPN CA i | A I8
10 0.060557 PHDIS Z2 SUPN CA a5 | E RN Y
11 0060957 PHIDIS 73 SUPN CA i A1
12 0.061472 PEIOCTEP B " | ﬂ\/ﬂ\/{\ vﬂvﬂuﬂu
13 0061599 PHDIS Z2 PEP AR A
14 0.066167 PEDIS Z1 PEP 4B . TR R R A R Moo
15 0.073982 PHDIS Z1 OF AR 7R TR VW
16 0073982 CRO1 TRIP ATL |
17 0073982 CROZ TRIP ALL PHDIS 2107 —
18 0.089612 CRO1 OPEN ALL cmeeses |
1% 0.089612 CB02 OPEN ALL |
20 0.092217 PEDIS Z1 DPO AB BRIOC 07
21 0.094822 PHDIS Z2 DPO AB s gt | —
22 0097427 PHIOC DPO B |
23 0.097948 PHDIS 23 DPO AB CB0J TRIP AL —1
24 0.098530 PEIOC DPO 4 ——— e —
25 0.189644 CBO1 ARC ALL |
26 0.189644 CRO2 ARC ATL ©B02 OPEN ALL
27 0189644 CBO1 CLOSE ATL N eeorsme e | f————
28 0.185644 CB02 CLOSE ALL v -
P2 | 3| |vEo2aRCALL | v

[ — -
s Start B3 bigital pre

3) Diagnosis Information
e CBOL1 failed to reopen after reclosing onto fault
<- fault detection function of autoreclosing logic was not correct

e CBO2 failed to reopen after reclosing onto fault
<- fault detection function of autoreclosing logic was not correct
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