Islamic Republic of Pakistan

The Project for Enhancing Grid System Operation
and Maintenance Capacities through Strengthening
National Transmission and Despatch Company

TSG Training Center

Completion Report

December 2023

Japan International Cooperation Agency (JICA)
Asia Engineering Consultant Co., Ltd.

M

JR

23-155







Chapter 1.
1.1.
1.2.

1.2.1.

1.2.2.

Chapter 2.
2.1.

2.1.1.

Chapter 3.
3.1

3.1.1.
3.1.2.
3.1.3.

3.2.

3.2.1.
3.2.2.
3.23.

3.24.

3.2.5.
3.2.6.

Chapter 4.
Chapter 5.

Table of Contents

Project Overview (background, history and 0bjectives) .........cceeveeviierieereeneenveenneenn,
Project Background and CONEXL ........cuevverierieiivieiieereeieesreesieesaesreseresneeseesseesseens
PrOJECt ODJECHIVES ..vvevieeieeiieeiieieeieeieeieesieesteestaesereseteesseesbeessaessaesssesssesnseenseensaesseens
Support for On-Site Technical Support for Power Transmission and Distribution
FACIIITIES ..ottt ettt ettt ettt e bt e s st e snteenteenseenseenseens
Technical Assistance to Prevent Recurrence of Major Blackout Incident...................
Issues and Management in Project Implementation...........ccccceeveveeveeviienieeneeseenneene.
Establishment of the JCC......cooiiiiiiie e
Establishment of Working Groups (WGs) and Roles of WGS .......cccovvevverienirnnnnnne,
ALCEIVITIES .eiiieeieeit ettt ettt ettt ettt et e et e st e et e et e b e s aeesateenteenbeebeesseesatesnteeareenne
Holding 0f the JCC .....ooiiiiiieee ettt st ae e
It JCC 8 December 2021 ......couieiieiieiieiieeie ettt ettt sttt
20nd JCC 16 NOVEMDET 2022 ......ooiuiiieiieiieie ettt sse e e
3rd JCC 19 JULy 2023 ...ttt ne e
Activities of each Working Group........cccccveveveriirriiieiieereeieeseesieesee e sresseeseesseeseeens
[WG1] Grid Diagram Preparation...........cceecueeceeneenienienieeieesieeieesieesieesee e eeeeneeens
[WG2] GSO Operation Training .........cceecveeruierieenienieseeeieeieeseeeieesseesieesneeeeeeseenseens
[WG3] Training for Protection Relay Operation, and Analysis of Black-Out and
Recommendation for COUNLETMEASUIES .........cccueruieierereieierieeeeiesee e see e e seeeneeeens
[WG2/3] Human resource development plan and Training evaluation system in
NTDC/TSG ettt et b ettt s b et e st sb et sttt e b bt e e nee 3
Planning and Implementation of Training in Japan..........cccceeeeereerienieerieeneeneeneens 3
Cooperation with Domestic SUDCONIACLOTS.........ccueirieriirriieieeriieiie st 3
Achievement of Project ObJECtiVES.....cuiiiuiiiiiieriiecieeeiee e erreeeiee e veeeeveesevee e

Achievement of High-level ODJECtiVES ......c.eevviiviierierieieriecie e



Appendix 1.
Appendix 2.
Appendix 2.1.
Appendix 2.2.
Appendix 2.3.
Appendix 3.
Appendix 4.
Appendix 5.
Appendix 6.
Appendix 7.

Appendices

GSO Simulator Training SCENATIOS ......ccvveruierierireieeieerieerteesteesteeeeeeeeeeeeeeeeeneeas Al-1
Protection Relay Training Handouts ...........ccooccvieeeiiiniiiiiieceeeiee e A2-1
WG3_Current_Diff Protection (Transmission Line).........cccoevvevvervenvencreaneenneennen. A2-1
WG3_Distance Protection (Transmission Line) .........cccevevevveecieerieeneereenvennenns A2-30
WG3 System_Integration Protection (2022-12-5) ....ccovviieeiieriieeiieeieeeiee e A2-88
Introduction of Power System Analysis (XTAP) ...c.ccovvevieviienienieciecieeecveereen A3-1
Training and Evaluation System for Power System Engineers in Japan.................. A4-1
Ist to 10th Travel REPOTLS ....cc.eeviieiiiiieieeece et A5-1
List of Interviewed Persons..........occceiieiiiiieiiiiiee et A6-1

PROtO Gallery....c.viiiieiiiciiecieeie ettt ettt st e e b e esb e e b e e sraessaessnenens A7-1



List of Figures and Tables

Fig 2.1 Organisation 0f WOrKing GIOUPS. .......coeeeerieriirieninieniisieetente sttt sttt sttt 2-2
Fig 3.1 Final version of the new grid system diagram (as of May 2022) ........ccccceeevveerirencreeenveennne 3-4
Fig 3.2 The new system diagram on the simulator diSplay...........ccceevvieeciiieriieeiieeieeeiee e 3-5
Fig 3.3 Procedure for modification of line impedance ...........cccoecvvevieerienienie e 3-9
Fig3.4  Connection between Protection Relay Simulator and relay terminal (7SD5).........ccc.e....... 3-10
Fig 3.5 Operation display of Protection Relay Simulator (SOTF case) ........ccoecvevvevvencvencienienienns 3-12
Fig3.6  Countermeasures against switch-onto-fault ...........ccccoevieiiiiiiniiniin e, 3-14
Fig 3.7 Fault current of simulation at 220k Vbusbar three phase fault...........c.ccocoeevvieiciiiiiienne, 3-17
Fig 3.11  The introduction of the skills certification SYStem ..........cccccueevviercrieerieeeiie e eeree e 3-19
Fig 3.12  Training schemes for engineers in Japan (system operation and facility planning divisions).
.......................................................................................................................................... 3-21
Table 3.1 PC simulators delivered Place .........cccvevverierieriiiiieie ettt enseesee 3-6
Table 3.2 Additional dElIVETY......c.coiiiriiiii ettt ettt et st e st e et eeneeeneeenaeen 3-6
Table 3.3 Effect of increasing cases using the multi-phase auto-reclosing.........cccceevveevvieeceeecveennen. 3-13
Table 3.4 the track record of multi-phase auto-reclosing compared to single-phase auto-reclosing ..3-14
Table 3.5 Calculation example for shortening operation time of backup protection ..............ce.e.e.... 3-15
Table 3.6 Current status and issues related to the proposed introduction of a skills certification system
and human resources development SIrAteEY .........ceecververierierieriieieerieereeseeseeereeeeenns 3-20
Table 3.7 Examples of evaluation and skills certification systems for simulator training in Japan....3-21
Table 3.8 Common training structures with clear objectives ..........ccocvveviiircii e, 3-22
Table 3.9 Example evaluation table for recovery response, time management and personal behavior
SEALULS ..ttt ettt ettt et h e bt s a e et e bt e b e b et e a et e et et e e bt e shee et sate e 3-23
Table 3.10 Training SChedule i JAPAN .......c.eccvieiieriieiieieeeeeere et e e s beebeebeesseesseesnnes 3-24
Table 5.1  Project INAICALOTS .......eeruieriierieiieeie et et eteeste e sereesbeesseessaesseesssessseesseesseesseesssesssessseeseensanns 5-1



Abbreviations List

Abbreviation Name Remarks

19T Single Phase Trip

2f Secondary Harmonics

20T Double Phase Trip

39T Three Phase Trip

AC Alternative Current

ARC Auto-Reclosing

CB Circuit Breaker

CBF Circuit Breaker Failure

CT Current Transformer

DC Direct Current

DMD Deputy Managing Director

EAD Economic Affair Division

FT Final Trip

GM General Manager

GSO Grid Station Operation

HOC High-set Overcurrent For Differentiall relay  of
transformer protection

HVDC High Voltage Direct Current

JCC Joint Coordination Committee

JICA Japan International Cooperation Agency

MD Managing Director

NPCC National Power Control Center

NTDC National Transmission and Despatch Company

oC Overcurrent

OFR Over Frequency Relay

oJT On the Job Training

OPGW Optical fiber in Ground Wire

P&C Protection & Control

PDM Project Design Matrix

PSS Power System Stabilizer For Generator control

RTDS Real Time Digital Simulator

SCADA Supervisory Control and Data Acquisition

SIPS System Integration Protection Scheme

SOP Standard Operating Procedure

SOTF Switch Onto Fault

SP Solar Power

TOT Training of Trainers

TSG Technical Service Group

UFR Under Frequency Relay

WG Working Group

WP Wind Power

72 Zone 2 For Distance protection




ol T T T
v, 700 N osm

/T AJ!KISTAN :""""",;'E ,g}ggmgﬂwﬂmduam n

PAKISTAN . AT S

380, ~ \ G Tren e "/ (i _\,_;uyuumm

!,Jhang Sadr/ '%“\

7 ke
N

- “BALOCHISTAN.

J /
REPUBLIC OF ire , Khyzdar )/ ..‘?f‘- ~gShikarpur ?’ p
{ . ) \ %5 Sukkur
i L g f A i R rh
IRAN\\M& _’}\ 0. % = : ~—~{ ] ¥ i v Age
OB \ A

2401 L 4
— 3
|| [ N 1 A {
| f @&  National capital i

|| ‘ g { T AOacehadl - @ Provincial capital
| A!R ABIAN y s 4 W . BY <. o] Town, village o
: [ | X N 4 4+ Airports 71

R r——— L International boundary
.] | Provincial boundary A
620 64 Main road \
II] 5|ﬂ 100 150 2EI:I 250 300 km N o > Guf[o,l' S@mw road =
T T T T 1 Diu !ﬂrambhm #++—+——++ Railroad
0 50 100 150 200mi A 2
1 I ( | 1
Pakistan Map (This map has been modified from a United Nations-created map)
Disclaimer:

The notations on this map are for illustrative purposes only, and do not represent JICA's views on the

legal status, boundaries and delimitations, as well as geographical names of any country or region.




Chapter 1 Project Overview

background, history and objectives






Chapter 1.  Project Overview (background, history and objectives)

1.1. Project Background and Context

Pakistan continued to experience a serious shortage of electricity supply capacity. However, efforts
to ensure a stable power supply based on the National Power Policy 2013 have helped to resolve the
electricity supply shortage in recent years, and as of 2018, the system had a supply capacity of 27,715 MW,
compared to a maximum demand of 26,700 MW. Moreover, the project was designed to ensure sufficient
reserve capacity and to develop distribution facilities to meet this reserve capacity from 2019 onwards. The
supply capacity with sufficient reserve capacity and the corresponding distribution facilities have been
developed.

However, with such an increase in the size and complexity of the electricity system, there is an urgent
need to strengthen the basic operational skills of operation and maintenance engineers, especially those
involved in the transmission and substation facilities of the distribution system.

Under these circumstances, in order to strengthen the training department of the National
Transmission and Despatch Company (NTDC), which is responsible for the transmission and distribution
business in Pakistan, the Government of Japan, at the request of the Government of Pakistan, is providing
paid account technical assistance under the "The Project for Improvement of Training Capacity on Grid
System Operations and Maintenance" (2011-2014) and the grant assistance "The Project for Strengthening
Training Center on Grid System Operations and Maintenance" (2016-2018) From this assistance, basic
operational capacity has been improved through the effects of simulator training and other training
programs.

In the course of this process, on the other hand, a lack of competence in operational work in the event
of faults and disturbances in transmission and distribution facilities or power system incidents has been
observed. In order to maintain and improve the capacity for more advanced operation and maintenance
work, this project provided practical training support for the operation of substation monitoring and control
systems and emergency operations in the event of power system faults, as well as support for the
improvement of technical skills such as basic analysis of system faults and calculation skills for setting
protection relays. In the course of carrying out these tasks, it was conducted a new investigation into the
causes of the faults, prevention of recurrence and recommendations for measures and early restoration
against the blackout that occurred throughout Pakistan in January 2021. The study revealed that the power
system in Pakistan was prone to slight disturbances that immediately spread to widespread power outages,
and that the situation was likely to become more serious in the future. For this reason, in making
recommendations, it has been tried to convey the importance of the particularly sensitive nature of the
power system, as clearly shown by the recent fault, as well as the various measures that need to be taken.
However, it is strongly desirable to improve the basic capabilities for stabilizing power systems and
ensuring security, since the maintenance and improvement of technology for individual state-of-the-art
power facilities and equipment has taken precedence, while analysis and response technology for the
dynamic behavior of the entire power system is still in its infancy, and there is a lack of on-the-job training
for engineers due to inadequate automatic recording of disturbances to the system.

1.2. Project Objectives
1.2.1. Support for On-Site Technical Support for Power Transmission and Distribution Facilities

Following on from the support for the maintenance and improvement of practical skills in the
operation and maintenance of power transmission and distribution facilities up to 2018, the project provided
support in response to increasingly sophisticated on-the-job work, with the aim of strengthening the
development of grid station operation (GSO) simulator functions, strengthening the training system for
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their use and implementing training, and strengthening the training function of the system protection relay
operation simulator, which enables modelling of the behavior of power systems. Through this support, the
project mainly aimed to improve substation staff's know-how on preventing operational errors and their
ability to respond and react quickly in the event of system and facility abnormalities, as well as to improve
the quality of power system data preparation methods and system understanding among control center staff
and basic command operations in the event of a system fault.

1.2.2. Technical Assistance to Prevent Recurrence of Major Blackout Incident

In response to a request to investigate the cause of the 9 January 2021 national blackout incident and
to provide recommendations for the prevention of recurrence, the basis was the collection of information
on the power system immediately prior to the fault and all fault information, including the operational status
of the power plant and transmission and substation equipment involved in the fault and the operation of the
grid control system. Although the necessary information was extremely limited compared to the Japanese
case, the fault spread over a wide area in seconds was clarified and the cause of the fault spread was
determined by using an excessive stability analysis calculation that reproduced the system disturbance after
the fault. In addition, the various forms of disturbances that can spread over a wide area, such as those
caused by phase faults in the recent operational state of the grid, were clarified and used as the basis for
measures to prevent the recurrence of widespread major power outages. The study has shown that the
NTDC power system has an inevitable tendency for short duration ground faults to spread to all system
disturbances due to the constant northward power flow from the south coast of low-cost coal-fired and
nuclear power in Pakistan, and that this tendency will become more pronounced with the increase in demand
in the near and medium future term. On the other hand, the main protection relay for long-distance
transmission lines, which prevents the spread of system disturbances, has an inadequate fault clearing time
of 0.1 s (0.05 s in Japan) for the elimination of faults on transmission lines, and the transmission line fast
reclosing function immediately after tripped is also inadequate in the old system. In addition, the system
stabilization and protection relay system, which prevents and limits the spread of system disturbances, is
limited to a few system separation function systems and is almost functionally inadequate.

In consideration of this situation, it has been proposed to promote an understanding of the grid
structure as a factor in the spread of faults, and recommendations have been made on the necessary
measures for the preparation of protection relays as numerical type and grid stabilizing relay systems.

In addition, it is extremely important to ensure the proper operation of the under-frequency relay
(UFR), which is used for emergency demand suppression in order to recover within a few seconds from a
large frequency drop caused by a sudden shortage of supply power in the event of a fault like split the grid.
For this UFR operational measure, a frequency analysis method that takes into account the system
characteristics and the precise setting of the operating function were also recommended. However, there
have been frequent cases where NTDCs and power supply plants of other companies have been
disconnected from the UFR during its frequency recovery control to protect power supply equipment,
leading to major blackouts with no effect on the UFR control, and the progress of mutual coordination
measures between the companies remains difficult.

In order to accurately assess the need for the various grid protection relay measures and grid
stabilization measures mentioned above, and to formulate concrete plans and promote their smooth
implementation, there is an urgent need to analyze various power system disturbance phenomena and to
raise and disseminate power system technology to identify grid protection control measures that can prevent
fault spill-over. Therefore, above all, it is considered necessary to promote the acquisition of system analysis
technology and to support the development of advanced system protection and control technology by
utilizing this technology.

In the event of a blackout, all power plants must be shut down and power distribution facilities must
be restored to a state of no-voltage as soon as possible. When restoring all such blackout facilities, an
important first step is the smooth initial transmission of power via transmission lines from distant
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hydroelectric power sources to quickly start up supply power. However, abnormal phenomena often occur
at transmission lines energization in this first step. The restoration procedure requires sophisticated power
supply command operations to avoid abnormal phenomena, and including securing power supply for
thermal power supply start-up as the second step, and restoring each power plant supply capacity and
balancing local demand supply as the third step. The blackout in January 2021 took 22 hours to restore,
and detailed support was provided for the blackout early restoration operation method and their operation
rules, which was based on the Japanese established method including the wide-area blackout early
restoration measures established from the perspective of absolute avoidance of long-term blackouts in
critical areas including the city centers of Japan’s utilities. The support was also provided in detail, including
practical improvements such as periodic simulator training. In order to maintain the effectiveness of the
support, it will be necessary to strengthen and improve the communication channels between dispatch
control centers and between dispatch control centers and gid stations, as well as to support techniques for
analyzing abnormal transmission line phenomena during restoration.
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Chapter 2. Issues and Management in Project Implementation

2.1. Establishment of the JCC

The project was implemented by holding a kick-off meeting on 11 June 2021 with the participation
of relevant stakeholders and selecting the members of the Joint Coordination Committee (JCC) to be held
approximately once every six months for decision-making and coordination with relevant organizations.
The NTDC agreed to proceed with the participation of the following members.

At the kick-off meeting, the Japanese project team proposed the clarification of the major power
outage that occurred across Pakistan in January 2021 and support for countermeasures. After reviewing the
proposal, the NTDC agreed to proceed with the technical assistance as part of the project.

Pakistan side ® Joint Secretary NTDC, Ministry of Energy (Power Division)

Joint Secretary EAD, Ministry of Finance Revenue and Economics
Affairs

Managing Director, NTDC

General Manager, TSG NTDC (Project Director)

Chief Engineer, TSG North (Project Manager)

General Manager, Asset Management/GSO North NTDC
General Manager, Power System Planning NTDC
General Manager, HVDC NTDC

Japan side JICA Headquarters (Energy and Mining Group, Infrastructure

Management Department)

JICA Pakistan Office

Project Team (Consultant)

2.1.1. Establishment of Working Groups (WGs) and Roles of WGs

Together with the JCC, the members of the Working Group ("WG'), which is to be established as the
implementation structure of the Project, were discussed with the NTDC and selected as shown in Fig. 2.1
below. In order to smoothly implement the Project, three WGs were formed with NTDC and Japanese
experts, such as improving the training capacity and training functions of TSGs for operation and
maintenance of transmission and substation facilities, proposing a framework (strategy, system, budget,
etc.) for human resource development at NTDC, and preparing various manuals on practical operation of
GSOs and protective relays. Organized WGs were as follows;

WGT1: System Design

WG2: GSO Simulator Training/ Human Resource Development

WG3: Protection Relay Training/ Human Resource Development
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WG Member

Froject Director
General Manager, TSG NTDC
[(Muhammad Mustafa)

Project Managor
Chief Engineet, TSG NTDC, Lahore
[(Muhammad Efpz Khanl

SO Sritan Ceslan Geep Human Resource Development Human Resource Development
Pakistan Side Pakistan Side Paldstan Side
Group Chief Group Chie? Group Chief
GM,TSG NTDC GM, TSGNTDC GM, TSGNTDC
[Muhammad Mustata) (Muhammad Mustafa) (Muhammad Mustata)
Member 1 Member 1 Member 1

CE. TSG NTDC (North)
(Muhammad Ejaz Khan]

CE. TSG NTDC (Nerth)
[Muhammad Ejaz Khan)

CE. TSG NTDC (Neeth)
(Muhammad Ejaz Khan)

Member 2 Member 2 Momber 2
CE. Planning Dep. NTDC Manager (RAT) TSC NTDC (North) ADDL CE. System Protection
[Shahida Wazir] [Tarig Mahmood) (Taql ud Din)
(Member 3 Member 3 Member 3

CE. GSO/AM, NTDC(North)
(Muhammad Mystata)

DM (HRAA) o/o GM TSG NTDC
[iichar Ahmed)

Manager (PAM) TSG (North)
[Sarmad Taria)

Member 4
Oty Marvagtr C oogur me Accowmm N10C
(Tashbih-Uk-Hassan Syed)

Japan Side | Japen Ske Japan Side
Project Chief
System Operation
[Kazuyoihi YOSHIDA]
Local Coordination
PC type Simulator Tralning
[Mirza M Akzam)
Group Chief Group Chist Group Chist
System Dezign GSO Simulator Training Protection Relay Simulator Tralning
[Motomary NAKAZAWA) (Noboru NAKAMURA ) [Atzushi TAKEUCH]
Member 1 Member 1 Member 1
P -
G50 Simulator Training System Design rewention W Black cut (System

[Noboru NAKAMURA]

[Metoman NAKAZAWA]

Fouk Analysis)
[Yoshifumi Oura)

Member 2
Human Rescurce Development/
Training Evaluation System
[Suzuka KAWASAKI]

Member 2
Human Resource Development/
Teaining Evalu stion System
[Suzuka KAWASAKL

Fig 2.1 Organization of Working Groups
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Chapter 3.  Activities

3.1. Holding of the JCC

In order to facilitate the project, a JCC (Joint Coordination Committee) was held once every six
months to report on the activities of each WG and to review the progress of the project. The JCC was held
three times during the project period. The contents of each JCC session were as follows.

3.1.1. 1st JCC 8 December 2021
(1) Agenda.
1)  About the New System Diagram

It was decided to reflect the £660 kV HVDC, CASA1000, AC500 kV, AC765 kV, WP, SP system in
the new system diagram, and the first draft was presented for discussion. It was decided to continue the
study in WGL.

2)  Provision of PC Version Simulator

As the GSO simulator installed at the TSG alone limits the number of personnel who can participate
in the training, it was decided to provide 22 PC version simulators with the same functions as the GSO
simulator installed at the TSG at the main substations. Two of these simulators were to be used by the

consultants to prepare simulation cases and procedures, and were to be handed over to the NTDC at the end
of the project.

3)  Counter Measure for Blackout
It was decided to investigate the causes of the Blackout that occurred in January 2021 and blacked
out the entire country of Pakistan, and to study measures to prevent a recurrence. In the course of the study,

it was requested the submission of recorded data on relay operation, circuit breaker operation and UFR
settings at each power station.

In addition, technical training using the X-TAP software developed by the Central Research Institute
of Electric Power Industry in Japan was proposed as a technology for analyzing the excessive stability of
power systems, which was accepted.

The need to prepare a procedure document on how to re-energize power from blackout was explained
and discussed by the NPCC.
3.1.2. 2nd JCC 16 November 2022
(1) Agenda
1)  New system diagram

The results of the WG1 study of the system diagram, which included all 660 kV HVDC, CASA 1000,
AC500 kV, AC765 kV, WP, SP requested by the NTDC, were explained and agreed upon.

It was decided to reflect this system diagram in the GSO simulator installed by the TSG and the PC
version of the simulator.
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2)  Human resource development using the GSO simulator

The following items to be introduced in Japan were explained and its introduction at the NTDC was
strongly recommended.

- Utilization of the GSO simulator to improve the skills of substation and control centers staffs in
normal operation, isolation of fault points and restoration operation at the time of a fault, and to
increase their motivation in Japan.

- The outline of the skills certification system implemented by the Japanese Electric Power Company,
which has proven effective.

3)  Blackout analysis and recommendations on measures to prevent recurrence

The results of the power system analysis of the blackout that occurred in January 2021 were explained
and the following nine items were recommended for improvement.

(1)
(i)
(ii1)
(iv)
V)
(vi)

(vii)

(viii)

(ix)

Application of digital current-differential relay as main protection relay for transmission line
Shortened operating time by digitizing backup protection relays

Application of voltage phase comparison method as out of step separation relay
Maintenance of fault-extension-prevention relays

Arrangements with UFR and OFR generators

Preliminary system analysis at test power transmission and review and maintenance of operation
manual at test power transmission

Maintenance of recording equipment

Accelerate recovery by developing OPGW and introducing SCADA at local power supply
stations

Maintenance of interlock

The results of this analysis and recommendations for measures to prevent recurrence are to be
discussed within the NTDC and with the relevant departments.

3.1.3. 3rd JCC 19 July 2023

(1) Agenda

1)  New System Diagram Trainings 200 case scenario prepared

It was reported that 200 case scenarios for operational training with the new system diagram had
been organized and prepared for beginners, intermediate and advanced users, which was approved.

2)  PC Version Simulator

It was reported that 10 additional PC simulators requested by the NTDC had been handed over.
With this provision, the PCs could be distributed to all 220 kV and 500 kV substations of the NTDC.
MD was instructed to report regularly on the status of training at each substation.
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3)  Counter measures for Blackout

The following countermeasures to prevent recurrence of blackouts, which should be implemented
without incurring too much cost, were proposed.

(1) Installation of recording equipment and preservation of records
(i1) Centralized management of protection relay settings

Setting coordination between hydropower plants, thermal power plants and power system
protection relays
(iii)  improved protection relay system

Main protection relay; Current Differential Relay system
Back up relay; Review of timer settings to be shortened
Introduction of power system stabilization relay system
(iv)  Voltage/reactive power control VQC (Voltage and reactive power Control) System

) Clarification of procedures for recovering from blackout

(vi)  Black -start over voltage (Prior power system analysis)

4)  TOT Japan

It was agreed to organize training in Japan in May and September 2023, including visits to control
centers, substations, technical training centers and Japanese electrical equipment manufacturers in order to
raise awareness of the human resource development and equipment upgrades that the NTDC should aim
for in the future in order to enhance the effectiveness of the project.

5)  Next project

The NTDC informed the participants that Pakistan was a large country and that the current TSG
alone was not sufficient to provide training for human resource development. Therefore, a request was
made to set up another TSG in the premises of the Jamshoro Substation in the southern region, which would
be discussed within JICA.

The consultant recommended that there was an urgent need to train personnel who could analyze the
power system stability and transient phenomena so that the NTDC could accurately perform power system
operations in order to prevent the recurrence of blackouts.

3.2. Activities of each Working Group
3.2.1. [WGI1] Grid Diagram Preparation

With regard to the new system diagrams (765 kV/500 kV systems, £660 kV HVDC systems and
renewable energy systems) to be introduced into the GSO operational training simulator and PC version of
the simulator, the system configuration was finalized in February 2022 and the transmission line color
scheme and substation and transmission line names were finalized in May 2022. Development work on the
updated software, including improvements to the analytical calculation convergence of the simulations, was
completed.
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New System Diagram ( 17-05-2022 FINAL)

WIND POWER HUBCD P

Fig 3.1 Final version of the new grid system diagram (as of May 2022)

In December 2022, the installation of the updated software on the TSG's GSO operational training
simulator was carried out, accompanied by an engineer from the development manufacturer, and the
software was inspected and confirmed to work with the NTDC/TSG.

After the said installation work, a software transfer ceremony was held, attended by NTDC
executives and other relevant personnel from various departments, where the new system diagram was
mutually confirmed.

During the seventh visit to NTDC in June 2023, the new system diagram and 200 training scenario
cases based on the new system diagram were installed in the GSO simulator and their operation was checked.

In addition, in July 2023, the installation of the new system diagram on the PC version of the
simulator was conducted with trainers (including one female trainer) from 20 locations that had already
been distributed and 10 newly distributed locations, as well as simulation training on the new system
diagram.

Furthermore, the 200-case training scenarios on the new system diagram and the procedure manual
on how to implement them were explained and the actual procedure manual was circulated.
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Fig 3.2 The new system diagram on the simulator display

3.2.2. [WG2] GSO Operation Training
(1)  GSO simulator training scenario case development

For the GSO simulator, 200 scenario cases were created for each of the new and old system diagrams,
so that substation personnel can safely and without error operate the equipment during normal and fault
conditions.

The scenarios were compiled into three levels - normal operation, single fault operation and complex
fault operation - to enable step-by-step training of beginners, intermediate and advanced operators, in order
to encourage NTDCs to introduce the skill certification system implemented by the Japanese utility
company.

(2) PC simulator distribution
Pakistan is a large country, and a single TSG training center is not sufficient to provide adequate

training. In response to particular requests, PC simulators were distributed to major 220kV and 500kV
substations. Thirty-two units were distributed as shown in Table 3.1and Table 3.2 below.



Table 3.1 PC simulators delivered place

No. Facility Location name Delivery date
1 500kV Grid Station Sheikh Muhammadi Peshawar 17" Jan., 2022
2 500kV Grid Station Rawat
3 500kV Grid Station Gatti Faisalabad
4 500kV Grid Station Sheikhupura
5 500kV Grid Station Multan
6 500kV Grid Station Rahimyar Khan
7 500kV Grid Station Guddu
8 500kV Grid Station Shikapur
9 500kV Grid Station Jamshoro
10 | 500kV Grid Station Dera Ismail Khan
11 220kV Grid Station WAPDA Town Lahore
12 | 220kV Grid Station Ludewala Sarghoda
13 | 220kV Grid Station Burhan
14 | 220kV Grid Station Quetta Industrial
15 | 220kV Grid Station TM Khan Rd Hyderabad
16 | 220kV Grid Station Jamali
17 | TSG(North) Training Centre Lahore
18 | TSG(South) Training Centre Hyderabad
19 | TSG Training Centre Tarbela
20 | NPCC Power control Centre Islamabad
21 | TSG(North) Training Centre Lahore 27" Oct., 2023
22 | NTDC Planning Division WAPDA House Lahore
Table 3.2 Additional delivery
No. Facility Location name Delivery date
23 | TSG Training Centre Gatti Faisalabad 20™ July, 2023
24 | 500kV Grid Station New Lahore
25 | 500kV Grid Station Faisalabad West
26 | 500kV Grid Station Sheikhupura
27 | 500kV Grid Station D.G. Khan
28 | 500kV Grid Station Yousuf Wala
29 | 500kV Grid Station Muzaffargarh
30 | 500kV Grid Station Rahim Yar Khan
31 | 500kV Grid Station Dadu
32 | 500kV Grid Station NKI Karachi

(3) Training in GSO and PC simulators

1)  Group training instruction at TSGs

(1)

(i)

1st session 24 January 2022.

Explained and instructed the 20 participants to whom the PC simulators were distributed
on the overview of the system, how to operate it and the purpose of the simulator training. Total

attendees were 30.

2nd session 25 and 26 January 2022.

Training was conducted on two cases of transformer outage for maintenance work and
busbar outage by fault using the PC simulator. Approximately 40 participants over the two days
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(iii))  third session 19 and 20 May 2022.

Explanation of the importance of the Operating Procedures Manual and complementary
training on two cases of busbar outage for maintenance work and transmission line outage by
fault were conducted. 26 participants

(iv) fourth session 19 December 2022.

New system software was installed on the GSO simulator and its operation was verified
in a DC transmission line route faults and a 500 kV busbar fault. 20 participants

v) Sth session 20 and 21 July 2023.

Two cases of DC transmission line route faults and simulated system instability were
conducted. 30 participants

(vi) 6th session 26 and 27 October 2023.

Guidance on training methods was provided to new WG2 members.

2)  Training guidance at substations

Visited PC simulator distribution places to conduct training and check the utilization of the PC
simulators.

- First 220 kV Grid Station WADA Town, 18 May 2022
- Second 500 kV Grid Station RAWAT, 20 May 2022

- 3rd 220 kV Grid Station Gujrat, 21 Nov 2022

- 4th 220 kV Grid Station OKARA, 25 July 2023

- 5th 500 kV Grid Station New Lahore, 28 Oct 2023

(4) Human resource development using simulators

As the operation of substation equipment is fundamental to the stable supply of electricity, it is very
important to improve the skills of on-site technicians and ensure their motivation. For this reason, the
Japanese Electric Power Companies have achieved significant results in improving the technical skills and
maintaining the motivation of on-site technicians through the use of operational training simulators and a
system of step-by-step skills certification.

NTDC conducts examinations and interviews for the appointment of managers and promotes them,
but there are no initiatives for on-site engineers. However, there are no initiatives for field technicians.

Using the simulator provided this time, the NTDC will promote the introduction of a skills
certification system, which is being implemented in the Japanese electric utilities.

(5) Maintenance of simulators

Through training using the GSO simulator at the TSG, equipment operation and maintenance
methods were taught, so it is believed that the simulator can be adequately maintained and managed.
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3.2.3. [WG3] Training for Protection Relay Operation, and Analysis of Black-Out and

Recommendation for Countermeasures
(1)  The manual revision for Protection Relay Operation Simulator
1)  Purpose for revision of the manual

) The procedure for the user (NTDC) to change value of constant / impedance, which are set by
representative value, for transmission line, transformer and busbar, to be explained using figures.
Due to this explanation, improvement for effect of training is expected, because following can
be implemented.

v" Simulation with values according to the actual system
v Specific training tailored to the trainee’s unique system
(i1) Details explanation about connection of protection relay is added, by using typical relay of ABB,
SIEMENS and GE. Therefore, when verification is required, the relay of each manufacturer can
be connected to the simulator to facilitate operation check and setting check.

(i)  Description of special test mode

(iv)  If a fault caused by close of circuit breaker during close of earthing switch (Switch onto Fault)
is occurred, distance protection may not operate, because voltage input to a relay continues “0”.
And also, there is a possibility not to operate main protection differential relays by distorted
current with CT saturation because of large fault current. This special test makes it possible to
verify the effectiveness of relay application with suitable settings and countermeasures against
Switch-onto-fault, and promotes understandings of the importance of the application method
and settings of protection relays.
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2)  Revision items

1) Addition of detail explanation about setting change for impedance etc.

An example of the procedure for changing the transmission line impedance is shown below.

<Transmission line impedance>
Below figure shows example for setting of transmission line impedance with fault
point.
In this case, fault point is set in center of “Transmission line impedance 1" and
“Transmission line impedance 2",
- Transmission line impedance (Total) = Transmission line impedance 1

+ Transmission line impedance 2
Fault point is variable and set by [Fault Selection Ratio]. For example, if [Fault
Selection Ratio] is set as 10%, fault is occurred on Transmission line impedance
1: 10%, Transmission line impedance 2: 90%. The [Fault Selection Ratio] is
settable when fault point that want to be changed is selected on simulation
screen.

Fault point

Transmission line impedance 2

Transmission line impedance 1 r [
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— u»:‘:‘\u '4,.:‘:‘\‘ ‘Y~ i —_—1 ul:‘:;w ul:::;n‘ 1
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Fig 3.3 Procedure for modification of line impedance

For details, please refer to the following page of Manual (SB2L1127).

P-126 to P-138: RSCAD configuration description - Module connection, setting procedure of power
supply, frequency and fault point

P-139 to P-141: Setting change of transmission line impedance.

P-142 to P-143: Setting of fault point for transformer
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P-144 to P-150: Detail control procedure of RTDS (RUNTIME)

(i1) Detail explanation of connection with protection relay (ABB, SIEMENS and GE). Detail
explanation of connection with example by ABB, SIEMENS and GE relays are added.

P-82 to P-101: Addition of detailed explanatory drawing of connection part between relay and

interface box
P-103 : Addition of connection explanation for SIEMENS 7SD5

Connection example of transmission line feeder: 2LA (Line2 - Terminal A)
(in case of SIPROTEC 4 7SD5-SIEMENS)

RTDS

AMP1

IfF
PAMEL-2

CABLE1 (+}—

75052
CABLEZ Voltage Input
f—.& RIE_| UL1
ey PT-¥2 3
 gFTVZ LT U= )
pGAETE T | A T
e CC S T
—_—PRi .
s =T U4 |2La-Line BT
Current Input
o L1
i 1P
[*E]
— 0
Sa: WA-CT
= T
& ar 4
L §oF
Status Input
13 B3 | @il |
h = Bid__ | Qilr) |
I3
b e Bi5 | Q1(B) ]

TRIP/ART Output

BO4

TRIP-GIR

BOS

TRIP-Q1Y

BO

TRIP-Q1B

Hote: Input / Dutput configuration: are depended on relay type 7 model and settings.

Fig 3.4 Connection between Protection Relay Simulator and relay terminal (7SD5)

P-104: Addition of connection explanation for ABBRET670

P-105: Addition of connection explanation for GE Multilin B30 Please refer to the manual

(5B2L1127) for details.
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Description of special test mode

Verification that 2f block for inrush countermeasures (inrush judgment with second harmonic
generation and differential relay operation blocked) is performed when the current waveform
is distorted.

Please refer to P-59 of manual (5B2L1127).

In the case of a three-phase ground fault (SOTF: Switch onto fault) in which a circuit
breaker is turned on when the three-phase ground is closed, the voltage remained zero from
before the fault to during the fault, therefore distance relay does not operate. A method for
confirming and verifying, that SOTF countermeasures (OC-SOTF) using overcurrent relays
are effective as countermeasures, is added.

Please refer to P-152 of manual (SB2L.1127).
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Simulation for fault case of switch onto fault

If circuit breaker is turned on when three phase to ground fault has existed before CB close, line voltage
will continue as zero form pre-fault occurrence. (SOTF (Switch onto Fault) situation)

And, there is possibility of distance relay non-operation since input voltage is zero before CB close
and after CB close.

Then, this case can be used for check and understandings of SOTF phenomenon and effectiveness of

countermeasures like OC-SOTF function.

SOTF situation is simulated by setting the closest fault point as follows.

Step 1)  Conditions are set as;

* FAULT PHASE: to select “R”, ’Y”, “B” and “N”

+ ARC/PERMANENT: to select “P”

» FAULT LOCATION: to select closest fault point, such as F10

* PERMANENT FAULT TIME: to set for long time, for example 10000ms

[to select “R”, "Y”, “B” and “N" |

.S 3 \ :
Tos HI BA SETTING ~TEST CONDITION- ‘ MODEL NUMEE R{T2101] | Tos lBA CONTROL PANELT2I00)
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g SR o
B8N = . -

— E—

e —
Flo < s Fo
‘PQ' B e —F
Fad Section Fatee 1L [‘: W

| '5‘-~| to select F"‘l

— I JJ ul
‘ﬁQ- T: - — = — — ] _
e— | o— — wepames  fF o~

[a21 0o0A LB

e

Qo0A  Blav Q004
QoA B34V 0004
0004 OO0 [e2]

Of CONTROL
08 OLOSE

L 2 2B LA B I A L Y
o8 oren to set for long -
(&) » | o] o1 o2 | @] o1 | dtime for example

1 oogoms FALLEL TRANGMISSION LINE. FEEEW. II‘II [TEST.GASE
T T Vs Faea fiel - Prwer supply om0

Step 2) Both side CBs are opened from interface panel

Step 3) To click the [Fault] red button

Step 4) CB, which is located near of fault point, to be closed from interface panel within duration of
PERMANENT FAULT TIME after click the [Fault] button

Fig 3.5 Operation display of Protection Relay Simulator (SOTF case)
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(2) Implementation of protection relay technology training

During the third visit (May 2022), training was conducted on the relay methods standardly applied
by Japanese electric power companies (power transmission line main protection relay: current differential
relay, back-up protection relay: distance relay, Busbar protection relays, transformer protection relays,
preventive spreads of fault relay systems).

1)  Current differential relay

NTDC has not adopted this method due to issues such as the equipment of high-speed communication
channels. Because current differential relay has reliable fault phase selection and high speed fault
elimination, the multiphase auto-reclosing method can be applied in many cases, as it enables high-speed
reclosing even in transmission line faults that span two parallel circuits. This greatly contributes to
improving transient stability. NTDC participants deepened their understanding by explaining the merits of
current differential relays and the status of their adoption in Japanese transmission line protection.

I.  Current differential relay enables to shorten the fault clearing time of the transmission line,
which is based on conventional distance relays, to be shortened from 0.1 seconds to the
guaranteed value of 0.07 seconds (actual time: around 0.05 seconds), and this makes it possible
to shorten the fault clearing time of the backup protection relay.

II. It becomes possible to adopt a multi-phase auto-reclosing method, which can avoid two-line
transmission line disconnection in fault and improve system stability.

Multi-phase auto-reclosing is adopted to a parallel two-circuit transmission line. When a fault occurs
across two circuits, the faulted phases are tripped (CB opened) at first. If two or more different phases
remain (not faulted poles and CB keeps closing) in total for the two circuits, it can be determined that both
ends of the transmission lines are interconnected, and high-speed auto-reclosing can be performed. Table
3.3 shows the effect of increasing the number of cases in which auto-reclosing can be performed using the
multi-phase auto-reclosing method. The yellow part represents the case where reclosing (ARC) is not
possible with conventional single-phase or three-phase auto-reclosing, resulting in final trip (FT), but
reclosing is possible with multi-phase auto-reclosing.

Table 3.3 Effect of increasing cases using the multi-phase auto-reclosing

Case Fault phase Tripping and reclosing
#1 line #2 line #1 line #2 line
A B c A B C

1 X =2 == 1pTARC ==
2 X X -- - 3gFT -
3 X X X - 3gFT -
4 X 19T~ ARC
3 X X 1pT - ARC 1pT—ARC
6 X X 2T -ARC
T X X 1pTARC 1pT - ARC
8 X X X 29T —ARC 1T -ARC
9 X X X X IpFT 3IpFT
10 X X X IpT—ARC
11 X X X 29T ARC 19T~ ARC
12 X X X X 29T -ARC 29T ARC
13 X X X X 3pT—-ARC 19T ARC
14 X X X X X 3pFT 3pFT
15 X X X X X X IgpFT 3gFT
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Additionally, Table 3.4 shows the track record of avoiding two-line disconnection faults using the

multi-phase auto-reclosing method in Japan.

Table 3.4 the track record of multi-phase auto-reclosing compared to single-phase auto-reclosing

Fault phase and fault
number of line

Number of faults

Multi-phase auto-reclosing

Single-phase auto-reclosing

2 phases at 2 lines

(fault: 2 to 4 conductors) 9 9: Success auto-reclosing 9: 2 lines disconnected

2 phases at 1 line 48 48: Success auto-reclosing | 48:1 line disconnected

1 phase at both lines 12 12: Success auto-reclosing | 12: Success auto-reclosing
1 phase at 1 line 199 199: Success auto reclosing | 199: Success auto reclosing

Note: The record during 24 years
The introduction of digital current differential relays as the main protection relays for NTDC's
transmission lines is strongly desired, but the challenge is that it is necessary to prepare the dedicated high-
speed communication infrastructure for current differential relays.

2) Distance relay

Distance relays and directional comparison protection methods using distance relays are equivalent
to the main protection applied to NTDC's power transmission line protection. It was explained the principle
of distance relays, problems and countermeasures arising from the principle, and performance limits. In
addition, it was explained in particular the case where the circuit breaker was tripped due to CB closed
without disconnecting the earthing switch, which triggered the large-scale power outage (blackout) in
January 2021. NTDC understands the effectiveness and necessity of implementing countermeasures for
switch-onto-fault (SOTF) which distance relays cannot operate due to non-voltage before fault and during
fault. Digital relays have the countermeasure as the method OC-SOTF (overcurrent relay countermeasure
scheme).

(1) Switch onto fault countermeasures

Figure 3.6 shows countermeasures against switch-onto-fault which means CB close of
the transmission line with fault. For example, forgetting to remove the earth switch, the CB is
turn to close. The transmission line is outage and there is no voltage before the CB closed on,
and even after the CB is closed on, there will be no voltage because there is a 3-phase ground
fault (earthing). For this reason, distance relays cannot operate in principle with no voltage. As
a countermeasure, the conditions under which a power transmission line outage is detected are
extended by approximately 0.5 seconds after the circuit breaker is closed, and the circuit breaker
is tripped by AND conditions under which the overcurrent relay (OC SOTOF) is activated due
to the inherent fault.

Wﬁ—g‘ &+ | CB Trip

i ARC block

ICD (Inrush [
Current Detect) — &
block —

. Off-delay
Dead Line o 1|

—

Detect Y- T—

Fig 3.6 Countermeasures against switch-onto-fault
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There may be many places where old electromagnetic protection relays are still in use in
NTDC, and it is necessary to investigate distance relay to be added this measure.

(i1) Faster backup protection relay in its operating time

The large power outage fault, black-out in January 2021 was triggered by a main
protection malfunction, but there were also delays in clearing the fault using backup protection
relays (distance relays) in the vicinity, leading to the system collapse. It was recognized the
importance of shortening the operation time of backup protection relays with the adoption of
digital relays.

Table 3.5 is an example of a trial calculation for shortening operation time of backup
protection, but it is necessary to coordinate the operation time of the circuit breaker failure
protection relay (CBF) and the operation time of the backup protection zone 2 of distance
protection (Z2), and the operation setting of the CBF is required. It is important to review the
time.

Table 3.5Calculation example for shortening operation time of backup protection

Current 500kV line protection | Shortening with digital relays
CBEF trip time 250 mS 130 mS

Z2 (zone 2) trip time 300 mS 200 mS

* CBF Trip time = Tmr-fc (70 mS) + Tmr-off (30 mS) + Margin (30 mS) = 130 mS

Tmr-fc: Fault clearing time by main protection (CB arc extinguish time: 40 mS included)

Tmr-off: Main protection relay drop-off time

+ Zone 2 Trip time = Tcbf-fc(170 mS) + Margin (30 mS) =200 mS

Tcbf-fc: Fault clearing time by CBF (CB arc extinguish time: 40 mS included)

Although it is understanded the need for shortening operation time of backup protection,
it has adopted a digital current differential relay as the main protection relay to shorten the
operation time of the main protection relay, and has also reduced the operating time of the relay
for CBF and zone 2 of backup protection. It is necessary to rebuild the entire system, including
reviewing settings. This is an important issue that must be considered by the entire NTDC
protection system.

3)  Busbar protection relay

In NTDC, High-Impedance Differential method is applied, but in Japan, the current differential
method (Low-impedance Differential method) is often applied because it has become possible to prevent
CT saturation by adopting digital relays. The explanation focused on the principles of CT saturation
countermeasures.

CT saturation countermeasures focus on the differential current (Id) waveform, and when CT
saturation occurs, there is an interval in one cycle where Id=0 and an interval where Id occurs alternatively.
Then, if these are detected, it is determined CT saturation and blocks the operation of the differential relay.
This technology was developed by using digital relays, and this makes it possible to apply current
differential method for busbar protection relays. High-impedance differential relays have the advantage of
being resistant to CT saturation, but they also require a CT with a high saturation voltage dedicated to
busbar protection, and in principle, high voltage can be applied to the differential point in the event of an
internal fault. It needs to take safety precautions as this could occur. The advantages of the current
differential method using digital relays are that they can be used in common with other relays in the CT
circuit, and that high voltages are not generated, making it possible to apply entire digital substations. This
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is an item to be considered for future application, along with the digitization of the entire protection and
control system.

4)  Transformer protection relay

With the introduction of digital relays, it is focused on how protection specific to transformers, such
as voltage ratio, current input matching method corresponding to the Y-A of the winding, and
countermeasures against excitation inrush, are handled by software. In particular, the major cause of the
fault in January 2021 was that the electromagnetic transformer protection relay did not operate, and there
was no recorded data such as current and voltage at the time of the fault. There was no clue as to the cause.
The busbar three-phase ground fault occurred due to the circuit breaker being closed with the earthing
switch closing, and the fault point was within the protection range of the transformer protection relay. It
was said that the relay was normal in the relay test after the fault, and although it is only a guess, the
following factors can be considered.

I.  Due to CT saturation caused by large current, sufficient current was not supplied to the high-set
differential OC element (HOC) of the transformer protection relay to operate it.

II. The high-sensitivity biased differential element is based on the principle of harmonic
suppression, and could not operate due to waveform distortion caused by CT saturation.

Fig 3.7 shows a simulation of the CT saturation waveform that estimated the state at the time of the
fault. It is recommended that the relay will be upgraded to a high reliable digital relay with a recording
function.
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(3) Training on power system analysis techniques (XTAP CPAT)

In May 2022, a three-day remote XTAP training course was conducted with Mr. Noda and his team,
who have been developing the XTAP software at the Central Research Institute of Electric Power Industry
(CRIEPI), as lecturers (45 participants).

This time, the training included actual analysis cases and exercises in simulating and analysing DC
chopper circuits by running the XTAP software on their own. The circuit configuration took time for all
participants and the younger ones were able to finish it, but half of them did not complete it.

As a complementary measure, a DVD of the training content was distributed at a later date.

In Pakistan, the grid planning department uses PSSE, which is used for power system analysis for a
dozen or so seconds, but analysis in a very short time domain (instantaneous analysis), such as XTAP, is
not conducted, so the participants were very enthusiastic about the course.

CRIEPI has developed software CPAT, which is equivalent to PSSE, is charged for, so we informed
them that a simplified version of CPAT is available free of charge.

In order to enhance the learning of XTAP, an exercise on the analysis of overvoltage phenomena
occurring in AC systems, a phenomenon familiar to power systems, was conducted remotely with Mr. Noda
and his team from CRIEPT as lecturers during the visit to NTDC in July 2022.
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3.2.4. [WG2/3] Human resource development plan and Training evaluation system in NTDC/TSG

As a training function of TSGs, it is desirable to develop human resources for operation and
maintenance of transmission and substation facilities and GSOs more systematically, using the installed
GSO operation training simulators and PC version simulators, from the perspective of future human
resource development strategies, while reviewing the current human resource training and development
system of the NTDC. The aim was to link training and practice, and training and evaluation, to generate
practical benefits.

Furthermore, the need for a hierarchical human resources development system, incentives such as
visualisation of performance evaluations, and a system of skills certification through training should also
be considered in order to ensure a certain number of trainees in the TSG on an ongoing basis and to increase
the motivation of each instructor personnel. Systematic reflection in the subsequent personnel system based
on the skill level acquired by trainees in the TSG is also a material for future consideration, and was
explained at a later date based on actual examples in Japan.

As a specific discussion, an exchange of views on the above introduction proposal was held with the
GM of the NTDC HR department during the fifth visit to NTDC (November 2022) (seeFig 3.8 andTable
3.6).

With reference to the Japanese case studies (seeTable 3.7) and other examples, and while also hearing
the current situation and requests of NTDC/TSGs, a model introduction of a skills certification system using
GSO operation simulators and PC version simulators were proposed. In particular, when introducing the
model, it is envisaged that the 200 cases for the new system diagram would be divided into three training
courses according to the skill level of the 200 cases. At the end of each training course, the adequacy of the
operational response and recovery procedures for that training case will be evaluated based on indicators.
More detailed evaluation criteria will clarify the effectiveness and key points of the training and make it
more effective for practical application.

Skills Development and Evaluations in Japan Application to GSO Simulator Training in TSG
YEAR nnnnﬂnnﬂn “zSample for Rank-based training ¢ by GSO simulator/PC
Practical Test i for upgraded diag
m Paper-based Examination b

/ ms

A level of competence to handle advanced
applications, detect and respond to abnormal
situations (incidents) in a responsible manner.

“rEvaluation using a format in Si

operations in a responsible manner.
P £ - Different evaluation items for different cases and ranks

- Standardized evaluation format for fairness (to ensure
that evaluations do not differ from evaluator to evaluator )

Alevel of competence to perform basic operations
in a responsible manner.

b, - Clarification of skill levels by conducting rank-based
W0 training courses and their examinations
- Linkage with promotion systems (treatment)

“Regular Test and Examination

—A . s A 1\ A
s.mr:' Exam for 5“?‘1_:;0, \| Exam for SIO.FT :'u \| Exam for
mulator Nl pank € oot /| Ranke mulator )| pank A
Training / Training / I Training /
/ | / | 5

Fig 3.8 The introduction of the skills certification system
(left: Japanese case; right: example of application to Pakistan)

A level of competence to carry out normal |
|

-~

It was explained that the development in the project would be to consider the possibility of a human
resource development system focused on the GSO operational sector, but the GM told the NTDC of the
need to take into account the personnel systems of a wide variety of sectors. Also, while there is an apparent
interest in post-training feedback and performance evaluation at TSGs, there is the lack of a 'failure to
certify' custom in training and certification exams as a culture and practice in Pakistan, and the inability of
promising instructor personnel to stay with the company for a certain period of time due to frequent
personnel changes, are challenges related to the introduction and continuity of the system. (see Table 3.6)
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In the future, it is hoped that, with reference to the introduction of actual examples in Japan, the skills
certification system and promotion system for human resource development in TSG's GSO simulator
training will be enhanced within the NTDC.

Table 3.6 Current status and issues related to the proposed introduction of a skills certification
system and human resources development strategy

Current + NTDC/TSG has already conducted a step-by-step training program for new
situation and engineers in the NTDC/TSG, which consists of courses at levels A-B-C. Each course
Considerations consists of a few weeks.

= It was explained that it took about 10 years to reach the final A level, with
training and practical experience.

In NTDC/TSG, the C level (initial training) includes simulator training at the TSG,
training on transmission and substation equipment at a model substation, technical
training on transmission lines at the Tarbela Training Centre and online sessions.

=The simulator training has been included as a course theme from Class C. This
suggests the possibility of introducing a promotion system with more clearly defined
skill levels in the future implementation of training in the ranks.

NTDC/TSG has been unable to retain promising trainers for a certain period of time
due to frequent personnel transfers. It is necessary to consider a system (e.g.
allowances and treatment for trainer personnel) to enable them to stay with the
organization for at least one year or more.

The NTDC/TSG has implemented several initiatives for the recognition and
development of trainer personnel (e.g., encouraging the acquisition of international
standard qualifications, multi-day lecturer training workshops). The use of other
Learning Management Systems is also under consideration. NTDC/TSG engineers
have also participated in international online lectures in Canada, Australia and other
countries.

= In terms of managing personnel changes, it is somewhat difficult to encourage
movement and change, as the decision-making authority is left to the NTDC. On the
other hand, there is room to introduce the trainer certification system and examples
of treatment and allowances implemented in Japan and discuss what can be referred
to in terms of securing lecturer personnel on an ongoing basis.

Regarding the score table, it is customary in Pakistan that there is no concept of
"pass/fail" in training (everyone is considered to have passed).

=The NTDC will continue to discuss a system that is consistent with the cultural
background and customs of Pakistan.

In NTDC, there is a need to consider HR systems not only for TSG and GSO
departments, but also for a wide variety of other departments.

= It was explained that a possible development in the project would be to consider
the possibility of a human resources development system focused on the GSO
operational divisions.

Introduction * The NTDC Human Resources Department will also be consulted in the future to

and deepen discussions on the direction of incorporating the TSG's GSO simulator
deployment training skills certification system into the NTDC's promotion system.
possibilities

NTDC/TSG would like to see more skill-level-based evaluations. Currently, the
Senior Leadership Course (2 weeks) is linked to promotion.
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Table 3.7 Examples of evaluation and skills certification systems for simulator training in Japan

+  To improve and standardize technical skills
Purpose - To motivate technicians to improve their practical and technical skills.

+  To promote systematic human resource development plans.

) Clarification of skill levels and introduction of rank-based courses according to level
Overview of

the skills Class A:  Able to responsibly carry out advanced work processing and handling
certification of unusual situations.
system. Class B:  Able to responsibly carry out normal field work.

Class C:  Able to responsibly carry out elementary field duties.

» To settle the standard judgement items and acceptance criteria for all training cases
(example below).

- Confirmation prior to operation: understanding of the purpose of the operation,
confirmation of Permission To Work, safety confirmation, status of communication
with relevant authorities, etc.

- Confirmation during operation: confirmation of voltage, current, etc. at each

Trammg operation stage, confirmation of operation procedures, etc.
evaluation - Confirmation after operation: implementation of safety assurance such as
Method; and grounding, communication to all concerned parties, etc.
criteria

» To prepare an evaluation table for all training cases (utilize the evaluation table
already delivered with the simulator).
Based on the above-mentioned judgment items and criteria, describe specifically
the evaluation items and their contents in accordance with the contents of each
case. As an example, describe the voltage, current, phase angle, tap position, etc.
and the specific name of the contact person, etc.

. » Conducting regular rank-specific simulator training courses (check technical level)
Devices for

spread and » Conducting training examinations for promotion (maintenance and improvement of
establish technical level)

» Selection of pass/fail judges, ensuring technical level

» Methods of measuring achievement of standards (e.g. quantitative scoring,
qualitative assessment from the leadership side, setting pass borderlines)

» Ensuring consistency with NTDC/TSG human resource development plans,
consideration of impact on treatment

Challenges to
introduction

Based on these and other issues within the NTDC, it was explained a detailed description of the
specific human resource development plan and training system for power system engineers in Japan and
the evaluation of simulator training at the 2nd TOT in September 2023. Figure 3.12 shows the training
system since new recruits to about 10 years in the system operation and facilities planning divisions.

Training Programs of Power System Operation Department

Smdston Lk truinieng uning simedaton

Ly Sy |

. P PERpE— i P

Posted after a minimum of 3-5 years of work
Training Programs of Power System Planning Department

Fig 3.9Training schemes for engineers in Japan (system operation and facility planning divisions).
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In particular, the training content for each level was specifically presented and it was understood that
the same technology was aimed at acquiring more advanced skills at the advanced level.

In addition, it was introduced that, in order to develop comprehensive competence as well as sector-
specific technical training, the company systematically implements competence acquisition training in
which the competences to be acquired were clearly defined (Table 3.8).

Table 3.8 Common training structures with clear objectives

Al Object General Staff Management
: . Bus el s Management
l Innovation Leader Training Toanwg
I mkﬂ‘ Team T_b.'n',ﬂ‘ ] Ofice Management
Traning
[ Programsto identify and develop young technical personnel
New Management Mansgement Management Sas l GM Towung I
Em pioyees Basic Trawwng | Bas¢ Trawang B UP Trasning
Tramang
PocBcalSe B Manages 3l Flecove
Developing People P RETRY Towning
and Technology Pograme
| omemegion)  Instructor Traning  (adenced) |
I Prowxcson 3nd Contol Symtom Traning [
I Fac iy Avomation Sy em Tamng [
I ThOrT B Em NG e TeChR 3l Courses I )
Tochnic sl
Leaden
Toanng
w"‘ﬂm the I $3ke2 3nd Murtesng Trawning l
competition I Sales fore enhancement Training (tollow up Tanng) [
Galning soclety’s Comorate s
trust Top Seawnar
Thinkin - B
gabout | Career Vision Training ] .
your own career 4
I Vvoluntary participation training (finance, English, etc.) ]
Support for 1
self-development [ Support measu res for qualifying acquisition (e.g., correspondence courses, etc)
Rudy Abmad Progom: i
Japan snd Aboad

Although training scenarios for the simulators were created and introduced this time, the trainer
stressed the importance of assessing the level of mastery and back-up through training. To this end, the
trainer explained that recovery response and time management in training should be assessed for the entire
training team, and that it was important to describe the detail status of individual actions in order to
understand the current level and trends of individuals (Table 3.9).
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Table 3.9 Example evaluation table for recovery response, time management and personal
behavior status

Fotruary % 11 Traomeng Vosbusston Moo

A t of esponse time U p— — L ————T
[ I o | ECHCHCrl B 1 B b I &
- ey > Temns that conducted T am . » . . .

1 19 14
b Fo]
a el T T
i i T 3
L") X
A | a5
¥ 3
Pors e
10 Q
i } 1
84 52 Sosend Sesiows Iucidunt Alust wetmaibond
0% N% -
25 s 25 25

3.2.5. Planning and Implementation of Training in Japan

NTDC engineers were invited to Japan for a tour of actual facilities and classroom training, with the
aim of acquiring relevant technology and knowledge through visits to Japanese power companies and
protection relay manufacturers. The training was originally planned for November 2022 and August 2023,
but was postponed due to entry restrictions following the spread of COVID-19 infection, etc. The first
training was held from 18 May to 1 June 2023 and the second from 9 to 23 September 2023.

The training focused on the power supply command system, human resources development systems,
formation of transmission and substation facilities in overcrowded areas, maintenance and management of
power facilities, restoration policies in the event of major faults, clarification of fault causes through system
analysis and detailed investigation of fault facilities in Japanese electric power company, and quality
management and cyber security measures at Japanese electrical equipment manufacturers. Five trainees
each participated in the first and second sessions as trainers from various departments, including
practitioners (System Planning, P&C, NPCC), managers (TSG) and TSG instructors. The content of the
first and second itineraries was almost the same, but was slightly revised when planning the second itinerary
based on the results of the first itinerary and feedback from the participants. The itineraries for each of the
Japanese training courses are shown in the table below.
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Table 3.10 Training schedule in Japan

First training (May 2023) Second training (September 2023)
Explanation of outline of Tokyo Electric Power Explanation of outline of Tokyo Electric Power
1stday = Company 1stday = Company
Visit to Tokyo Dispatch Centre Visit to Tokyo Dispatch Centre
Visit to Central Load Dispatch Centre Visit to Central Load Dispatch Centre
2" day | Lecture of outage plan for equipment 2" day | Lecture of Training system for power system
maintenance engineers in Japan and evaluation system
31 day Visit to Shin-Shinano Frequency Convertor 31 day Visit to Training Centre of Dispatch technology
Station Visit to Shin-Toyosu Substation
4™ day | Visito Tokyo Densetsu Services Co. 4™ day Visit to Shin-Shinano Frequency Convertor

Station
Lecture of power system analysis

5t day Introduction of supervisory equipment and St day  Visi to Tokyo Densetsu Services Co.
recording equipment for power system

Lecture of power system analysis /Fault
analysis
7t day = Visit to Toshiba Fuchu works. 7t day | Visit to Toshiba Fuchu works.

Visit to Toshiba Fuchu works Visit to Toshiba Fuchu works
Training of Cyber Security Training of Cyber Security

6™ day | Visit to Training Centre of Dispatch technology = 6™ day

8th day 8th day

9t day = Wrap-up 9th day =~ Wrap-up
* Underline shows different itinerary between first training and second training (except holiday)

In the participants' questionnaire after the training in Japan, many responded that they were very
satisfied and that the training content and materials were beneficial. In particular, many commented that the
visit to the Shin-Shinano Frequency Convertor Station was very useful, as although similar facilities exist
in Pakistan, they were constructed and operated by China behind closed doors and the NTDC was not even
allowed to observe the facilities. During the wrap-up on the final day, there were also presentations on
reflections on the training and future action plans, with comments on knowledge sharing and promotion at
NTDC, particularly in relation to knowledge on system analysis and fault analysis, and training and
evaluation systems. Overall, the training was highly satisfactory for the participants, and there were high
expectations for the effectiveness of the training at the NTDC for each of the participants after their return.

3.2.6. Cooperation with Domestic Subcontractors
(1)  Preparation of operating procedures based on training scenario cases

The preparation of detailed operating procedures based on training scenarios for a total of 400 cases,
200 cases for each of the old and new system diagrams, was subcontracted to Yachiyo Engineering Co.,
Ltd. and completed as planned.

(2) PC simulator
A PC version of the simulator was commissioned to Toshiba and a total of 32 sets were provided to

NTDC so that the same functions of the simulator installed at TSG as GSO simulator could be used at
substations.

(3) Setting up new system diagrams on GSO simulators
A new system diagram including £660 kV HVDC, 765 kV AC system, solar power generation and

wind power generation requested by the NTDC was installed in the simulator installed at the GSO,
commissioned by Toshiba, to enable operational training on the NTDC's main transmission system.
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(4) Revised relay simulator manuals.

The relay simulator manual was revised to allow easy connection to other manufacturers' relays such
as GE, SIEMENS and ABB, under contract to Toshiba.
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Chapter 4. Achievement of Project Objectives

Project objective | To strengthen the capacity to operate and maintain transmission and distribution facilities
(substation and protection relays) to improve the quality of power supply.

The following is a summary of the progress made by the WGs as they work towards achieving the
above project objectives.

[WG1]

Include all £660kV HVDC, CASA1000, 500kV AC, 765kV AC and renewable energy (Wind Power,
Solar Power), which were strongly requested by NTDC, in the new grid diagram preparation. As it is not
possible to include all 765kV, 500kV substations, HVDC stations and power stations using the simulator
installed in the TSG, priority was given to simulating double busbar and one-half busbar as the busbar
configuration with power plants and transmission lines were condensed to achieve a system diagram that
does not interfere with operational training.

[WG2]
Training scenarios with the new system diagram were discussed in WG2 and 200 cases were created.

Detailed operation procedures based on these scenarios were prepared, and group training at TSGs
and training at grid stations using PC simulators were conducted, which helped to establish the operation
procedures and prevented operational errors.

The simulation of faults also improved technical skills in determining the relay operation during
faults and the fault point from the voltage and current waveforms.

Group training at TSGs and training using PC simulators at each grid station has been conducted for
approximately 1,500 persons as of December 2023.

[WG3]

For relay simulators, GE, SIEMENS and ABB protection relay specifications have been investigated
and the manual was revised that they could be connected to and tested on the relay operation simulator.

This has made it easier to test the protective relays currently held by the NTDC, and thus easier to
test the protective relays and check the setting values using the relay operation simulator.

Training using the relay operation simulator has been provided to a total of 200 people.
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Chapter 5.

Achievement of High-level Objectives

High-level
objectives

By the end of the project, the SOPs for grid station operation prepared by the TSG
will be properly operated in the grid stations, thereby improving reliability in the entire
power system.

The following indicators and target values for the above high-level objectives were identified and

generally achieved.

Table 5.1 Project indicators

High-level objectives

Indicators (draft values)
*Each item 1s based on the

Indicator achieved

The reliability of the grid as a
whole is improved through
the proper operation of grid
stations in accordance with
the SOPs for grid station
operation prepared by the
TSG.

provisional PDM

+ Annual outages in the NTDC
network due to miss-operation
are reduced by 672,000 MWh*
(*outages at maximum power
(31.5 GW) are assumed to last
21 hours as in January 2021).

* 100% reduction in frequency
and duration of power system
faults due to miss-operation.

+ Fault recovery time is
improved to within 24 hours.

+ The use of GSO simulators and

PC simulators has resulted in zero
miss-operation. In addition, the
creation of a procedure chart was
established.

+ Black Out was avoided during a

transmission line fault in the
southern region due to a review of
UFR setting values.

+ The power outage in the southern

region caused by the transmission
line fault in October 2022 was
restored in about two hours.
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Appendix 1. GSO Simulator Training Scenarios

GSO simulator training scenarios are submitted on CD-ROM.

Al-1



Al-2



Appendix 2  Protection Relay Training Handouts






Appendix 2. Protection Relay Training Handouts

2.1. WG3_Current_Diff_Protection (Transmission Line)

Theory of Current differential protection

Project for Enhancing Grid System Operation and
Maintenance Capacities through Strengthening National
Transmission and Despatch Company TSG Training Center

[WG3: Protection Relay Simulator Training ]

- Transmission line protection -

May, 2022

KE Asia Engineering Consultant Co. Ltd

Contents

1. Theory and Characteristics
2. Scheme Logics
3. Communication Systems
4. Synchronized Sampling
5. Charging Current Compensation
6. Out-of-Step Protection
(Voltage phase Comparison)
7. Auto-Reclosing Function
8. Application examples of Japan to long

distance line

@ Asia Engineering Consultant Co. Ltd
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1. Theory and characteristics

Current Differential Protection

Theory and Characteristics

@ Asia Engineering Consultant Co. Ltd

1. Theory and characteristics

Applications

{System configuration>

Terminal A | 2 or 3 terminals Iine‘ Terminal B

|-|n |
B T

| DIFL < 2 DIFL

Communication channels

Communication equipment or fiber optic

This system converts instantaneous values of current, measured at each
terminal into digital values which are then transmitted to the remote terminal; the
differential current is calculated from the instantaneous values of current from
each terminal through digital computation.

KE: Asia Engineering Gonsultant Co. Ltd
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1. Theory and characteristics

Basic theory of Current Differential Protection

{Principle>
[ Normal state ] [ Internal fault ]
A =D =) B A =D <4=m p
l la b | l la Y b |
| | | % |
la+lb=0
Id=la+b # 0

(Kirchhoff’ s low)
Id: Fault current

Bold lines: Zone of protection

Ia, Ib : Inflow, outflow current

Theory equation of operation: Id g k1-Ir + kO
Operating current: Id = | lat+lb | vector sum
Restraint current: Ir = |la| + |Ib|, k1, kO: constants

@ Asia Engineering Consultant Co. Ltd

1. Theory and characteristics (Characteristics of DIFL)

The characteristic for the large current region (DF2) is provided to restrain in this
region of operation because the proportional component error increases owing

to CT saturation, etc.
@—1%—1: e P :l—hk—‘—(C)

One-end mtlow

&
&
—— X
Differential Q‘\SS‘
current .;«\.\ perating Zo

Id " Internal Fa

DF1
Ko

£ 1

’
Z J -
L / Restramnmg current  X[I|
ormal or External Fault Zone

KE Asia Engineering Consultant Co. Ltd
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1. Theory and characteristics (DIFL small current zone)

The percentage slope is determined from the required sensitivity for One-end Inflow
the detection of internal faults and the error current which is I

generated in the event of external faults. @ t 7 t

T

One-end Inflow CT Saturation arca in internal fault

- Minimum Fault Current
Minimum fault current . -

Differential
Current (1Fnm) ;
Operating Zone JSmall current region
. DF1
Ratio 1/6 X )

U.SBI;IS‘\ """" g Error Maximum Proportional component error

; and Fixed component error
0.35kA i T Fixed component error

]

4

. | | I I
1kA 2kA 3kA 4kA SkA
Restraining Current —»

Example:  characteristic of small current region
Settings: DIFL-1 = 1kA, k1= 17% (1/6)

m Asia Engineering Consultant Co. Ltd

1. Theory and characteristics (DIFL small current zone)

Error Component Analysis

Error:

Fixed Component
- Input Transformer
- Drift of Analogue Filter
- Quantizing Error

Relay characteristic

Operating zone of relay,

Error

Current error Proportional Component

-CT Error
. Proportional - Input Transformer
- Component - Gain Error of Analogue
Filter
- Data Transmission Delay
- Sampling Timing

Fixed Component

Input Current

Errors relating to differential protection

m Asia Engineering Consultant Co. Ltd
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1. Theory and characteristics (DIFGL)

Zero-sequence Current Differential (DIFGL)
DIFGL (87G)
Zero Sequence Diff. Characteristic

@ High sensitivity by use of residual
current

@ Sensitivity not affected by load current

Ido

k4
A
&

Theory equation of operation: 1d0 2 ko=Iro + kn
Operating current: Ido = | lao + Ibo |, vector sum

Restraint current: Iro = |lao| + |Ibo|, scalar sum, ko, kn: constants

@ Asia Engineering Consultant Co. Ltd 9

2. Scheme Logics of Current Differential Protection

Scheme Logics of Current
Differential Protection

KE Asia Engineering Consultant Co. Ltd 10
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2. Scheme Logics of Current Differential Protection

< Segregated—-phase current differential protection (DIFL) >

Example of scheme logic

i DIFLA i DIF.-A_TP

1 B 1
[ome ] ﬂ: == :
!| DIFL-B H —
! & |i 1
i =k N DIF.-B_TP
i| DIFL-C I F |
i 8] a (ol DIF-C_TP
' Communication i . —
Efa'lule i
DEBK 10
DIF._TRIP
T

43C ON

Fault detect

(check relay)
cloment DIF. FS_OP

m Asia Engineering Consultant Co. Ltd

2. Scheme Logics of Current Differential Protection

< fault detect (check relay) function for current differential protection >

DIF.FS_OP

KE Asia Engineering Consultant Co. Ltd
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2. Scheme Logics of Current Differential Protection

Zero-phase current differential protection scheme logic

DIFG_TRIP

| & [ oiFe.Fs_tRIP

i
i| =l1o1]=2PU

1]
il £|102| z2PU

)
iCommuni

DIFG_BLOCK

43C ON

—_— DIFG_FS

ion failure

EFD I~ 1 1

& 21| DIFGFS_OP
[DIFG-FS)
+

"OFF"

G: Asia Engineering Consultant Co. Ltd 13

3. Communication Systems

Communication Systems for
Current Differential Protection

@ Asia Engineering Consultant Co. Ltd 14
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3. Communication Systems

An example of existing systems
Transmission line

= pes eay e,

Current differential relay Current differential relay
W W w o o W W W
Geubes
7o Hem b—
TOM |__ { =~ )— ToM 1.5M
] 4 o Hsm—
¥
ﬂ
I'rip command Trip command
OB status CB status
AD : Analog/Digital converter P/S, /P : parallel / serial converter
1.5M MUX: 1.544Mbps multiplexing terminal SYNC  : sampling svnchronization control circuit
ical converter DM @ Time Division Multiplex

Configuration of the digital-type current differential relaying system

m: Asia Engineering Consultant Co. Ltd

3. Communication Systems

15

Transmission data format (example for 60Hz systems)

PCM current MUX-A § MUX-B
differenti ay h. e
S ol el - —>
irc Communication
Path
b
/
P #0 Frame 88(89)bits=64kbps/720Hz
L, 12#3=36bits el 206bits o). 20bits, >
Il la Ib Ic Control data CRC(16bits)
Hp’--2"S w28 P'-n2S [T et ool o]l 21 =]t [ =TT |
N ONITEEROS TR TR ) 21 IS 19! leddling bit

readey

BYNC

* fundamental wave 60Hz. Sampling frequency 720Hz

m Asia Engineering Consultant Co. Ltd
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3. Communication Systems

Recent standard of IEEE C37.94

Securing clock recovery, jitter tolerance, physical connection, and
spuriousness are specified by the international standard.

Line Diff.
Relay

MUX

MUX

—

Optical interface 2km class (2048 kbps)
Graded-Index 50/125 or 60/125 micro m
Connector: ST type
Wave length: 820 nm

<]

Line Diff.
Relay

m Asia Engineering Consultant Co. Ltd

3. Communication Systems

17

Transmission data format (example 2)

IEEE C37.94 frame format

88 bits

N=1| Header ]

Ip

la [\H[

Ib

[scom]

le

COM1

CRC

ICOM1_| ICOM2

[

ICOME

VCOM1 | VCOM2

WVOOM3

VCOM4

SCOMI

SCOoM2

SCOM3

SCOM4

MS1

Ms2

RAD

RAl

RAZ

M50

M51

M52

RAZ

FAd

RAS

L=

MS1

M52

M50

M5l

M52

RAD

RAT

RAZ

M50

ME1

ME2

RA3

FAL

MED

ME1

ME2

Spare

Spare

Spare

E]

E Asia Engineering Consultant Co. Ltd
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3. Communication Systems

Direct fibre communication

Terminal A Terminal B
Line Diff. Line Diff
Relay \1 Relay
Type of fibre Single mode 10/125 um  DSF 8/125um
Connector type  Duplex LC Duplex LC
Wave length 1310nm 1550nm
KE Asia Engineering Consultant Co. Ltd 19

3. Communication Systems (redundant configuration (1))

Dual Relay systems and
Dual Data Transmission system

MUX Ch MUX
«C =~ )
1 1
MUX Ch2 MUX
Py ( ~ ) 2 [
A station B station
Ah A S 1 1 hA )
e LY L I | S 7Y v
No.1 Line
R¥1 RY2 RY2 RY1
Ah AA 1 1 A A b
T T LT LT TV v
No.2 Line
RY1 RY2 RY2 RY1

Relay 1 and Relay 2 have the separate communication route.

KE Asia Engineering Consultant Co. Ltd 20
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3. Communication Systems (redundant configuration (2))

Single Relay system and
Dual Data Transmission system

MUX Ch1 MUX
— (o~ ) — M
1 1
Ch2 MUX
—— MUX
— ( ~ }
— 2 2
A station
A A 1 1} N
L) | S— |- LAY
No.1 Line
RY1 RY1
AR — — A A
LA LT e IV
No.2 Line
R¥1 RY1

Relay 1 has two communication control parts.

These communication routes are separate paths.

B station

G: Asia Engineering Consultant Co. Ltd

4. Synchronized Sampling

21

Synchronized Sampling of
Current Differential Protection

@ Asia Engineering Consultant Co. Ltd
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4. Synchronized Sampling

Data Sampling Synchronism
between the both terminals

4"' IA I.l IB
— ——
o ot 7oy @
[Ry | 0

. - -,
#4':” l“"\1“‘&\‘.
Fs Vit W
L Y ‘\
Y e
1 4 o o N
L I ; =
- 12=0 A !
AT %% (Synchronou#)
. i i s
[ JJ’ ,—"
ALY ’
\:_J_ﬁ.;‘,"u

in ( S}_-‘nchmlwus]

la=l+is=0 (JT=0),
=iz (AT 0)
T = Sampling period

Sampling synchronization is necessary.

An error current i will be generated if there is a lag (A T) in the sampling timing.

@ Asia Engineering Consultant Co. Ltd

23
4. Synchronized Sampling
The instantaneous values of current from each terminal need to be obtained at
the same time, and synchronization control is required to match the acquisition
timing (sampling timing). A/D Conversion
Data Sampling . 001011010111
La .
I Is T 23 | 1 L
« dao
; | B1 o
' . ==
L Iro é < .
. / I
IB T é/
Tao = Tao+Ino 21_{ <q£4
oy =In+Ip Il K .
: / o
Id' \
D=L+ I —_— N Z
Sampling Interval c:_‘é
(Synchronized)
KE Asia Engineering Consultant Co. Ltd 24
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4. Synchronized Sampling (Control theory)

Synchronization control is performed on the assumption that the upstream and
downstream (transmit and receive) transmission paths are identical

e Synchronization with dedicated
Master € tm " |€—>  data transmission route
terminal - X i . t
>\ AT € Sampling
timing
Slave -
terminal 'l'E > TE S| = t
b {8
tq = AT + tm ty=or <t (1) Send tm and ts each other
[
tg - tm (2) Control at Slave terminal
AT =5 to be tm=ts

a
At both master and slave stations control is t(axe)rcised such that the time differences tm and ts between
the time at which the sampling synchronization flag was received from the remote station and the timing
of the sample taken at the local station are transmitted alternately to bring about the state AT=0 at the
slave station side.

G: Asia Engineering Consultant Co. Ltd

25
4. Synchronized Sampling (Control theory)
Synchronized Condition
(tm=ts)
i, tm T
- —L—> >
ster
: ' . - t
terminal
AT=0
Slave
terminal . » Te, " {
| ts
< >
To d
< >
tg= (=2 -T)+tg
(b)
KE Asia Engineering Consultant Co. Ltd 26
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5. Charging Current Compensation

Charging Current Compensation
of Current Differential Protection

E Asia Engineering Consultant Co. Ltd

27
5. Charging Current Compensation
Line Charging Current
Line charging current “Ic” appears differential current “Id”.
Ass Bss  End current:
( | . A terminal: Ic
Y
Q ; | » Ic _L ‘ Bterminal: 0
l i ld=Ic
TI|=lc
Charging current will flow in the protected section of long-distance
overhead transmission lines and underground cables and can lead to the
incorrect operation of the protection if the value exceeds the detection
sensitivity level.
@ Asia Engineering Consultant Co. Ltd 28
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5. Charging Current Compensation

iw] [Cu-Cu -C.. A

b d G Co : Earth capacity
I [=1-Ci, Cig, G, = v, Cie. Che. Ce : Earth capacity
ic| | -Cu Ce vV, Care Cher Ce : Line capacity
icasien+ice © Charge current (each phase)
Cu =Cu+ Co +Cy vt (56)
Gy, =G+ Gy +Ciy
Cp =C+ C,, +C,

Aph Cab Example

4 Phase-earth (ukF/km) | Phase-phase (uF/km)
B-ph 0.01222 -0.00147

(275kV transmission line measurement capacity)
Che

:T[ Che

Charging capacitance of transmission line

Cae Cee

||}—1

It is normally adequate for practical applications to regard the diagonal element as being the same for each phase,

with the off-diagonal element set to zero, as long as the line is 200 km or shorter in length.

KE,‘ Asia Engineering Consultant Co. Ltd 29
5. Charging Current Compensation (Divisional Compensation)
Compensation of the charging currents of all sections are equally divided
at each terminal,
C dv
terminal A: 1, —— A
T2 dt
Transmission Data o
Terminal B: I, — B
2 dt
= s L | lpp- Ip £
st Y ) e g ol
(=7 _RL T
1 ] Tea Icisl |
Val Ten cnT Ve
RL:Line impedance (whole length)
C:Line charging capacity (whole length)
Relationship between charging current and current of each terminal:
Equivalent compensation for all terminals
G: Asia Engineering Consultant Co. Ltd 30
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5. Charging Current Compensation (Lump-sum Compensation)

100% compensation is implemented at the local terminal

S \
Terminal A: |I, +1I.|=[I,-C dth T
Compensation at

one-terminal ¥
Terminal B: |Im + 1m| =1, +I,-C d—B )

t

1A Iia Lip- 1
7 ~

1 ——p - <A

(v R.L )

Val 7 lea

Relationship between charging current and current of each terminal:

Compensation for all sections in local terminal

KE Asia Engineering Consultant Co. Ltd
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5. Charging Current Compensation (normal condition)
Divisional Compensation Lump-sum Compensation
_ OV CRVA V) | CAVA)=CAVM) SCaVHd)
Va ll Cl2(aVdt) ¥
Cr2(dVe/dt)
(a) Compensation quantity of the terminals (b) Each compensation for charging current of the terminals
Charging current and compensation current under normal condition
There is little compensation error in both methods under normal
conditions.
m Asia Engineering Consultant Co. Ltd 32



5. Charging Current Compensation (close-up fault at B)

A close-up fault has occurred external to terminal B, and hence VB is zero. The area of
triangle ‘a-c-d’ is equivalent to the total charging current.

Divisional Compensation Lump-sum Compensation

.| Cavi=CaavYd) | _;
A ———. ¥ AN 3
o |- A \ %

||
d T

(a) Compensation quantity of the terminals ¢

c
(b) Each compensation for charging current of the terminals

Charging current and compensation current under external fault in B terminal

(a) Divisional: the compensation quantity (rectangle) based on the voltage VA/2 at terminal A is
equivalent to the approximate area of the triangle, and little compensation error.

(b) Lump-sum: under compensation at B terminal, overcompensation at A terminal

KE: Asia Engineering Consultant Co. Ltd 33

6. Out—of-Step Protection (Voltage phase comparison)

Out-of-Step Protection with
voltage phase comparison

G: Asia Engineering Consultant Co. Ltd 34
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6. Out—of-Step Protection (Voltage phase comparison)

Out-of-step Detection: voltage phase comparison

- I - -
Ot —B
; V, A% . i b
Ex . ! En=ke'®| E,
VI\
o zone _\-"“V\u)s{qb)'--'kﬂl
® Vi Valsin(¢)>0 =
e e e > I'rip
V.,
£ zone i

Out-of-step detection relay using positive-phase

The out-of-step protection function is realized by comparing the phase angle
of the positive-sequence voltage received from the remote terminal with

that of the local voltage, confirming that the phase angle difference passes
through 180 degrees.

KE Asia Engineering Consultant Co. Ltd 35

6. Out—of-Step Protection (Voltage phase comparison)

to separate the power system at the Electrical
Center for a Out-of-step

Fatal Fa¥al

Fatal Fa¥al
LI} LI}

t—
-
—_—
—_
e
—
-
—_—

—==_
Electrical =l l
Center B

The best separation point is the “electrical center” of the out—of-
step. Voltage phase comparison will operate only when the

“electrical center” is located in the protected area of line
differential relay.

KE Asia Engineering Consultant Co. Ltd 36
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7. Auto-reclosing function

Current Differential Protection

Auto—Reclosing Function

@ Asia Engineering Consultant Co. Ltd

7. Auto-reclosing function (outline)

37

Outline of Auto-reclosing

<TRANSIENT FAULT>
Majority of faults on overhead line @ Lightning(Transient Fautt)
Permit re—energization after short time interruption

This processes are performed automatically

w) Auto-reclosing

<PERMANENT FAULT>
Faults on cable circuits mp Insulation Failure (Permanent Fault)

Auto-reclosing is not performed on cable circuits, and also
transformers, generators and busbars to prevent from the extension
of system damage.

m Asia Engineering Consultant Co. Ltd
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7. Auto-reclosing function (purpose)

(1) Improvement in Transient Stability

Eg./ 6 A M B Eseo

3 I :Double circuit in operation
@: iFauIl
=L 4 I : During fault

I : Single circuit in operation

P=Eg % Es xsind/ X
P : Power fromAto B a:Normal operating point

&: Phase angle between A and B . _ .
X * Reactance between A and B b:Point at which the CE trips
P ¢: Point of auto-reclosing

Al

Po
Decelerating Energy

Accelerating Energy

Accelerating Energy

Po

— 5
SINGLE LINE OPERATION PARALLEL LINE OPERATION(After reclosed)
Accelerating Energy(Al) > Decelerating Energy(A2) Accelerating Energy{A1) = Decelerating Energy(A3)
= UNSTABLE s STABLE
@ Asia Engineering Consultant Co. Ltd 39

7. Auto-reclosing function

(2) Reduction in power outage period

» Fast auto-reclosing enables re-transmission of power within
0.5 to 1 sec or so

» Transient stability is improved
= Failure of the entire system can be prevented.

(3) System restoration time and operator workload

» Complicated operations and checks are required for system
restoration. It will take a long time to restore the system.

» The workload for operators will increase.

® Execute quickly, Reduce workload, minimize human
errors

@ Asia Engineering Consultant Co. Ltd 40
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7. Auto-reclosing function (classification)

Classification for dead time

Classification

Dead time

Description

High-speed
Auto-reclosing

0.35s510 1s

To auto-reclose with consideration given to de-tomization time in
the case of mterconnection

Medium-speed
Auto-reclosing

A few seconds
to 25s

To auto-reclose with consideration given to turbme generator axis
torsion; attenuation of conductor vibration due to damage induced
by wind and snow: to mamntamn an nterconnection 1 the event of
an unsuccessful high-speed auto-reclosing operation to perform

automatic rec overy

Low-speed

auto-reclosing

A few second
to 70s

To auto-reclose in order to achieve recovery of a power network
automatically and quickly

Example of High—-speed Autoreclosing Dead time (in Japan):

+ 500kV system : approx. 1.0s
+ 187 - 275kV system : approx. 0.5 — 0.8s

KE Asia Engineering Consultant Co. Ltd

41
7. Auto-reclosing function (classification)
Number of disconnected phases
Classification Auto-reclosmg Description
Single phase High d To auto-reclose only the faulted phase (single phase) for
Auto-reclosing il the case of a single phase trip for a single phase-earth fault
Interconnection To auto-reclose three phase for the case when a three
.y | toanadjacent phase tnp 15 15sued for every fault, used for the condition
é Z line High-speed | when interconnected to an adjacent line
o B Medum-speed | To auto-reclose three phase when a three phase trip is
g T :
=R Synchronism Low-speed | issued for every fault, used for the condition of
- check synchromsm check depending on the leadng and
following termunal 1.e. dead hne charge and check syne
: To auto-reclose on the condition that a total of at least two
Multi-phase "
) High-spead different phases or three phases are healthy m two lmes of
Auto-reclosing -
a parallel hne
When two differing fault types occur sumultaneously m a
double cwcwt hne confipwanon eg. a  single
Preference tnpreclosing ) .
£ Ty x phase-to-earth fault on one line and a phase-to-phase fault
on double circiut lines High-speed A . %
. - on the second lme preference will be given to the
(not multi-phase
phase-to-phase fault because 1t 15 more severe m terms of
auto-reclosing) s 5w
= network stability. A three phase trip 15 15sued separately
for each fault the most severe fault taking priority.
m Asia Engineering Consultant Co. Ltd 42
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7. Auto-reclosing function (1-phase ARC)

(1) Single-phase auto-reclosing

F Performance
-Reclosing is preformed, if single-phase fault occurs

-Final trip is performed, if multi-phase fault occurs

Case Fault phase Tripping and relosing
#1 line #2 line #1 line #2 line
A|B|C|A|B|C
1 X 1oT—-ARC
2 X | X 39FT
3 X[ X | X 3oFT
m Asia Engineering Consultant Co. Ltd a3

7. Auto-reclosing function (3—phase ARC)

(2) Three-phase auto-reclosing

F Performance

-Reclosing is always preformed, if any fault occurs

Case Fault phase Tripping and relosing
#1 line #2 line #1 line #2 line
A[B|[C|A|B|C
1 X 3oT—ARC
2 XX 3oT—ARC
3 X[ X[X 3oT—ARC
m Asia Engineering Consultant Co. Ltd a4

A2-22



7.

Auto-reclosing function (1-phase and 3—-phase ARC)

(1)&(2)

Combination of Single-phase and Three-phase auto-reclosing

F Performance

-Reclosing is preformed, if any fault occurs

Single-phase AR is performed, if single-phase fault occurs

Three-phase AR is performed, if multi-phase fault occurs

Case Fault phase Tripping and relosing
#1 line #2 line #1 line #2 line
A|B|C|A|B]|C
1 X 1¢T—ARC
2 X | X 3oT—ARC
3 X[ X[ X 3oT—ARC
KE Asia Engineering Consultant Co. Ltd 45
7. Auto-reclosing function (Multi-phase ARC)

(3) Multiple-phase auto-reclosing (MPAR)

Performance

-Reclosing is preformed according to the fault condition in
double-circuit line

MPAR is to be performed, if two or more healthy phase remain in
double-circuit line

Final trip is to be performed, if above condition is not satisfied.

B Asi

a Engineering Consultant Co. Ltd 46
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7. Auto-reclosing function (Multi-phase ARC)

(3) Multiple-phase auto-reclosing

ABC ABC

Two-different phase remain
0Open mClose MPAR

@ Asia Engineering Consultant Co. Ltd

7. Auto-reclosing function (Multi-phase ARC)

(3) Multiple-phase auto-reclosing

ABC ABC
. Z i
= —
4 —
L
I
. £ -
Two-different phase remain
0Open mClose MPAR

m Asia Engineering Consultant Co. Ltd
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7. Auto-reclosing function (Multi-phase ARC)

(3) Multiple-phase auto-reclosing

ABC

ABC

— il

oOpen

— il

mClose

Two-different phase don’t remain

FT(Final Trip)

m Asia Engineering Consultant Co. Ltd

7. Auto—reclosing function (Multi-phase ARC)

(3) Multiple-phase auto-reclosing

Case Fault phase Tripping and reclosing
#1 line #2 line #1 line #2 line
A B C A B C

1 X - - - 19T—ARC -
2 X X == - == 3pFT -
3 X X X -- - -- 3gFT -
4 X 19T —+ARC
5 X X 19T—=ARC 19T—ARC
6 X X 29T—ARC
7 X X 1pT—ARC 19T—ARC
8 X X X 29T —>ARC 1pT—ARC
9 X X X X 39FT 39FT
10 X X X 3T >ARC
11 X X X 29T +ARC 19T +ARC
12 X X X X 29T >ARC 29T ~ARC
13 X X X X 3pT—->ARC ] 1¢T—+ARC
14 X X X X X 39FT 3pFT
15 X X X X X X 3¢FT 39FT

E Asia Engineering Consultant Co. Ltd
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7. Auto-reclosing function (High—speed ARC)

Classification according to dead time
(1) High-speed auto-reclosing

® The dead time is mainly determined by the de-ionization time

The time taken for the secondary arc to disappear

4 Secondary arc current

B phase '\:b B phase Vb Ih
C phase \_'i C phase Ve \ ~ e
|
=0 ¥ M M
A phase ~ C m¢ Cu ~ A phase - N~

Va

(b) Electromagnetic coupling voltage
(a-phase disconnection)

(a) Electrostatic couphing voltage

(a-phase disconnection)

The dielectric recovery time and de-ionization time
’ Longer as fault current increases, In proportion to system voltage

m Asia Engineering Consultant Co. Ltd

7. Auto—reclosing function (Medium—speed ARC)

Classification according to dead time
(2) Medium-speed auto-reclosing

€ The dead time is considered by:
» Attenuation of turbine generator shaft vibration,

» Attenuation of conductor vibration (“Galloping” and “Sleet
jump”) etc.

Phc‘n[se-tc- Phase Phaze-to-Phase
; I

‘ﬂ’ Fall

“Galloping” “Sleet jump”

Q: Asia Engineering Consultant Co. Ltd
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7. Auto-reclosing function (Low-speed ARC)

Classification according to dead time
(3) Low-speed auto-reclosing

® The dead time is considered to be more like an automatic
recovery method

» In the event of unsuccessful high-speed auto-reclosing

KE Asia Engineering Consultant Co. Ltd

7. Auto—-reclosing function (Requirement)

(1) Single-phase auto-reclosing

» Only one out of three phases is opened

» Other two phases maintain the interconnection
between both terminals

» No special interconnection checks are required

High-speead Dead Tume

: 4 T 0
single-phase trip Auto-reclosing operation
Auto-reclosing

ready

KE Asia Engineering Consultant Co. Ltd
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7. Auto-reclosing function (Requirement)

(2) Three-phase auto-reclosing /= $®
= F
VB V‘L' V’L-

» Synchronism-check

W w VL
Dead Tume

Three-phase trip .
& [
. & Auto-reclosing operation
Auto-reclosing ready =

Live VB and Dead VL

|
J
| No fault |l

Auto-reclosing condition for leading terminal

Dead Time

Three-phase trip X t o
& [N & .
Auto-reclosing ready Auto-reclosing operation

Live VL & Dead VB

| Synchro-check

l No fault }

Auto-reclosing condition for follower terminal

E Asia Engineering Consultant Co. Ltd 55

7. Auto-reclosing function (Requirement)

(3) Multiple-phase auto-reclosing

> High speed auto-reclosing after first confirming of
different phases in double circuit line

» Interconnection of the form of two phases or three
phases

High-speed Dead Tiume

single-phase trip ’ p
Auto-reclosing operation

Auto-reclosing ready

Two or more healthy

phaseremain in-service

@ Asia Engineering Consultant Co. Ltd
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8. Application examples of Japan to long distance line

Nishi-Gumma- 137.7 km 500kV 1992 ~ TEPCO 1000kV design
kansen

Minami-Niigata- 110.8 km 500kV 1993 ~ ditto ditto

kansen

Higashi-Gumma- 44.4 km 500kV 1999 ~ ditto ditto

kansen

Minami-lwaki- 195.4 km 500kV 1999 ~ ditto ditto

kansen

Dai Kurobe- 24516 km  275kv  1988~2011("1)  KEPCO 1:FM {Analog)
kansen 2011~  (*2) 2: Numerical

Note: TEPCO : Tokyo Electric Power Company /TEPCO—Power Grid Inc.
KEPCO: Kansai Electric Power Company /Kansai Transmission and Distribution Inc.

FM: Current differential relay based on Frequency modulation, static type relay

m Asia Engineering Consultant Co. Ltd

END

KE Asia Engineering Consultant Co. Ltd
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2.2. WG3 Distance_Protection (Transmission Line)

Theory of Distance protection

Project for Enhancing Grid System Operation and
Maintenance Capacities through Strengthening National
Transmission and Despatch Company TSG Training Center

[WG3: Protection Relay Simulator Training ]

- Transmission line protection -

May, 2022

@ Asia Engineering Consultant Co. Ltd
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1. BASICS: Duty of Distance Relay

The distance relay measures the impedance from a relay
installation part to the fault point, and distinguishes whether it
is the fault of protection within the setting.

Z=V/I= 1Z1 Z£0 Setting point
v I vVt
2 (O]
o 1
Ry

where
E : Source voltage, V : Measured voltage at terminal
I : Measured current

: Line dropped voltage, Vi : Voltage at the fault,
Z]_ Line impedance. Zg : Source impedance

KE Asia Engineering Consultant Co. Ltd

1. BASICS: Distance Protection Scheme

Pooz=7
I zone3 (X3)
g zone2 (X2)
= .
zonel (X1) i
Distance (7)) : —_— E
Zy  Ass la : Bss E Css
E, (o I Vh\E ' :I-\—D—:l—\-l:l'
h
Ry

The distance relay is used for main protection and backup
protection for transmission lines.

Generally, Zone 1 is for main protection, transmission line between
Ass and Bss, Zone 2 and Zone 3 are for backup protection.

m Asia Engineering Consultant Co. Ltd
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1. BASICS: R-X plane vs V-I plane

The impedance from the point installing relay to the

fault point is almost equivalent to measuring the —~~ L R

impedance of a transmission line. o) g’ﬁ' A —AM—{
R -

The relation between resistance and reactance in the v )

R-X plane is the same as the voltage V introduced into 1

arelay and Current 1.

r jX V
jX ___________________
75—89jdeg
N :
R I R

m Asia Engineering Consultant Co. Ltd

1. BASICS: Voltage and Current

Load impedance during power transmission is almost in +R or -R axis direction.
the impedance exists almost near +X axis in the first quadrant in the event of a forward
fault, and exists near —X axis in the third quadrant in the event of a reverse fault.

Voltage and Current at Normal Condition

V (Receiving) V (Sending) iX
b Forward fault
Load current T
Voltage and Current during a Fault ™ B
Receiving [ %" Sending
- I ]
V (Foward fault) —R R
1 1
0 ’\}.. l ‘J‘
Fault current I & T ~
4 Reverse fault
V (Reverse fault)

(I - Reference, 6 : I.ine angle)

KE Asia Engineering Consultant Co. Ltd
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2. RELAY CHARACTERISTICS & SCHEME LOGIC

BASICS

NoOoOOokODdD-~

RELAY CHARACTERISTICS & SCHEME LOGIC
ANALYSIS OF TRANSMISSIONLINE FAULT
PRINCIPLE OF RELAY OPERATION
CONSIDERATIONS OF SETTING

MEASURING ERROR COMPONENT
APPLICATION PROBLEMS

4

@ Asia Engineering Consultant Co. Ltd

2. RELAY CHARACTERISTICS & SCHEME LOGIC: (1)

Characteristics of distance relay

Basic requirements

[1]It should be rendered inoperative with load impedance.

[2]It should be able to measure a distance to the fault point accurately.

[3]It should be rendered inoperative in the event of fault which is out of the range of the
protection and normal service conditions.

iX
Tmpedance by inrush current when | | |
a transformer is connected
T Impedance during
i power swing
o faults >
é’y&;-“ W’ﬁ
(7
Toad i feiis %{"I“w__“ - 'Wlnad impedance at sending
wad impedance al recefving O & v teiEiaal
Lerminal . P P i
i 2"
ZZ ’ iy,
M Effect of fault &%’éya‘,
resistance .

Fig.1.2 Impedance during various cvents

@ Asia Engineering Consultant Co. Ltd
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2. RELAY CHARACTERISTICS & SCHEME LOGIC: (1)

Relay Characteristics

X _
A iX iX

v ¥ 7?777777"7777\7777
( 17804
o 1 R— (I R ()
R
(L Ohmuc Reuclance

Mho
Mho type Ohm Type Reactance Type

The basic characteristics of the distance relay should be of
mho type and of the ohm type, and also as a reactance type.

m Asia Engineering Consultant Co. Ltd

2. RELAY CHARACTERISTICS & SCHEME LOGIC: (1)

Relay Characteristics

Mho

The mho-type distance relay passes through the point of origin and has
its operational area on the side of the first quadrant.

m Asia Engineering Consultant Co. Ltd
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2. RELAY CHARACTERISTICS & SCHEME LOGIC : (1)

Relay Characteristics

Characteristic Angle

Line Angle
Fault Resistance with Load

Ex. 75° for phase fault
60° for earth fault

=

The maximum sensitivity angle of a mho-type distance relay is in the
direction of the Mho diameter directional angle.

Accordingly, the setting for the maximum sensitivity angle is usually suited
to the characteristics of the transmission line and resistance of a fault point.

@ Asia Engineering Consultant Co. Ltd 1

2. RELAY CHARACTERISTICS & scHEME LOGIC: (1)

Relav Characteristics

iX x
A 'y
A% 77777 7777777777
\(.'
¥ (D : (D
» (I ol
R R
Ohm Type Reactance Type

The ohm-type distance relay is used as a blinder element. The reactance-type
operates only in response to the reactive component. it has to be used in combination
with a mho-type directional element, or quadrilateral directional element.

@ Asia Engineering Consultant Co. Ltd 12
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2. RELAY CHARACTERISTICS & SCHEME LOGIC : (1)

Relay Characteristics

Quadrilateral -- by Numerical Relay
A
LAV
m ’

Directional element
In combination with the reactance type and ohm type, this
element is used when creating quadrilateral characteristics.

KE Asia Engineering Consultant Co. Ltd 13

2. RELAY CHARACTERISTICS & SCHEME LOGIC : (1)

Relay Characteristics

The directional element distinguishes the direction of an
fault using the phase relation between voltage and current.

Current base Voltage base
A (Operating zone is shown as )

Vp

Directional characterisic with reference to  Directional charactenistic with reference to
current voltage

@ Asia Engineering Consultant Co. Ltd 14
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2. RELAY CHARACTERISTICS & SCHEME LOGIC

2. RELAY CHARACTERISTICS & SCHEME LOGIC
(1) Relay characteristics
(2)Protection scheme

Time- stepped distance protection

4

(A Asia Engineering Consultant Co. Ltd 15

2. RELAY CHARACTERISTICS & SCHEME LOGIC: (2)

Relay Characteristics

Distance and Directional Element
Examples of characteristics of distance relay

1 X /l}(

. - X3
/ Zone 3 \ Zone 3 /
X2
\ Zone 2 X2 \ Zone 2/
X1

1 ;
Zone 1 / /fone/ S R
\.-_-_._/
R
Mho Characteristics Quadrilateral
Characteristics
m Asia Engineering Consultant Co. Ltd 16
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2. RELAY CHARACTERISTICS & SCHEME LOGIC

Distance Protection Scheme

(1) own) —m

Zong |

W

E=

1 \ Lone 3
7one 2 = ‘ Zone 2

Delay timer

Zone 1:
typically 80% of the line

)

Zone 1

I

Distance () ————»

Css

Bss

Ex @ |2 L
' AN i |

[Rv-4] Ry-B

Zone 2:
typically 120% of the line
including the next SS busbar

Zone 3:
typically 300% - 500%
of the line

The operating time of zonel is set to operate instantaneously.
The operating time of the zone2 is set to about 0.2- to 0.5-second. The operating
time of the zone3 is set to about 0.8- to 2-second.

m Asia Engineering Consultant Co. Ltd
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2. RELAY CHARACTERISTICS & SCHEME LOGIC
Distance Protection Scheme
T3
M element —» 3]
[~
X1 element r D 1] } » Output of distance relay
-~ T2 —
[2]
X2 element _/ Z
[1]: zonel output, [2]: zone2 output, and [3]: zone3 output
] X
An example of logic of time-Stepped
distance protection.
The output of distance relay is produced in
X2 accordance with the AND condition of the
\ / directional element (mho element) and the
X1 / distance element (reactance element).
K
m Asia Engineering Consultant Co. Ltd 18
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3. Analysis of Transmission line fault

BASICS

RELAY CHARACTERISTICS & SCHEME LOGIC
ANALYSIS OF TRANSMISSIONLINE FAULT
PRINCIPLE OF RELAY OPERATION
CONSIDERATIONS OF SETTING

MEASURING ERROR COMPONENT
APPLICATION PROBLEMS

NoOoh~wdD =

m Asia Engineering Consultant Co. Ltd

3. Analysis of Transmission line fault

19

Symmetrical Component Analysis

A symmetrical component analysis is invented as the analysis technique of
the unbalanced fault about 100 years ago.

Positive- sequence Negative- sequence Zero- sequence
Component Component Component

Val Va2 ‘a0

VO 1 Vb0

L Ve

120deg
120deg /

Vel Vbl Vb2 Ve2
(zaVal)  (=a*Val) vy (=a2Va2)

This method considers that each phase component which is consists of positive
sequence component, negative sequence component, and zero sequence component.

m Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault

Vector operator a
[a] is called vector operator.

[a] means that a phase is 120 degrees advanced without changing a size.
[a’] means that 120 degrees is advanced twice.
. a=-12+j\3/2
126 at=-1/2-j\3/2
1
. 1+a+a>=0
aV
92 120
L '
120
a’V
KE Asia Engineering Consultant Co. Ltd 27
3. Analysis of Transmission line fault
Fault Voltage and Symmetrical Component
The relation between the voltage in case of a fault, and a symmetrical component.
Positive- Negative- Zero- seq.
se~ seq.
Va
Va Vv
2
Vb2 < //'v/' 0
Vel Vbl Vez
N /
- .
%0 Vel Vaf
C
Va2 Vbf 4 —
V@VO Ve2 Vef Vbf
Val ol
Vaf Vb2 Vo
Vef
m Asia Engineering Consultant Co. Ltd 22
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3. Analysis of Transmission line fault

Symmetrical to Phase Component
Each phase component is expressed by symmetrical components.

Va=V0+Val+Va2
Vb =V0+Vb1+Vb2 = VO+ a%Val+ ava2

Ve =V0+Vcl+Ve2 = VO+ aVal+ a?va2

'S =~

Va | VO
Vol _ | az a | |vi
Vc

L) 1 a a?

Symmetrical Component J

based on A- phase

m Asia Engineering Consultant Co. Ltd 23

3. Analysis of Transmission line fault

Phase to Symmetrical Component

On the contrary, symmetrical components is expressed by each phase electrical quantity.

Zero phase: V0 =1/3 (Va+Vb+Vc)
Positive phase: V1 =1/3 (Va+aVb+a*Vc)

Negative phase: V2 =1/3 (Va+a?Vb+aVc)

Vo 11 1 Va
V131 a a2 | |vb
V2
L) 1 a’ a Ve
o

Symmetrical Component

—  based on A- phase
Asia Engineering Consultant Co. Ltd 24
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3. Analysis of Transmission line fault

Phase to Vo [ Va
Symmetr_lcal V1| _ 311 a a Vb
Conversion V2

- vy 1 az a xVCJ
Va s =
Symmetrical Lo Vo
Cto Phase Vb| _ a2 a Vi
onversion
Ve
o vy a 32 kvzz

m Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault
In order to perform fault analysis of an Lt
) . Positive—sequence
electric power system, the equivalent
circuit by the symmetrical components 1 >
method is used. é VLTI
Three-phase Circuit |
@ | Negative—sequence
I Va,l a R
|-7|] V2,12
Vb,Ib
@ . R Zero—sequence
I've,lc R
[|I] ] VOo,10
m Asia Engineering Consultant Co. Ltd 26
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3. Analysis of Transmission line fault

Line Impedances

The impedance of a single-circuit type transmission line includes the
self impedance and the mutual impedance of the line.

In Zaa

Va o——(Tiih 0000/ O Vaf
b Zbb mm Zab

Vb o———( i O Vbf
Io Zce -Qm Zca LO.Q.Q.UZbC

Ve o———LIN LN MMN——o0 Vet

Fig. 2.2 Single line impedance model

Va=Zaa-Ia+ Zab-Ib+ Zca-Ic + Vaf
Vb=Zba:la+ Zbb:Ib + Zbc: Ic + Vbf b Equation 2.1
Ve=Zca-Ia+ Zbc-Ib+ Zecc Ic + Vef

m Asia Engineering Consultant Co. Ltd

3. Analysis of Transmission line fault
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Line Impedances

Va=Zaa-la+ Zab:Ib+ Zca: Ic + Vaf
Vb=~2Zba-Ila+ Zbb-Ib+ Zbc- Ic + Vbf o Equation 2.1
Ve=Zca-Ia+ Zbc-Ib+ Zece - Ic + Vef

considering the symmetry of the line.
Zaa=7bb=Zcc=1Zs
Zab=7bc=7Zca=7m
Then,
va=Z7Zs-la+7Zm-Ib+7Zm-Ic+ Vaf
Vb=Zm-la+Zs-Ib+Zm-Ic+ Vbf «++ Equation 2.2
Ve=7Zm-la+Zm-Ib+Zs-Ic+ Vef

For example, A-phase voltage is related to b and ¢ phase current in addition to
a phase current. It turns out that analysis is complicated and it is difficult in
case of the unbalanced fault such as earth fault.

KE Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault

Impedance in Va Zs 7Zm 7Zm [a
Phase Circuit Vb| 7m 7Zs 7s Ib

Ve /m Zm 7Zs Ic

S w J
Impedance in VO Zst2Zm 0 0 10
Symmetrical vi| | 0 Zszm 0 [

Circuit =
V2 0 0 Zs-7m 12

Since positive sequence, negative sequence and zero sequence component can
constitute independently, analysis becomes easy also in the unbalance fault.

@ Asia Engineering Consultant Co. Ltd

3. Analysis of Transmission line fault (1LG)

one-phase earth fault (1LG)

In case of the A-phase fault, the current of b and ¢ phase is 0 and the terminal
voltage Va is 0.
From this, a symmetrical component is shown like this formula.

@ | Va,l a
[ i Fault Condition
=~ Va0
Vbib [b=1c=0

@ i Vel e l

Three—phase Circuit
Symmetrical Component

VO+V1+V2=0
[10=11=12

@ Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault (1LG)

Conversion

Conversion to the symmetrical component

Fault Condition Va=0
then VO+VI+V2=0 --(1)
Va=0 [b=Ic=0
[b=1c=0 then 10+ a2 I1+a I2=
[0+all +a212=0 ---(2)
.., From (2)

(a—a?) (I1-12)=0

ie. 1=12 ---(3)
VO+VI+V2=0 From (2) and (3),
10=11=12 [0=T1=12 ---(4)

Symmetrical Component

m Asia Engineering Consultant Co. Ltd

31
3. Analysis of Transmission line fault (1LG)
one-phase to earth Positive—sequence
fault (1LG) — "
é VLI \
Fault Condition in |
Symmetrical Component
Negative—sequence
VO+VI1+V2=0 — .12
[0=11=12
Zero—sequence
Smce_posmve sequence current, —1 Vo0
negative sequence current, and zero
phase sequence current are the same, it
serves as connection as shown in red \
line. |
m Asia Engineering Consultant Co. Ltd 32
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3. Analysis of Transmission line fault (2LS)

Phase-to-phase fault (2LS)
@ I AL Three—phase Circuit

Fault Condition

| Vblb Vb=Vc¢
! ) [ a=0
@tvere b+ 1 e=0
Conversion to the symmetrical component
[a=0.Ib + Ie=0 i.e. Ja+Ib+Ic=0 1
then I0+11+12 =310=0 -- (1) )
From (1), Symmetrical Component
10=0 . [1+12=0 -—-(2)
Vb=Ve V1=V2
then VO0+a?Vl+a V2=
VO+a V1 +a2 V2 =0 -=(3) [1+12=0
From (3) [10= O’V():O
(a®—a) (V1-V2)=0
ie. VI=V2,V0=0 -—(4)
@ Asia Engineering Consultant Co. Ltd 33

3. Analysis of Transmission line fault (2LS)

Phase-to-phase fault (2LS)

Positive—sequence

é VILIT SN
Fault Condition in

Symmetrical Component |

N

Negative—sequence

V1=V2
[1+12=0 —V2.12 L\\
[10=0, V0=0

N

Since these formula shows that Zero—sequence
—

positive sequence current and negative —0.10
sequence current have the same
magnitude, and it is a reverse phase, an
equivalent circuit becomes such.

KE Asia Engineering Consultant Co. Ltd 34
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3. Analysis of Transmission line fault (2LG)

Two-Phase Earth Fault (2LG)

@ | Va,l a
[ i Fault Condition

Vb=Vc=0
[ a=0

: 1

Three-phase Circuit Symmetrical Component

V1=V2=V0
[1+12+10=0

KE Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault (2LG)
Two-Phase Earth Fault Positive—sequence
(2LG) é VLIT N
Fault Condition in . \
) Negative—sequence
Symmetrical Component
e— h\
V1=V2=V0 V212 NN
[1+12+10=0
Positive sequence voltage, negative \
= Zero—sequence
sequence voltage, and zero sequence
voltage are the same, and an — V0,10 '\\
equivalent circuit is obtained from
the relation of this amount of
symmetrical components. AN
m Asia Engineering Consultant Co. Ltd 36
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3. Analysis of Transmission line fault (3LS)

Positive—sequence

Three-phase Fault

[r——

é VILI1
|

Three—phase Circuit

@ [ Negative—sequence
[Va,l a

[r—

— V2,12

Vb, b
@

— Zero—sequence
Velc 1

I;] — V0,10 .

Only positive sequence circuit exists.

WA~ Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault
Equivalent Fault Circuit
One-phase Earth Phase-to-phase Two-phase Earth
fault fault fault
R oM RS, Positive —sequence Positive—sequence
t:_l) Vil g f VLIT SN
' | |
Negative —sequence
Negative—sequence Negative—sequence
S — Zero—sequence Zero—sequence ¥
N \
m Asia Engineering Consultant Co. Ltd 38
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3. Analysis of Transmission line fault

(Impedance seen by relay)

P \ —> \Y%
Oz H 2
E . |A|,\[\u 4
Ak

Ry

NN

where
E: Source voltage, V: Measured voltage at terminal
[: Measured current

V.: Line dropped voltage, V: Voltage at the fault,

Z: : Line impedance. Z»: Back impedance

In order to examine the impedance seen by the distance relay, a virtual

distance relay should be installed inside point P of the generator impedance.

@ Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault
(Impedance seen by relay)
P A
Phase-to-phase fault (bc) |  —Zm | {ﬁ_h_._g
- N ] AN
'ositive sequence circuit
Ea Vi Vig
P A : \
Zpi Z
Negative sequence circuit I I I I ’_\—u_|—[L»—(F\
V, Vor N
Zero sequence circuit P 7 A Zio L OF\
Ea=(Z,+7,)1, | Iﬂl | I_—I_l
0=(Zy +Z,))-1, Vo Vor
O
the line impedance and transformer impedance have a relationship such
that positive phase impedance is almost equal to negative phase.
KE Asia Engineering Consultant Co. Ltd 40
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3. Analysis of Transmission line fault (Impedance seen by relay)

E(J ZRI + ZLI ZRI + ZL] ZHH + Z!.n 1]
Eb|=|a*(Zy,+Z,) alZy,+Z,) Lo +Zo I 1,
Ec 1,

alZy +Z4,) a’ (Zyt+Zy) Zy+Z,

zab=—L9_ _5(zb, + 2, )exp(-j60°)
la—1b
Ebc
pZbc = T =(Zb,+Z,))
Eca .
pZea = =2Zb, + Z,,)exp(+j60°)
le—1Ia

Zbc (BC phase relay) measures the line impedance up to the fault point (Zb1 + ZL1).
Zab measures the line impedance lag 60 degrees.
Zca measures the line impedance lead 60 degrees.

m Asia Engineering Consultant Co. Ltd a1

3. Analysis of Transmission line fault

(Impedance seen by relay) iX

=Za +
\/521490 Zy=Znt 2

J32,2-90

Eab e . e A ata
. Zab = =2(2Zb, + Z,,) exp(~j60°) This figure shows an instance

la—1 in which the ‘ab’ phase of the
Zbe = Ebc  _ (Zb,+ Z,) leading pha.sc to the faultc‘d
HL— le phase goes into the operating
p Zea = ———=2(Zb, + Z,,)exp(+ j60°) zone of the reactance
le—la measurement (X1).
KE Asia Engineering Consultant Co. Ltd 42
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3. Analysis of Transmission line fault

Fault Voltage and Current

| Fault
One-phase earth fault @ 7

(1LG)

[ af

The tendency of the voltage and current in 1LG.

@ Asia Engineering Consultant Co. Ltd
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3. Analysis of Transmission line fault
Fault Voltage and Current | Fault
T /
Phase-to-phase fault
bV .
(2LS) L [kely
i
i
i
|
i
[ cf :
\E.p‘caf‘
“oye ek The tendency of the
voltage and current
in 2LS
m Asia Engineering Consultant Co. Ltd 44
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3. Analysis of Transmission line fault

Fault Voltage and Current

|, Fault

/

Two-phase earth fault
(2LG)

The tendency of the

voltage and current
in 2LG

m Asia Engineering Consultant Co, Ltd a5

4. Principle of Relay operation

BASICS

RELAY CHARACTERISTICS & SCHEME LOGIC
ANALYSIS OF TRANSMISSIONLINE FAULT
PRINCIPLE OF RELAY OPERATION
CONSIDERATIONS OF SETTING

MEASURING ERROR COMPONENT
APPLICATION PROBLEMS

NOGOROLON =
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4. Principle of Relay operation

4. PRINCIPLE OF RELAY OPERATION
(1) The principle of the distance measurement
(2)The principle of the directional element

(8)The relay characteristic and the principle of operation

4

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation
(1) The principle of the distance measurement
Single Line model . . .
The relay is located at this point.
C) i N P
E ZB 1/‘1’\TV\ | 7L | ‘
i
Ry
where
E : Source voltage, V : Measured voltage at terminal
1 : Measured current
V1 : Line dropped voltage, V¢ : Voltage at the fault,
Zp @ Line impedance, Zg : Source impedance
The distance relay measures positive-phase-sequence impedance (Z1)
from the voltage and current.
m Asia Engineering Consultant Co. Ltd 48
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4. Principle of Relay operation

(1) The principle of the distance measurement
Line Impedances

The impedance of a single-circuit type transmission line includes the self

Zaa
Va o—2 5 (M 0000 OVaf
b Zbb mﬂm Zab
Vb o———TI O Vbf
Te Zce Wity Zca LQQ.Q,Q.J 7be
Ve o—— 1IN oy Vef

Fig. 2.2 Single line impedance model

Va=Zaa-Ia+ Zab-Ib+ Zca-Ic + Vaf
Vb=7ba Ia+ Zbb.Ib+ Zbc- Ic + Vbf

Equation 2.1
Ve=Zca-la+ Zbc-Ib+ Zee: Ie + Vef

E Asia Engineering Consultant Co. Ltd

4. Principle of Relay operation
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(1) The principle of the distance measurement

Phase voltage

Va=Zaa-la+ Zab:Ib+ Zca - Ic + Vaf
Vb=7Zba-Ia+ Zbb-Ib+ Zbe - Ic + Vbf

Equation 2.1
Ve=Zca-la+ Zbc:Ib+ Zcc- Ic + Vef

considering the symmetry of the line.
Zaa=7bb=Zcc=/1s
Zab=7bc=Zca=Zm

Then.

Va=7Zs-Ia+Zm-Ib+7Zm-Ic+Vaf
Vb=Zm-la+Zs-Ib+ 7Zm-Ic+ Vbf

Equation 2.2
Ve=Zm-la+Zm-Ib+ Zs-Ic+ Vef

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

(1) The principle of the distance measurement

Phase voltage

Va=Zs-la+Zm-Ib+Zm-Ic+ Vaf

Vb=Zm-Ia+Zs-Ib+ Zm-Ic+ Vbf *=+ Equation 2.2

Ve=Zm-la+Zm-Ib+Zs-Ic+ Vcf

voltage drop across the line impedance is VL

Va =VaL+ Vaf
Vb = VbL + Vbf - Equation 2.3
V¢ = VcL + Vef

(VaL Zs Zm Zm Ia
[ VbL |=| Zm Zs Zm |e¢|Ib Equation 2.4
i.. VeL) | Zm Zm Zs| \Ic)

KE Asia Engineering Consultant Co. Ltd

4. Principle of Relay operation

(1) The principle of the distance measurement
Impedance in Symmetrical Component
Val (Zs Zm Zm Ia
VbL [=|Zm Zs Zm|e|Ib Equation 2.4
\ VeL (Zm Zm Zs) \ I

1

N / N The posm‘ve-phase-
sequence impedance,
Vo _ Zs+2 Zm 0 0 10 negative-phase-
Vi B 0 7s—7m O 11 sequence impedance
and zero-phase-
V2 0 0 Zs-Zm 12 sequence impedance
L J \ / L ) are Z1,Z2 and Z0

Z1=72s—7m, Z2=7s—-7m, 70 =78+ 27Zm

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

(1) The principle of the distance measurement
Impedance seen by the Relays

Phase-to-phase Fault Relay
Z=(Vb-Vc)/(Ib-1I¢)

A, (delta) impedance can be found by dividing phase voltage by phase
current.

Earth Fault Relay
Z=Va/(Ila+k110+k210)

Y impedance can be found by dividing voltage by current.

ﬂ: Asia Engineering Consultant Co. Ltd

4. Principle of Relay operation

(1) The principle of the distance measurement

Phase-to-phase Fault Relay

Zab=Vab/(Ia—1Ib)
Zbc=Vbc/(Ib—1Ic) ¥ o Equation 2.5
Zca=Veca/(Ic—1Ia)

Vbe = (Zs — Zm)(Ib —Ic) + Vbf — Vef e Equation 2.6

Zbe=1Z, (Z,=Z5-21) o Equation 2.7

(Zs —Zm) (Ib —I¢) of equation 2.6 is the voltage drop across the line
impedance. VL, and Vbf— Vcf will give the voltage at the fault point.
Impedance can be found by dividing voltage by current.

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

(1) The principle of the distance measurement
Earth Fault Relay
Za =Va/(la+klo)
Zb =Vb/(Ib+Kklo) s Equation 2.8
Zc =Vc/(Ie + klo)
Va = Zsla + Zmlb + Zmlc + Vaf

=(Zs—Zm)la + Zm(Ia +Ib+ Ic) + Vaf

=(Zs—7m)la+ Zm-3lo + Vaf

=(Zs- Zm){la + ﬂ Io} + Vaf e Equation 2.9

/s—7m

basedonZs—-Zm=27,, Zs+2Zm="Zo:

Zg —Z :
Va=2, {Ia 2 OZ L 10} + Vaf S Equation 2.10

@ Asia Engineering Consultant Co. Ltd

4. Principle of Relay operation
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(1) The principle of the distance measurement

Earth Fault Relay

Ly —Z :
‘\f'auzl{lzw UZ l101+Vaf Equation 2.10
1
Vaf
Zazzl+7ali1
S Equation 2.11

Where, k= M

1
Z1 of the first term in the right-hand side of equation 2.11 is the impedance up to
the fault point and the second term is impedance at fault point.
At equation 2.11, when the residual voltage at the fault point (Vaf) is 0, the
following equation holds:
Za=171
The distance measurement principle in parallel line is explained later.

m Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

(2)Directional Element

A
V
Forward fault
6
1O >
§ I
Reverse fault
¥ [6: Line angle

Fig.3.1  Angular relationship between voltage and current during faults

The following are the required performance criteria for a directional element.
(i) It must always be operative in the event of a forward fault.

(ii) It must be always be rendered inoperative in the event of a reverse fault.

m Asia Engineering Consultant Co. Ltd 57

4. Principle of Relay operation

(2)Directional Element
Polarizing - - Voltage in close-up fault

A Operating zone 1s the shaded side
Vp
7]
> g Tup
I
Directional characteristic Directional characteristic
with current reference with voltage reference

Fig.3.2 Directional element and Relationship between voltage and current (Forward faults)

I-Vp-sin(6+d)>0 e (31)
Zs-1-Vp-cos(p—0)=V-Vp --- (3.2)
The phase relationship between the polarising voltage Vp and the current [ is determined as

shown in equation 3.1, or for a relay with mho characteristics it is used for determining the
direction as a directional element as shown in equation 3.2.
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4. Principle of Relay operation

Table 3.1(a) Polarising voltage for phase-to-phase distance

polarizing voltage)

Vp=Vbe +Vbem'k

Vbem : Memorised
Voltage

k : Constant

Polansing voltage “a” phase to earth fault “b™ to *¢” phase fault Features
(1) With memory Large angle shift of the
(phase-to-phase polarizing voltage

mvolving faulted phase for
single phase to earth faults.
No angle shift of polarizing
voltage of the faulted phase
for two-phase to earth
faults.

Large angle shift of the
polarizing
involving healthy phase tor

voltage

two-phase to earth faults

(2) Positive sequence

voltage

Vbe, =
V3(Va - V,) 2 -90° = Vhe

Vbey

Vhey

No shifi of the angle of the
polarising voltage either for
one phase-to-earth faults or

two phase-to-earth faults.

ﬂ: Asia Engineering Consultant Co. Ltd
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Memory Functions

P v " Y
E @ —{ 2 M7 |

£
A
= 3
where

E : Source voltage, V : Measured voltage at terminal

L : Measured current
V. : Line dropped voltage, Vi : Voltage at the faull,

Zr : Lime impedance, Z3 : Source impedance
g 2.1 Single hne model

The occurrence of a close-up fault,

A
v

6

Forward fault

e

Reverse fault

P

P 16 Line angle

(1) Measures against loss of polarising voltage

The conventional methods that are used frequently include the following methods:
()Method by which polarising voltage is made available using memory voltage for short-circuit

distance relay

(ilMethod by which polarising voltage is made available shifting a sound phase voltage for

earth-fault distance relay

(iii)Method by which positive-phase-sequence voltage functions as the polarising voltage

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

Memory Functions
(1) Polarising voltage is made available using memory voltage

Vp=Vm+kVm-n - (3.3)

S A _

6 LI\ g :

A § L I .='

o £ O A

0 {... .\.1 ..;A....L..,..' Voltage
5 > o J‘l > £ o E"[ S E SS9 g 9w P Lo Meiuo

[\

T T
. . -
~ o ™ g o o4 LW 1Y
I e B e ca = =~ —vollage
f .

:
HIRYERY
\/ \/

=-1D

Fig. 3.3 Explanation of the principle of memory voltage

m Asia Engineering Consultant Co. Ltd
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Memory Functions

(ii) Shifting a sound phase by 90° to the leading phase,
Vp=Va+k-Vbe £ 90°

K I Va=0

J . Vap=Vbec £90°

Vbe
Fig. 3.4 Principle of polarized voltage

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

On-delay measures at close-up fault

When the first stage of a distance relay is used as a backup protection with
time delay, it is highly likely that memory voltage as a polarising voltage will

already have disappeared.

Offset Action for
Internal Fault

The impedance seen
by distance relay

In order to continue operation when the first stage element of the distance relay
operates, a measure is taken such that directional element (mho element) of the

first stage relay has a reverse offset so as to include the origin.

m Asia Engineering Consultant Co. Ltd

4. Principle of Relay operation
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4. PRINCIPLE OF RELAY OPERATION
(1) The principle of the distance measurement
(2) The principle of the directional element

(3) The relay characteristic and the principle of operation

4

m Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation

Mho-type Characteristics
I-cos(p—0)/V=Kk

/set-V (1.8 :1shifted angle 6)
e Operating formula

(1/08-Zset—V) " Vcosa =0

I

<Official formula>

The angle which the diameter of a circle makes is 90 degrees.
a>90" (cosa<0) -> outside of zone : No-operate
a=90° (cosa=0) -> inside of zone : Operate

KE Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation
Reactance-type Characteristics
X Operating formula
(V—jl-Xset) *Isina =0
Xset
jI-Xset
I R
a>0" (sina>0) - outside of zone : No-operate
a=0° (sina=0) -> inside of zone : Operate
KE: Asia Engineering Consultant Co. Ltd 66
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4. Principle of Relay operation

The theoretical operating voltage value

Mho element

Ms*I-cos(a—0) =V

. Point M

V=Ms-I* cos(a—8)

m Asia Engineering Consultant Co. Ltd
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4. Principle of Relay operation
The theoretical operating voltage value
Reactance element
Point M y/005(90° —0)=Xs-1
Vv
V=Xs*1/ cos(90° —0)

Il 0 >

0 I R
KE Asia Engineering Consultant Co. Ltd 68
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4. Principle of Relay operation

The theoretical operating voltage value

Blinder element

Point M VCOS(9+90° _(P)
=Rs*Icos (90° —¢)

¢
A

OWR\SIR

V=Rs"I* (90° —6) ~ cos (6+90° —o)

m Asia Engineering Consultant Co. Ltd 69

5. Considerations of setting

BASICS

RELAY CHARACTERISTICS & SCHEME LOGIC
ANALYSIS OF TRANSMISSIONLINE FAULT
PRINCIPLE OF RELAY OPERATION
CONSIDERATIONS OF SETTING

MEASURING ERROR COMPONENT
APPLICATION PROBLEMS
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5. Considerations of setting

5. CONSIDERATIONS OF SETTING
(1) Setting of reactance element

(2) Setting of blinder element

(3) Setting of directional element

KE Asia Engineering Consultant Co. Ltd

5. Considerations of setting

71

(1) Setting of Reactance element

gz

I Zone 3

Zone 2

() auny ——-

Zone |

Distance (£) ———p=

Dss

>
P @ Va LL\ t"n" 7: I
80% 120% - 150%

Typically

Figure 2.4 Distance protection
For the distance setting of the zonel, 80% or so of the impedance up to the
remote terminal so as to avoid overreach.
The zone2, about 120% to 150% of the impedance of the local section.
The zone3, about 300% to 500% of the impedance of the local section.

m Asia Engineering Consultant Co. Ltd
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5. Considerations of setting

Fault Resistance with Power Flow

\'% Load current (IL)

@-H‘*@ —— =& |
—> - |

Fault current (If)
Ry

System model

If there is resistance at the fault point, a distance relay will have a
tendency to overreach because of the load current.

@ Asia Engineering Consultant Co. Ltd

5. Considerations of setting

Fault resistance with Power Current

V jgp—>r— V& L
S P Lo
as In l Rf

Ry

Fig. 4.12 Model of resistance at fault point (single-end power source)

X X iX
R]-‘
Re R,
K
ZL ...‘ Z‘R_\' ZL ‘.-' ZI," éR\
& R _-“ Vi Ry o
“.:. o". ]F
I 1(=16) /\\\
R &—R
I=1p) Iy / oo =1t
I
(a) (b) (©)

Fig. 4.13 Effect of resistance at the point of fault

KE Asia Engineering Consultant Co. Ltd
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5. Considerations of setting

Fault Resistance with Power Flow

: X
X | bush o
A Receving side (Underreach) Remote busbar=100%
Zone 1 setting
Rr e e— i
6=-30°-0°
Sending side (Overreach)
Z
= R =R
Fig. 4.11 Effect of load current Fig. 4.12 Adaptive reactance element
In particular, the power transmission side shows a tendency to overreach.
Overreach is the phenomenon which measures impedance small.
KE Asia Engineering Consultant Co. Ltd 75

5. Considerations of setting

(2) Setting of Blinder element

Fault

/

Zone ol Load
current

R

—-— 0

Fig. 7.14  Application of blinder

In the setting of a distance relay, it is necessary to guard against operation for
maximum load under normal service conditions. In the case that the M-element
setting needs to be large in order to accommodate the length of an adjacent
section, then it is important that the relay characteristic is not affected by load,
for example through application of a blinder element, etc.

To be considered the total load current from both lines is concentrated on one
line for a parallel-line system.

KE Asia Engineering Consultant Co. Ltd
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5. Considerations of setting

(3) Setting of directional element X /

Voltage / Current for Directional Detection

For distinguish forward fault or reverse fault with
angle relationship between V and I /

Current base Voltage base
(Operating zone is shown as )

A
Vp
i | B I - M] ) »\‘p
) I

Directional characteristic with reference to

Directional characteristic with reference to
voltage

current
Fig.1.3 Characteristics of distance relays

77
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5. Considerations of setting

(3) Setting of directional element

iX
A
Possible impedance area

influenced by load current

Directi_(_mal element

Fig.2.1 Influence of load current on fault resistance

The tendency is for the impedance in the event of fault existing on the + R
axis in the R-X plane when resistance at the fault point exists in the event of a
forward close-up fault, whereas impedance tends to be deflected if there is

load current,
78
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5. Considerations of setting

Since the directional element needs to recognize the direction of an fault

certainly in a front fault, it

is made into the characteristic of operating

also with a sending current.
And in a back fault, it considers as the characteristic of not operating so
that an fault may not be detected.

Directional
element

Ao

j)“( Possible area impedance
exists as seen by relays
infuenced by sending load

|_—" current
(Forward fault)

(Reverse fault)

O

Fig.2.2 Influence of load current on fault resistance-2

m Asia Engineering Consultant Co. Ltd 79
5. Considerations of setting
Here, suppose the ratio of load current to fault current is equal to 1:2 as the
condition under examination. Even under this condition, the sensitivity of the
directional element sensitivity angle needs to be -30°  in order to ensure inside
and outside area determination.
1/
- 600\‘
\ Rf/C,
T ) )
Relay location 30° Impedance’s area considerfng
the effect of load current
=05
#=120° Directional element
Fig.2.3 Characteristic of directional element
m Asia Engineering Consultant Co. Ltd 80
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5. Considerations of setting

(3) Setting of directional element (Phase to phase fault distance relay)

Va Ibf

I

!

i

Directional element

Ve vb Iet

Reverse “b-¢™ fault

“c-a” impdance

22

Fig. 2.4 Lagging phase impedance for phase to phase faults

The lagging phase (‘ca’ phase) relay sees impedance on +R axis in the R-X plane
in the reverse ‘be’ phase fault. When there is load current, it operates depending on
the magnitude of the power flow and phase. The operating range needs to be
narrowed by selecting the faulted phase correctly or by adopting a positive-phase-

sequence voltage polarizing quantity.

m Asia Engineering Consultant Co. Ltd
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5. Considerations of setting
(3) Setting of directional element (Phase to phase fault distance relay)
The phase of the positive-phase-sequence voltage remains unchanged before
and after a fault occurs.
It is better to make a directional element into about -15 degrees in consideration
of load current.
oo X
Veal Directional
(Positive sequence element
polarized voltage) 30° 3
! R
i| Vea
! ’
I /
N Directional element
Ie
! ! L ‘e 4 2
vy ‘c-a” impdance
Ve vb Ief
Reverse “b-¢” fault
Fig.2.5 Characteristic of phase-to-phase positive sequence polarizing voltage
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6. Measuring Error Component

BASICS

RELAY CHARACTERISTICS & SCHEME LOGIC
ANALYSIS OF TRANSMISSIONLINE FAULT
PRINCIPLE OF RELAY OPERATION
CONSIDERATIONS OF SETTING

MEASURING ERROR COMPONENT
APPLICATION PROBLEMS

NN~
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6. Measuring Error Component

(1) Line Constants & VT/CT error

(2) Fault Resistance with Power Flow
(3) Transient DC

(4)Leading-phase Fault

(

5)Zero-phase Coupling in Parallel line

@ Asia Engineering Consultant Co. Ltd 84
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6. Measuring Error Component

(1)LINE CONSTANTS ERROR

Examples ol runsmission hine constanls are expressed m lerms ol 500kV overhead line reactance

(C2km) as follows:

a
a 0.437
b
c

b c

0.1718 0.1156

0.419 0.1478
0.3874

o
0.1054
0.1195
0.1212

b’

0.14108
0.1474
0.1195

¢
0.1623
0.1408
0.1054

When Z,, Z,and Z,; are calculated from the above example. they will be respective values as shown

Table 5.2 below.

Table 5.2 Tmpedance of each phase Q “km
\\m Z; Ties L 7
Phase a 0. 2934 0. 7245 0. 4085 0. 0462
Phase b 0. 2692 0. 7386 0. 4077 0.0173
Phase ¢ 0. 2557 0. 6508 0. 3451 —0.0152
Average 0. 2694 0. 7046 0. 3874 —0. 0146

Errors in distance measurement which result from imbalance of the phase impedance of the

transmission line range from about -10% to +4% in of the case of a 500kV transmission line.

KE Asia Engineering Consultant Co. Ltd
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6. Measuring Error Component
(1) LINE CONSTANTS ERROR
Table 5.3 Compensation factor of each phase
I<_7‘/10_:’fl k ~ Zm
24 By
Phase a 1. 469 1. 392
Phase b 1.850 1.573
Phase ¢ 1. 545 1. 353
Average 1.615 1.438
About 10% error
For zero-phase sequence compensation where impedance is treated as an
average value and three-phase operation is performed, the reach setting must be
calculated with consideration given to 10% or so of overreach.
KE Asia Engineering Consultant Co. Ltd 86
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6. Measuring Error Component

(1) Line Constants & VT/CT error

(2) Fault Resistance with Power Flow
(3) Transient DC

(4)Leading-phase Fault

(5)Zero-phase Coupling in Parallel line

CT and VT errors cause errors in distance measurement. CT errors tend to occur
on the negative side and result in underreach, especially if a high current flows.
VT errors, on the other hand, may be either positive or negative, and both
overreach and underreach could occur.
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6. Measuring Error Component

(1) Line Constants & VT/CT error

(2) Fault Resistance with Power Flow
(3) Transient DC

(4)Leading-phase Fault

(5)

5)Zero-phase Coupling in Parallel line

As already explained in sec. 5 “consideration of setting”, an
error is produced in distance measurement by fault point
resistance and load current.

m Asia Engineering Consultant Co. Ltd 88
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6. Measuring Error Component

(3)Transient DC

current §

voleage ¥ /ﬂ /‘7(\
L

S~ Time

______L,:&T__\_X/ ) _?fi/ .

Virtual start fault point
current reference

Fault current when fault
oceurs at v=i

Z8 : X1 Setting

(a) Expl of DC ¢ | hhhhhhhhh |6
Fault current @ AP .:\ |¢
I DCcomponent N~ =TT f

Max DC comp. '

: AL S

y——-~—4 AN \_/]

(b) Actual fault current

Fig. 4.15 Fault current when fault occurs at v=0

Distance Relay

The current value including DC component is large seemingly and the impedance seen by

distance relay becomes small. C

Consequently, transient operation (overreach) may occur.

For transient overreach, an improvement is made by means of the overall frequency
characteristics of the analog or digital filter as well as the relay arithmetic algorithm.

@ Asia Engineering Consultant Co. Ltd

6. Measuring Error Component

89

(4) Leading-phase Fault

Z Asls I ' B s/s
E f-\_,m — — Zy [ L
Al
* Va [ | /
bc 2¢S
X
N \/521490 Zy=Zn+ 2y
Zca ”
Zl, Zbc 7ab .

overreach

I‘]

In a distance relay, if the leading phase relay of a short-circuit relay shows a tendency
to overreach, there is a concern that the leading or lagging phase of a earth fault relay

will overreach because of a reverse power source condition in the event of double-

line ground fault.
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6. Measuring Error Component

(4) Leading-phase Fault

Zca X

<—Blinder

/ Reactance for Z1

.
~u
-

Fig. 5.2 A solution using blinder

Measures taken to avoid overreach of the leading phase of a short-circuit
distance relay are;
[1] Blinder element

Operation of the leading phase relay is prevented, by considering the setting of

the blinder element.

m Asia Engineering Consultant Co. Ltd

6. Measuring Error Component

(4) Leading-phase Fault

SX1—"a-b”
SM—"a-b” & ————> Zone 1(“a-b")
OoC—>g"

Fig.5.3 A solution using OC

[2]Prevention of overreach using an overcurrent relay
Operation of the leading phase relay can be prevented by
adding an overcurrent relay (OC) for the leading phase to
AND with the first stage (zone 1) element of short-circuit
distance relay.

m Asia Engineering Consultant Co. Ltd
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6. Measuring Error Component

(4) Leading-phase Fault

UVmin-1 —|= 1 —
[sx1-1 | = e
TUVmin-2 =2 "
— —|_ " )
[sx1-2 ] — e
UVmin-3 1=
&
._&
&

Fig. 5.4 A solution using minimum voltage selection

As faulted phase selection in a short-circuit failure, the zone 1 output of a distance
relay of the applicable phase selects the minimum phase voltage.

m Asia Engineering Consultant Co. Ltd
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6. Measuring Error Component
(4) Leading-phase Fault
GX1—a
:l & » Zone | of phase-to-earth
GM—b 1
Fig. 5.5 A solution for overreaching of the leading phase of phase-to-earth distance
[3]Measures used to prevent overreach in earth-fault distance relays
Although the earth-fault distance relay element makes an accurate
measurement in the event of single-line earth fault and three-phase faults, the
relay element on the leading or lagging side of the phase can overreach
depending on the system conditions in the event of a double-line ground fault.
As a measure for this event, the relay element on the leading phase blocks the
relay element on the lagging phase.
m Asia Engineering Consultant Co. Ltd 94
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6. Measuring Error Component

(5) Zero-phase Coupling in Parallel line

Va,Vb.Ve, V1,V2,V0
Lo’ 10 1, Adjacent line

o —&

[V ¢
Ialhle, 111210 Proteitad Lins
Ry

() Double eirewt hne (Defimuon of elecmcal values)

Va'o » ©
Vbo Ib'_—__ (Adjacent line) o
Ve'o ke > 1 0
)
- Zsa Fag Zaﬂhm Zea
Va o— T 000 MHN— N —— T —o Vaf
i Zsh (T Zah
Vb D N oy [ mmmmmmmmmnes —O0Vhf
Ie st Wy Zea M
Ve o—p—1 ﬂ'ﬂﬂ ! rﬂmj\ ----------- —=0 Vef

When applying a earth-fault distance relay to double-circuit transmission line, zero-
phase sequence current compensation for the adjacent line and the protected line is
required.
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6. Measuring Error Component

(5) Zero-phase Coupling in Parallel line

Va. Vb, Ve
Term. A Tas, Loa / Tns _Tos Term. B
> 4
——— x5 —— e 1—x M
<> Ty e——— »> C)
Z1A, Z0A N laa, Toa Z1B, ZoB
Ry
Measured resctance (Faulled line) Meusured reactance (Healthy line)
I T I I 1 3 o
i 3 15 *  Thomretical value  # Sealur comp ]—
10 —!_‘_T'h_‘mn-m:vl valus —d—Ecalar comp ]I _| p e —3 —
G 8 o " A ; 4—
L T | e
E 4 | - 5 '_f" '4’,_.—0“ 1
2 2 o = 0 =
Z i Z
=0 = [ 1] oz 0e 06 0B 10
200 0z 0 0 0 I -5
FFault point Fault point

A relay in the faulted line will measure a distance more accurately if both the self line
compensation and adjacent line compensation are provided.

In particular, when an adjacent line fault occurs near the local end, the actual distance seen
is shorter than the local section distance. It means the health line relay tends to become
overreach.
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6. Measuring Error Component

(5) Zero-phase Coupling in Parallel line

Measured reactance (Faulted ling) Measured reactance (Healthy Lne)
14 45 i i
ML A | e ]
qa ~—#—Thecretical value —&—Seslar comp. : A 35 \ ].T.I:ecmueal vl ® Scalarcomp. |
= & /r/ 30 F
s 4= G 25 A N
g = ¥ 20 L
=
,E i = + E 15 1-_1“_‘-"' —
2 510 ,—‘-r:
- B o5 +
0 = 0 t—t——""]
-2 02 04 05 08 0 0.0 0.2 04 nR 08 1.0
Tault point Fault point
(a) Relay in faulted line (b) Relay in healthy line

Fig. 3.5(b) Single infeed system (Self compensation)

For compensation only for self line, underreach tendency is shown.
Healthy line relay does not become overreach.
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6. Measuring Error Component
(5) Zero-phase Coupling in Parallel line
Comp. switch
[E Ia-HfI LT Distance
Loa - - . Measurement
T
Toa I comp. k'’ |—o’ o— Ia—+kl,.
— | 1loal ~ | Loal
=>0.8
Fig. 3.6 Adjacent line compensation switching
Although a relay on the faulted line side will measure distance accurately if self
compensation for the protected line and compensation for the adjacent line are provided,
care needs to be taken with regard to adjacent line compensation because a relay on the
healthy line will exhibit a tendency to overreach.
Here, as an effective means in providing adjacent line compensation, the method by
which the zero-phase sequence currents of each line are compared and whether or not
adjacent line compensation is selectable.
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6. Measuring Error Component

(5) Zero-phase Coupling in Parallel line

[ Toa|

Current Slope 0.8

Sensitivity f

[ Toa|

Fig. 3.7 Swithcing Characteristic

The characteristic diagram of the adjacent line compensation
changeover relay

m Asia Engineering Consultant Co. Ltd 99
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7. Application Problems

7. APPLICATION PROBLEMS

(1) Switch onto fault

(2) Measures for (lower) harmonics

(8)Measures against inrush current

(4)Reactance coordination

(5) Responsive action with no power source
supplied to positive phase

(6)Relay error when grounding adjacent
line of a double-circuit transmission line

m Asia Engineering Consultant Co. Ltd
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7. Application Problems (Switch onto fault)
(1) Switch onto fault
The Switch onto Fault function is used to detect and clear faults when CBs are
closed onto a pre-existing fault in the protected zone. Generally distance relay
cannot operate on switch-onto-fault especially 3L.G because no-voltages
continues after CB-closed. Therefore, overcurrent element is applied.
/‘\/ ‘ X \ ‘ Load
X |
' (= U) ...........................
OC SOTOF & {CBTrip |
& & ' ARC block |
ICD (Inrush
Current Detect)
block —
. Off-delay
Dead Line o
o
Detect 05s
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7. Application Problems

(2)Measures for (lower) harmonics
The transient harmonic current is experienced, when the electrical charge stored in
capacitance (C) is discharged at the fault point in the event of fault, the damped
oscillatory waveform of the frequency component which resonates between the
inductances (L) which exist in the discharge path.

Overhead line Cables

= /.I ’ {11 Y

(a) Line model \/ U u L" U U U

10 | f"_umm H H n{ \ ﬂ
F wf/ [ =IreY

('h) Fquivalent cireuit {e) Wavelorm

Tig. 6.1 Oscillation

Vmsin ¢ oRUIL 1 (R “: ]t

ifii=- = R: sin vLC: - | = Equation 6.1
Ve 9L |
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7. Application Problems
(2)Measures for (lower) harmonics
Table 5.1 Order and content rate of harmonics (Example) 1000MVA Base
System A System B
Frequenc
_ aueney 1.7-2.8 1.6-3.9
(on / ®o)
Ifn 12-27 4.7-29
(p.u.) (16 p.u.) (11 pu)
Rate of content 117-135 47-143
pr (%) (123 %) (100 %)
Under the condition that such lower harmonics exist, the
lower harmonics cannot be removed from distance relays that
are equipped with only a conventional analog filter, and the
relay characteristic.
m Asia Engineering Consultant Co. Ltd 104
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7. Application Problems

(2)Measures for (lower) harmonics

) L R
5
[ ) I MI—AW {;

R

Fig. 6.4 Line model

V=R-i+L . NP Equation 6.5
dt
[V.dt=R[i-dt+L-i + + + Equation 6.6

The principle used to calculate impedance directly is the method to calculate
the resistive component, R and the reactive component, X directly, based on
one of the following line equations as differential equations which can be
derived from the transmission line model shown in this figure.
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7. Application Problems

(2)Measures for (lower) harmonics

R and X can be calculated exactly and directly even when higher harmonics
are contained, if it is solved simultaneously at two different times.

X — il‘“ 2 Vﬂl"ll ik i“l—fl = ‘7|n X — Sim = S‘7Ll.1—'n = Sj‘]ll'—n g S"m
im ) jm-n - im_n 'jm Si m Im-n ~ EJ’lm—n "I
Bi= Vi “Jonn ~ Vaen " Jm B = _Svm 1y Svm—l} Iy
Lo Jon-n T lm-n “Jm Slm "Iy = Slm P
Equation 6.7
.di : .
(Where, j=—, S, =Xv, Si=%i)
dt
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7. Application Problems

(3)Measures against inrush current

Ass Ia . B|SS Load current (Ib)
Ea o0 || 00 ||
Va ~ Vb
Ry

Irush Transtformer

Fig.4.7 Transformer mruch current

When a transformer is energized a magnetizing inrush current will flow.

This current flow is about 3 to 10 times larger than the rated capacity of the
transformer.

An unwanted operation of the relay is prevented generally by considering the
time setting and impedance setting or alternatively that the relay is locked
when inrush current is detected.
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7. Application Problems

(3)Measures against inrush current

The impedance locus which the distance relay at this time looks at changes, as
shown in the right figure if the relay algorithm uses R and X direct calculation.
The impedance may stay and carry out malfunction to a domain of operation.
Change of impedance is detected for this measure and the method to block is in it.

T iX
g 5 |
(1 \\
W -~}
rf‘
_ _ .
Fig. 5.29 Waveforms of inrush current -f: -
Offset Mho T 0 OMEF ;
| Operation ol = R
| Inrush detection 3
Fig: 531 il blockis for OME Iig. 5.30 Impedance locus during cveles
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7. Application Problems

(4)Reactance coordination

Because a distance relay detects faults using a combination of various elements
whose principle of operation varies, such as the reactance element (X element)

and the mho element, time coordination between operation and recovery time
among each of these elements should be considered.

: Operate

S

X Both are
‘ operating
M Operate : j/
I -
?f Ve o B9 M element I v
é % _‘_g\ v
72 \\‘b X clement | I//
b7 ;::,r .//!J/a'l./\.}%‘/.‘f.b\ = L ) // :
. W = R . P
& T Tr—o Time
(a) R—X plane (b) Operation of each element (IExample)

Fig. 5.8 Co-ordination of reactance
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(4)Reactance coordination

A

A

M

Fo

pz

]

Load current Ip

A A
[V\

h‘““'\-u..
e

F1

(Fy)

<7

Fig. 5.9 Co-ordination between reactance and blinder element

For coordination in this case, measures must be taken such that ‘M’ element
operation is delayed during the transition from F1->F2.
When the ‘M’ element operates continues for a certain period of time, the

reactance element is rendered inoperative for the transition from F2 2 F1.
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7. Application Problems

(4)Reactance coordination

M

| T2, f3 % BL

Iv " Load curre.nl I | Fael

Ry (Fl)

Fig. 5.10 Co-ordination between blinder and Directional element

In the direction F1-2>F3, the directional element must recover before within
the time available before the binder element operates, whereas in the
direction F3=2>T1, the blinder element must recover within the time
available before the directional element can operate.
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7. Application Problems

(4)Reactance coordination

,DF 2. (_QJF 3

Fig. 5.11 Co-ordination between reactance and Directional element

For the direction F3->F2, measures should be taken in such a way that ‘M’
element operation is delayed, and for the direction F2—>F3, measures should
be taken in such a way that reactance element operation is delayed after
state in which ‘M’ element operation continues for a certain period of time
under the condition that the reactance element (X) is rendered inoperative.

m Asia Engineering Consultant Co. Ltd 112

A 2-85



7. Application Problems

(5) Responsive action with no power source supplied to positive phase

Z | A Ziy |

Ea

Z;
C e A

-

Reverse “b-c-e” fault

@ijﬁl

“b-c-e” fault

[ ==

Lfg Load

Va

I=(=la=Ib=1Ic)

(a) Equivalent circuit

(b) Relationship between V and |

Fig. 3.8 Reverse “b-¢” fault in case of no infeed from the remote end

In the “be’ phase 2¢G behind the power source terminal when no power source is supplied

to the positive phase of the remote terminal, only the zero-phase current 10 flows.
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7. Application Problems
(5) Responsive action with no power source supplied to positive phase
Vap _
A 21G - Ml &
1
' ||
| 21G-M2 [
' —>
L Ib=Tc=To &
| | 21G-M3 (o |
L7 6perating 2 i Uv-1 —IF ’7
a-~ ofbphase A
Vep Vbp uv-2 —}
Uv-3 _}_
Fig. 3.9 Voltage and current for reverse two-
phase to carth fault Fig. 3.10 Logic of contermeasure
In the ‘b’ phase of a earth-fault distance relay, the phase defference between the polarising
voltage Vbp and current Ib is 30degrees. It is likely that a forward direction is determined.
In particular, this tendency may be prominent if the load current IbL exists. An unwanted
operation should be prevented by the lagging phase UV relay.
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7. Application Problems

(6) Relay error when grounding adjacent line of a double-circuit transmission line

’*

P

I~

A >
YA
Rya
Fig. 3.12 Fault while the adjacent line is earthed
a b c a' b’ ¢
0.4371 0.1718 0.1156 0.1054 0.1408 0.1623
b 0.419 0.1478 0.1195 0.1474 0.1408
c 0.3874 0.1212 0.1195 0.1054

When the reactance element of a earth-fault distance relay uses the adjacent
line zero-phase sequence current compensation, the induced current flows
through the deactivated line may affect to the distance relay as overreach.
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1. summary of SIPS (System Integrity Protection Scheme) KE

Power System Abnormal Phenomena
The target power system abnormal phenomena addressed by SIPS

(1) Rotor angle instability (‘Out-of-Step’)

- Generators becomes unstable losing synchronous

(2) Frequency instability (Abnormal frequency)
- The frequency deviation caused by a significant
unbalance between active power supply and demmand

(3) Abnormal voltage
- Voltage deviation caused by power system faults,
sudden increases in power demand etc.

(4) Overload
- Caused by the sudden unavailability of an element of a
power system, such as a transmission line, transformer
etc., due to the occurrence of a power system fault

1. Summary of SIPS (System Integrity Protection Scheme) KE

Power System Abnormal Phenomena

The classification of system abnormal phenomena

SIPS - Target phenomena

Eotor angle instability Frequen cy instability Abnermal voltage Crwerload

Small disturbance

rotor angle Transient instabality Ower woltage Voltage 1nstability

instability
Large disturbance Small disturbance
voltage instability woltage instability
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1. Summa ry of SIPS (System Integrity Protection Scheme) m

Countermeasures

System stabilization control methods utilized by SIPS

Holorandlinstibility Generation rejection (Generator shedding)
2 . p Emly valve actuation
4 Load shedding
Frequency mstability Tripping of pumped storage generator during
’ pumping

Shunt capacitor switching
Shunt reactor switching

Abnormal voltage

Overload System separation
Object phenomenon Control
1. Summa ry of SIPS (System Integrity Protection Scheme) KE

The relationship between the time frame for control

I 1 ! ‘|
P i Frequency | ! Cascade '
Wide area | subility | | Phenomena |
| (Wide Area) | i :
— s L. !
i wy o i
i+ Rotorangle !, Rotor angle i ]
i stability 0 stability ! k
S—_ ¢ (Transient i {Small disturbance) """
ange ility | R e P [ . .~
indinenos of the : . Voltage stability i
_______________ =i L1 ¥
phenomenon e S (Small disturbance) !
i Frequency stability 1+ 1 % B Y ¥ '
E l[islanding] . E
1 i | : '\ ]
i R e ;
1 L e e e eee e e e e e e e .-
1 Y Voltage swability i '
R Y-----1 (Large disturbance) _r: Overload :
I 1 1 1 ! 1 |

W

Ims 10ms 100ms Is 10s T 10nmn

Time frame for control
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2. Rotor angle instability ¥

‘Synchronous stability’ or ‘Rotor angle stability’ is the
degree to which generators connected to a power system
can operate in synchronism.

There are two forms of Rotor angle stability, referred to as
‘Transient stability’ and ‘Small disturbance rotor angle
stability’.

Transient stability
» A condition where a generator maintains synchronous
operation in the event of a large power system disturbance

Small disturbance rotor angle stability
» A condition where a generator is able to maintain synchronous
operation without continuation and expansion of the
disturbance triggered by a small disturbance

2. Rotor angle instability &

Transient stability (1)

Transient stability can be explained by using the single machine infinite bus
system model shown in the Figure.
Vs £ 8

RO

Turbine (GGenerator

JiXu
Transmission line 73
Infinite bus

Equation 2.1 is used to determine - A
the power output of a generator. ¢

P froreeee

V.V
P=—"—".smd (2.1
X

where,
V. Internal voltage of the generator
V:: Voltage of the infinite bus
&: Phase angle of Vs (reference: Vr)
X: Reactance of the transmission line

Y
o

0° B 90° 180°

‘P-delta’ curve

A2-91



2. Rotor angle instability

Transient stability (2)

Equation 2.2 describes the
equation of motion of a generator.

Stable state: Pm = Pe,
and the differential ratio of angular
acceleration dAw/dt is zero.

The angular velocity of all of the
generators connected: w0

M-

dAo -~

dAwm

=P -P-0-D-Aw
di

dr

where,

Here,

2. Rotor angle instability

M: Inertia constant

@: Rotational speed

Aw: Deviation of rotational speed
Pm: Mechanical input

P.: Electrical output

D: Damping constant

A8&: Deviation of phase angle

W=, +Aw
0=0,+A6

®: Rotational speed

wo: Rated angular velocity (@, =2-7- f)
fo: Rated frequency

d: Phase angle

&o: Initial value of phase angle &

Transient stability (3)

When a fault occurs near a thermal power station,

Vs and Pe of the power station will reduce.

Pm constant for the short period of time

Pm > Pe = the angular velocity w will rise: & becomes larger.

vszs |N

B vrzo

sH

Fault

Pe

A2

Pm

Al

—

A2-

I :Double circuit in operation

I : During fault

IT : Single circuit in operation
a:Normal operating point
b:Point at which the CB trips
Accelerating  Energy(A1) >
Decelerating Energy(A2)
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2. Rotor angle instability ¥

Transient stability (4)

When a fault occurs near a thermal power station, generators remote from the
fault point will experience an increase in their load due to the decrease in power
supplied from the thermal generators located near the fault point.

Pm <Pe = the angular velocity w will reduce: & becomes smaller.

Velb

L Bl vezo
Pe
@— (Fault [ ====== ‘_®
2L
J N

In the event that a large disturbance occurs, the unbalance between
the mechanical input energy to a generator Pm and the electrical
output energy from a generator to a power system Pe may occur and
cause a loss of synchronization.

11
2. Rotor angle instability (¥
Small disturbance rotor angle stability

‘Small disturbance rotor angle stability’ is the degree to which generators are
able to maintain synchronous operation and transmit power in a stable manner
in the presence of a small disturbance, for example small changes in load and
generation with changes in power demand, circuit breaker open or close
operations in transmission lines etc.
Stability can be evaluated from the dynamic characteristics of a power system,
including the generator controllers, for example AVRs (Automatic Voltage
Regulators), generator governors, PSS etc.

12
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2. Rotor angle instability =

Stabilization methods for Rotor angle instability

1) “Generation rejection”

that removes some generators forcibly from the power system. The level of
mechanical input from the remaining generators is maintained before and after
the operation of the “Generation rejection”. The electrical output of the
remaining generators increases, and hence the acceleration of the generators is
controlled.

2) EVA (Early Valve Actuation), PSS

EVA temporarily controls the mechanical input to the generator. PSS (Power
System Stabilizer) is added to generator systems to enhance the effect of swing
attenuation.

3) ‘System separation’

that opens interconnection lines between power systems. This method is used
to prevent the influence of out-of-step phenomenon in the event of the out-of-
step occurring between two interconnected systems where the generators in
one system accelerate and the generators in the other throttle.

“Generation rejection” can be initiated readily and rapidly, and is more effective

than other measures as a countermeasure to transient instability.
13

3. Frequency instability &

Frequency drop

In the event that the balance of power supply and demand collapses in a
power system, frequency instability occurs.

The resonant frequency of a turbine generator is rather less than rated
frequency, if the frequency of the power system reduces and settles close or
near to the resonant frequency, generators may be consecutively tripped.

Rated frequency -+ oss of large generatio

-0.5Hz ‘

Pumped storage (motor) ,
Load shedding

-1.5Hz |

~ Interconnection isolation
- 2.0Hz Generator trip (thermal,
nuclear plant)

A J -

Wide area blackout

Large-scale blackout process following frequency drop
14
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3. Frequency instability &

Frequency rise

Arise in frequency usually can be controlled by a reduction in the mechanical
input to the generator by the operation of governors.

The night or lightly loaded periods, thermal generators output may be adjusted

at the minimum output.

An adjustment to the frequency may become impossible at frequency rise

&

A reactor scram (emergency shutdown) in nuclear power plant may occur
caused by an increase in the number of neutrons.

The number of burners in operation is reduced under low output operation, and
a boiler trip may occur for thermal generators.

-

Large generators may trip simultaneously

3. Frequency instability LY

Stabilization method
1) Small fluctuation in frequency

Frequency control maintains the balance between power supply and
demand by adjusting generator outputs. This method controls a
generator output directly by either governor-free operation of generators
or LFC (Load Frequency Control).

2) Large fluctuation in frequency
Emergency control
*“Generation reduction” to frequency rise

+to frequency drops “Pumped-storage motor rejection” or “Load
shedding”

» “System separation” to prevent widespread blackouts
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4. Abnormal voltage &

Overvoltage
An overvoltage at rated power frequency,

*The ‘Ferranti effect’:
The result of a sudden change in reactive power distribution caused
by load shedding or system separation

*The consequence of a power swing:
The phase angle between the sending terminal and the receiving
terminal is repetitively increasing and decreasing periodically

The Ferranti effect tends to occur under light load or no load conditions for
either large charging-capacity cables or long distance overhead lines.

r
G \['
&>

XL
HG0
‘7
l
% jI“

ks Vollage rise companent (V)
\-__ \((i

A
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4. Abnormal voltage (¥

Voltage Instability

A power system which has the optimal installed capacity of
condensers, whose operational limit is to supply the load system,

an increase in the load or an increase in power flow

The voltage will drop at the receiving terminal
As a consequence the voltage may collapse

Normal operation status Point ‘A’: under normal operating conditions
? A where the gradient dV/dP is small with
increasing power ‘P’, and decreasing voltage V'

Point ‘B’: the point around the nose of the P-V
curve, where the voltage 'V’ decreases
significantly for an increase in power ‘P’.

Critical voltage

C
Unstable

Point ‘C’" : an unsatisfactory operating

condition, where the gradient dV/dP is positive.

> P
Electrical power
Fig. P-V curve

18
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4. Abnormal voltage &

Countermeasures for overvoltage

The opening and closing of phase modifying equipment and the
control action for reactive power using a SVC (Static Var
Compensator) are used to restrain over voltages.

The phase modifying equipment:
‘Shunt Capacitor (SC)’ which compensates for lagging reactive power
‘Shunt Reactor (ShR) which compensates for leading reactive power

A power system condenser is applied for the prevention of voltage
drop, a shunt reactor is applied for the prevention of over voltage.

Countermeasures for voltage instability

The operation point should be on a sufficiently more stable point than
the tip (nose) of the P-V curve.

The timely introduction of the condenser is necessary.

In the event that the operation point enters the lower voltage domain,
load shedding is then the unique countermeasure.

5. Overloads and countermeasures E

19

In the event that a route interception fault occurs on a transmission line,
power may continue to flow, bypassing the faulted route via an alternative
transmission line after flowing through other power system apparatus, this
can lead to the occurrence of overloads on electrical equipment such as
transmission lines and power transformers.

—_—
— Overload -~

é “J — For example, when line
ﬂ fault occurs, the remaining

16 1 2G line becomes overload.
To mitigate overload, 1G
‘ output will be restrained or
—_— — 1G shed.
AT

E? WL 1. g

@ Load |

1G | 2G

Example overload countermeasure using generator restraint/shedding

A2-97
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5. Overloads and countermeasures E

Example of transformer overload and countermeasures

0§ T

Out-of-service as a

consequence of the
fault Out-of-service as a
consequence of the

fault

Overload in Overload
remaining bank mitigated

PIIIUTD mp JTTIITT

Load Load
Example overload countermeasure using load shedding

6. Classification of stabilization method of SIPS &

21

SIPS (System Integrity Protection Schemes)

Phenomenon confirmation type

Phenomenon assumption type using Off-line
(Pre-fault calculation) simulation
Phenomenon prediction type using On-line
(Post-fault calculation) simulation

SIPS can be classified within the following groups or types:
‘phenomenon confirmation’, ‘phenomenon assumption’ (using a pre-
fault calculation) and ‘phenomenon prediction’ (using a post-fault
calculation).

A2-98
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6. Classification of stabilization method of SIPS &

‘Phenomenon confirmation’ type

It asserts control functions following confirmation of the occurrence of
a disturbance, such as an out-of-step, abnormal frequency, voltage

instability or overload cascading, in order to prevent the disturbance
from spreading further.

Status value
N

Threshold

Y

Control action i
fumne

23

6. Classification of stabilization method of SIPS &

‘Phenomenon assumption’ type (Pre-fault calculation)

This SIPS type assumes the potential or predicted occurrence of an
unstable phenomenon following severe contingencies for various

power system conditions. The appropriate control measures are pre-
determined.

Status value Assume the power
/ system status for a
gpecific fault case

Threshold

\'4

tune
Specific fault
Case
A typical SIPS control scheme of this type in common use is in generator
shedding or for prompt isolation of accelerating generators. These schemes are
based upon off-line simulations for which various severe contingencies have

been anticipated along with the various control action(s) necessary to prevent
the out-of-step condition, from occurring.

24
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6. Classification of stabilization method of SIPS

&

‘Phenomenon assumption’ type (Pre-fault calculation): an off-line simulation

This type uses mathematical functions and tables to determine the conditions
that could lead to the onset of an out-of-step condition based upon off-line
simulations of power system disturbances using pre-fault electrical information

such as load flow.

Central Control Equipment Terminal Equipment
Off-line Stability
Calculations A
A A Decision A
Off-line simulation Control | ) Table Required fom Control Qutput
= 8 Table Searc /| of Stabilising ,_].i' ’
studies are performed and V Fable | Search (:mm:l ¢
results entered into | {\
control table by operator N / /
. T ~
Monitoring Fult Type &

Power System

States

6. Classification of stabilization method of SIPS

[Location
1

|
Power Flows in Lines |
& Generator Outputs :

Fault Occurrence

Post Fault

&

25

‘Phenomenon assumption’ type (Pre-fault calculation): an on-line simulation

This type evaluates the stability by performing simulations for assumed faults on main
transmission lines or bus-bars using the electrical information for each pre-defined power
system node before the occurrence of an actual fault. It executes the simulation on-line
and determine the control action in accordance with the measured on-line information.

CCE

System Fstimation

Power Flow Calculatiens

Anbeipated Stabiline
Partcrns Caleulations

A ]

x

Onrline Sysiem
Dala

Control Equipment

Terminal Equipment

Table
Search

Control
Table

Decision
_'\ Required form

_/ of Stabiising
Control

Control Qutput

S\
—/

0
//
7/

Fault Type &

Location

—— — e —

Fault Occurrence

A2-100
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6. Classification of stabilization method of SIPS &

‘Phenomenon prediction’ type (Post-fault calculation)

It commences the calculation following the occurrence of a fault based on real-time
measured values, and executes predictive control actions required.

Status value

M
og e S it C---| Predict the value at
e i ' &~ 12 using the values
] Actual | ' up totl
= data H
F ="
7 : "
2 T
1l 2 time
fault control
action
Control Equipment Terminal Equipment

System Estimation
System Monitoring

Control Qutput

Decision
Stabilizing _'\ Required form —r\
Calculations —V of Stabilising ___

Control

£ n £
Yl
Monitoring Power Online Svstem Data Oreline System Data
System States e Sysle * (Fault Type & Location)
Pre-Fault Post Fault
M e e e e e e — e — e — e — e — e
Fault Occurrence 27

7. Examples of applied SIPS (1) &

Experiences (Prediction Type)
A large power station connected to main power network system via long

transmission line.

Power Station A

Generator

Substation

shedding @T:l
IED L

Main
Network
System

Faulté

Fail safe g |l: é 1
| G [1°] @'ﬁrw\ Vo k-0
¥

Shedding
Command l A

|
v il LI
measurement], 0 |2 o o - I ]

< communication channel--»

Predict Slimit

Shedding Command
for selected Generator

Central Equipment

Vel
IED Dyt I N

i IED
et
Fail safe Y T G4 measurement
Rela
Shedding

shedding

lc

Power station B

communication channel
28

A2-101



7. Examples of applied SIPS (1) &

Experiences (Prediction Type)

Predict the future stability by calculating 655at C
Ogg > O-limit: unstable and calculate the number of generators to be shed

In the case of no generator tripping

(103.1°)
i S-limit (96.0°) -
1001
\?-._._’.’J.’ ..................
0L o (93.09
- SO k‘Time predicted at A.
% 701 : B Generator Main Network
“ 60 ~ Expected VG Xe Xs Vs
A trip time.
>0 Predict the
| future stabili
40 | ty
@ During fault.
1 | | 1 1 I
0 100 200 300 400 500 Time (ms)
29
7. Examples of applied SIPS (2) &

Islanding Protection System for Metropolitan Power System

Transmission line fault
causes severe power
imbalance in central Tokyo

Intentional islanding
preserves power supply to
critical load areas

/

-
@

0 50 100km
]

Centre of Tokvo

30
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7. Examples of applied SIPS (2)

Islanding Protection System for Metropolitan Power System

+ System separation detected by comparing node voltages

+ Load shedding within the island by Active Power Balance
algorithm

* Voltage stabilization by Reactive Power Compensation
algorithm

500kV Power Grid

S B N ey

— 275kV

Double circuit
fault
—

1sakv || Islanding

Intentional

RTU

/ \\A$ ;ﬁﬁ%mabwm

iptolpoly Al 25! ML
o T E T T P
ps gg _E'_V\. >E:;‘s.sl- stsE!tE Xh\
ShR PEod '%e ing i : Load‘?“ RTU
IR [ [ [ shedding
350MW 350MW Load RTU Load

7. Examples of applied SIPS (3)

31

&

‘Phenomenon assumption’ type (Pre-fault calculation): an on-line simulation
Target is line faults, busbar faults and transformer faults on 500kV system.

500kV line

TSC-P

TSC-C TSC-C
™ [

I

A2-103

TSC: Transient Stability
Controller

TSC-P: (computer system)

+ Calculation power
flow, stability, control
pattern every 30
seconds from on-line
data.

TSC-C: (IED based)

« Fault detection

« Search control table
+ Control decision

TSC-T: (IED based)
+ Control output
(generator shedding)
32



THE END
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Appendix 3 Introduction of Power System Analysis (XTAP)






Appendix 3. Introduction of Power System Analysis (XTAP)

An Introduction to

the Simulation Program XTAP for
the Analysis of

Electromagnetic Transients in
Power Systems

Fault on

600F phase b

4()[}
oF
mi
g —400P tune [m
—600—

https://www.xtap.org/

lage [kV]

© 2022 Central Research Institute of Electric Power Industry

Central Research Institute of
Electric Power Industry

Power System Simulation Methods

Simulation by voltages and currents
Simulation by phasors

Steady-State

Simulations
Positive-sequence,
phasor solution

Phasor

Simulations
Positive-sequence,
phasor solution

EMT Simulation

Three-phase, waveform-level
solution

EMT: Electro-Magnetic Transient stability and Power flow, fault, voltage
Transient frequency stability stability and small-signal
simulations. stability simulations.
| | | | | >
1us 1ms 1s 10s Steady
. state
Time Scale
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Central Research Institute of
Electric Power Industry

EMT versus Phasor

M EMT simulation ... calculates voltage and current waveforms actually occurring

in a power system.

Steady-state operation ;?IL;I:EOE Overvoltages orlphases canda
600 " . I \
— 400 +
Z 200
g 0
= —200f 80
= =400

phase | phase
a phase ¢

b

“¥— Surge overvoltage on phase ¢

Since the EMT simulation
gives detailed waveforms of
all phases, momentary
overvoltage and current
values are obtained. It is
suitable for detailed
simulations of a particular
part of a power system.

B Phasor simulation ... calculates 50- or 60-Hz voltage and current phasors in a

power system.

/ 3LG fault (symmetrical fault)

[=% v

- Steady- .

g“ state Generator swing time [s]

= I : *— Fault cleared

4 0 operation A N B PE B
| 1 2 3 4 5

The phasor simulation traces
the variations of the
magnitudes and the phase
angles of voltages and
currents and ignores their
momentary variations. It is
suitable for simulations of a
large power system.

Central Research Institute of
Electric Power Industry

XTAP (eXpandable Transient Analysis Program)

is an industrial-grade EMT or waveform-level simulation program.

rr¥ AP ja FrEan FR ¥y 2808

Model Name : Line-Commutated HVDC Mode!  No. HVDC-01

EALALLLALY

Schematic Editqﬂr‘
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N "1 e o
XTAP (eXpandable Transient Analysis Program)

is equipped with a waveform plotting tool with useful
functions, a line/cable constants calculation tool, an
automated consecutive simulation function, a statistical
simulation function, a PV panel modeling tool, and so on.

:Waveform Plotting Tool | Line/Cable Constants C?Iculation Tool

[

Central Research Institute of

Components and Models

& Comprehensive electrical and control components.

€ Synchronous generator model with saturation and
torsional dynamics.

® Line models (1t equivalent, constant-parameter and
frequency-dependent).

@ Transformer models (2, 3-winding and autotransformers).

€ HVDC and FACTS converter models (line-commutated,
PWM and MMC AC/DC converters; SVC and STATCOM).

€ PV power generation systems.

@ User-defined models: You can create your own models —
You can even draw your own icons for them!

& DLL-defined blocks.
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I 2o Power Industry
Electric Power Industry

Applications

€ XTAP can be used not only for traditional EMT
simulations but also for new simulation needs.

€ Abnormal Overvoltages, Currents and Oscillations:

v’ Lightning, switching and black-start overvoltages.
v Transformer and induction motor/generator inrush currents.
v’ Ferroresonance and subsynchronous resonance.

€ Power Quality Assessments:
v Harmonics, flicker and voltage interruptions/drops/swells.

& Performance Studies of Power Electronics
Converters:

v/ HVDC systems, FACTS devices, power electronics converters used in
renewable energy (PV and wind) generation systems and battery
storage (EV) systems.

N v s
2S-DIRK versus Trapezoidal

€ XTAP uses the 25-DIRK method for the numerical integration. It is
mathematically guaranteed that the 2S-DIRK method never
produces fictitious numerical oscillation due to sudden changes
of inductor currents and capacitor voltages unlike the trapezoidal
method used in other programs.

2S-DIRK
E T T T T T T
% 100k
Simple Test Circuit ER H
g 0
controlled 104 2 . v : L : I : - :
current source = 0 20 40_ 60 80 100
time [ms]
control system . .
with step output | 100 mi1 Tra pEZOIdal with CDA
E — T T T T T T T
_I_ 1A 2 200+ |
Y h=1ms = r I
s 0 i
£ -200} 1
"'é C L L L L L L L L L
= 0 20 40 60 80 100

lime [ms]
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I <%\ ccore Power Industry
Strong Research Base

€ XTAP has been developed with incorporating
recent research results obtained at CRIEPI:

v The 25-DIRK (two-stage diagonally implicit Runge-Kutta)
method is used for the numerical integration of differential
equations. It is especially suitable for power-electronics
(switching-circuit) simulations.

v" A practical three-phase (unbalanced) steady-state
initialization method is implemented.

v A robust and efficient solution method, in which the Newton-
Raphson (NR), the biaxial NR and the Katzenelson algorithm
are combined, has been developed and is used to solve
nonlinear circuit equations.

v’ An efficient sparse-matrix manipulation algorithm accelerates
the solution process.

v The last two are patented but free to use in XTAP.

Central Research Institute of
Electric Power Industry

User Community and Development

¢ User Community Othe iR
v In Japan, all T & D companies use Universities
XTAP as their standard, and major 21%
manufacturers, engineering
companies, universities and research
institutes form a user community.
The total number of users is more
than 3,300 as of Sep. 2021. Manufacture

Eng. companies

€ Development

v Hokkaido Electric Power, Tohoku Electric Power, TEPCO Holdings
(Tokyo Electric Power), Hokuriku Electric Power, Chubu Electric
Power, Kansai Electric Power, Chugoku Electric Power, Shikoku
Electric Power, Kyushu Electric Power, Okinawa Electric Power and
Electric Power Development Company financially support the
development, and CRIEPI performs the development project.
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Education Opportunities

€ XTAP comes with a 178-page manual and 42
introductory and practical test cases for self-learning.

¢ A summary of XTAP is given in the IET Book below.

€ Courses by EMT specialists are offered in Japan (English
on-line courses can be arranged).

Central Research Institute of

Web Site - www.xtap.org

XTAP is available to everyone for free of charge and
can be downloaded from this site.
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XTAP
https://www.xtap.org/

© 2022 Central Research Institute of Electric Power Industry
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Appendix 4. Training and Evaluation System for Power System Engineers in
Japan

Training System and Evaluation of Electric
Power Engineers in Japan

(With reference to TEPCO)

Sep. 2023
ASIA ENGINEERING CONSULTANT CO.LTD.

@..

This document summarizes what kind of human resources are needed in electric
power companies and what kind of system is in place to develop them.

The examples in this report are based on TEPCO, but we believe that they are
common to all electric power companies in Japan.

TEPCO has been promoting a company-wide response to the accident at the
Fukushima Daiichi Nuclear Power Plant following the major earthquake in 2011.

In addition, TEPCO's human resource development system differs from the
current system in some parts due to the division of TEPCO into power generation
and transmission companies.

Although there are some differences from the current situation, we believe that
this document can be used as a basic approach to human resource development,
including in the future.
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1. Number of people employed by TEPCO

+ 1970-2000 :1,000-1,500 hires
Construction of electric power facilities to meet

Graph of Real GDP growth rate in Japan

(produce: graphtochart com)

——IReal GOP =1 Population '“"1“3""“ strong growth in demand for electric power and
| | | ensure stable supply.
J 1S + 2000-2005 : About 500 hires
2 \ Bubble boom (1986-1991) 120 Slowdown in demand for electric power due to
. b - low economic growth after the collapse of the
{ A I\ 15 bubble economy and changes in the structure
.f',-".\»\ _,"\j \ - 110 of electric power demand.
P [ W™ \ ﬂ A In addition, the deregulation of the electric
; \/ '\_I\J' *'\ "\;J\\ 105 power from 2000 promoted cost reduction to
v | 100 strengthen competitiveness.
o + 2006-2010: About 800 hires
Strengthen sales force and promote new
businesses due to intensifying competition
among energy companies.
In addition, ensure facility safety and
operational quality in the future.
- Since 2011
Recruitment was reduced due to the 2011
Tohoku earthquake and Fukushima nuclear
power plant accident, but is now back to around
- 500 employees.
‘H MNumber of recruits (in TEPCO)
Year 1995 2005 2010 2022
Total number of racruits ipersons} 1462 485 TT0 520
Unversites & Graduste Schoals | 568 | 29 | 265 | A7
i RERRRE FaEEREAN [College of Technolopy & High School ele. 954 2i6 505 203

HET0-80% of the recruits ore in the technical flald

m-\-{ 1 Engincering Consultant Co. Ltd

2. Human Resources sought by TEPCO

[”Dependable human resources" to support the stable supply of electricity, a social mission

J

-

+ Contributing to the realization of affluent lifestyles and a comfortable environment through
the stable power supply and optimal energy services
This requires "fundamental human resources" with solid technologies and skills and a strong
sense of mission.
In addition, we place importance on the following human skills that "fundamental human
resources” possess.
< "Ability to cooperate™ Sense of responsibility and mission™ "Ability to think logically and
from multiple perspectives” "Communication skills”

==

+ Active efforts for business innovation and service development & improvement in the
current deregulation of electric power
This requires "self-improving human resources" who will boldly take on the challenges of
management objectives.
In order to secure such human resources, we place importance on the following potential
ahilities.
« The 3C's:" Change (willingness to change)"" Challenge (initiative and spirit of challenge)®
"Communication {collaboration and involvement)”

A4-2




3. Human Resource Development of Electric Power Engineers at TEPCO

Management philosophy:
It is "people and technology" that will open up the future of the company, requiring
the ability, motivation, and practice of each and every employee.

KThe basis of "human resource development and capacity building" is a combination of the \
following
v "Work is what develops people”
"0JT (on the Job Training)* . in-work guidance through daily work
v "Self-development through employees' voluntary will and efforts”

. “Off-JT (Off the Job Training)* : Training and self-development conducted away
from the workplace

\ (attending training, acquiring qualifications, etc.) /

‘

4, Human Resource Development Promotion System for Electric Power Engineers

Training related to core technologies and skills in specialized fields is conducted by
each facility's competent departments and skills training centers.

\ 7

/- Roles at regional branches, etc. I
v Implementation of systematic and continuous training

v Promote comprehensive human resource development with emphasis on accumulation and
improvement of technology and skills through work

v Develop and upgrade on-site technologies and skills that support facility management and

k customer service 4
N

- Roles of each facility management department and each skills training center (belonging to
Human Resources Development Office)

v Operation of the core training system and capacity development systems for the facilities
under their management.

v Planning and implementation of training programs related to on-the-job techniques and skills Y,

~
+ Role of the Human Resources Development Office (General Training Center)
v Formulate and implement basic policies and plans for overall training
v Coordination and support of training programs of each supervising department and training
programs of branch offices, etc. Y,
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5. Company certification system for technology and skills @

4 Purpose of the On-Site Technology and Skills Certification System )

- Clarification of the level of on-site technology and skills required

« Enhance training programs for on-site work and further improve the technology and skills of the

workers
- Fairly recognize the skills and techniques acquired by employees. Assign employees to appropriate
\_ lasks to further enhance their vitality J
4 Certification Levels \

« Level A: A level that enables the candidate to responsibly perform advanced applied work and
to detect and respond to abnormal situations, etc.

+ Level B: Responsible for performing normal field work

+ Level C: Responsible for performing basic field work.

Flow of certification system
All | d in current busi jons aim to reach
hire of a company 1st year 3-6th year . 6-10th year
Ccrﬁﬁca% Etiied Centification ch:':w Engineers Certification
Confirmation T’:'“"" Confirmation '&" ng Ethics Confirmation
Training
Level C o Level B il Level A
s

m‘n a Engineering Consultant Co. Lid

5. Company certification system for technology and skills @

-

Almost all employees obtain Level A certification after about 10 years with the company, so incentives
are needed for improvement of techniques and skills

4 Establishment of Certification Level S N

Certification Criteria for Level S

« High level of expertise in key technologies specified for each department

- Able to make technical decisions and make proposals internally and externally regarding safety
assurance, efficiency improvement, and quality improvement based on specialized skills

\ - Responsible for succession of technology and human resource development _/
4 How to Certify Level S \
Certification Method for Level S
+ Confirmation of specialized skills specified for each division Appeal by wearing special
- Confirmation of aptitude, ethics, etc. as a leader common to S-class uniforms and
all divisions

e L ) . displaying business cards
- Certification examinations from various internal and external

\ perspectives _/

4 Other internal certification systems N

- Professional certification: Personnel with a high level of expertise that is useful to the company and
who are willing to pass on their skills and technigues
- Specialist certification : Personnel with rare and valuable expertise who can make a significant
contribution to organizational performance
- J
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6. Training structure (common to all companies)

Company-wide common training system of the Human Resources Development Office
(General Training Center)

Alm ——__Object General Staff Management

] Warking Team Training I

Offiee Mamageiment
Tiaining

] Programs taidentify and develop young technical persannel

New # st |[ | GM Training
Eimplcyees Basic Traming 1 Basic Trairing £ UP Training
Trainirg,

oo | [
and Technology

Prograns.

| [intemedale)  Instructor Training  |advancedh I

-
4 Fratiction ared Control Sysber Training

Farility Autoeratinn Syviem Trainieg

[ Short-temn iatens ive technical courses

Winning the [ Salies and Marketing Training ]
competition |

Sales forte enhancement training (follow up trainng] |

Gaining society's Conprate Lihics
trust Top Semenar
Thinking about I
YOUr owWn career

Career Vision Training ] %
|
1 =
I Voluntary particiaation raining (finance, English, ete.} ] }

Support for
self-development [ far qualifyl [ La ohe.) ]

Sty Abrond Programs in
Japan and Awead

ngireering Con

7. Efforts to maintain the level of technology and skills

Field Operations in Recent Years \

In recent years, outsourcing of construction and inspection work has been promoted at front-line
sites for more efficient operations. This has led to an increase in construction management and other
administrative tasks. In addition, the number of employees with experience in front-line field work has
been decreasing due to slow demand growth and decreased facility upgrades.

Issues to be resolved

The effective use of the existing facilities has become important due to the increase in the number
of aged facilities. To this end, there is a need to improve diagnostic and inspection techniques and
skills for making decisions on equipment maintenance and operation.

In addition, the number of engineers on the makers' side is decreasing due to the decrease in the
meer of facility expansions, and it is becoming increasingly important to develop the technical sw

to maintain aging facilities on their own.

Creation of specialized technical teams \

« Maintain appropriate construction management skills, emergency response skills, and direct
management skills

+ To this end, maintain and improve the guality of management, judgment, and response skills
through hands-on experience of their own work

- Creation of "Technical Specialty Teams" specializing in specific tasks, with the aim of acquiring
on-site skills through concentrated work experience in a short period of time

+ The team will visit the site where the work is to be performed to gain practical experience. After
\ the activity is completed, the team will provide guidance and training to younger workers /
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7. Efforts to maintain the level of technology and skills

Technical Expert Teams and Main Practices

Department Technical expert team Main oractices

. ) + Water turbine precision inspe: , disassemoly, adjustment, and parts replacement
Hydro electric powes  |Water turbing generator technical team

* Varigus measurements and lesls alter overhaul

. . - Design, installation, and tasting of switchboard construction
Substation Pretection and Control Engineering Team

Lo identify abnormalities in protection control cinrcuil boards

« Feundation mutation diagnosis, component damage diagrosis, steel tower strength

Overhead power . . .
Tower Maintanance Enginaering Team determinaticn, efc

transmission
= Quantitative survey of detericrated components

Underground powar . . = Conrection work in the middle part of the cable, diagnosis of CV deteroralion
. CV Cable Enginaering Team ) .
trangmission » Ingulater survey (slice ard thermal Fistory surey)

Emergency Response Enginesring Team + Repeated trairing in judgment and tn

stment of equipment aceldents

N Meaintenarce Engineering Team « Accident poirt evaluation (pulse radar method, high voltage bridge methad, ate.)
Power Distribution

. ) . + Investigation and cause analysis of defective eguipment such as poles, wires,
Equipment Erginearing Team
transformers, efc.

- Inspection and testing of protection relays, AVR devices, stc.

Thermal pewer rotection and Control Expertise Team

« Basic dasign of raplacement of exciter, protection ralay, ete.

The response of the emergency response technical team

Emergency response Emergency power

to broken pole due to | transmission
fallen tree training using
( Actual site) standing trees

7. Efforts to maintain the level of technology and skills

Company-wide Technical Skills Competition

The purpose of the competition is to demonstrate the results of technology and skills cultivated by
front-line workers on a daily basis, and to raise motivation and professionalism

- Scores are given for "safety," "quality," and "efficiency (speed)
+ Although the content of the competitions are separate, we expect to embody core technologies and

desirable methods, share values, clarify goals, etc.

Examples of Competitions in the Companywide Technical Skills Competition

Divisions Compelition Delails
Electronic Communication Failure support for digital microwave radio equipment
Hydroelectric Power Restoration work in case ot governor failure
Public Works{Hydro i ingl Dam tion during water outage

o Jumper cperation at the time of a permanent accident en ene
Power Transmission o
transmission line

Underground Power Transmission | Disconnection of lead wires and measurement of fault phase

Subslalion Restoration work lor distribution subslalion circuil breaker failure

igation of di line oints and emergency
Power distributicn maintenance - °

power transmission operations

N . Design of electric power supply and paole relocation in residential
Power distribution design
areas

1 by swilching distribution lines in the event of a

Power distribution contral
distribution substation bus bar failure

System operation Restoration response in the event of 2 grid accident
Thermal power operation Accident response eperation during unit operation
Thermal power mai Troubleshooting of air ] and protective relay operation
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8. Specific training structure ( System Operations and System Planning)

Training Programs of Power System Operation Department
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| Safety Training

- Regulations and Manuals

- Personal and equipment sataty  Special

= training for cling electricity + Creation of operation procedures for scheduled

- First Aid Training stop and use of transmission lines

Il Basic knowledge of eperations + Creation of procedures for scheduled stop and

- Manuals and manuals use of lransformers

= Supply & demand, and system operation + Creation of procedure chart for gric switchover
terms Information transmission training at the time of

« Qutline of power system an accident

Il System Operation Command Practice
+ Registration of the subject name system for
scheduled staps

V Canfil of actual equif

+ Qutline of structure and function of circuit breaker
and confirmation ef actual equipment

= Qutline of structure and function of transformer and
confirmation of actual equipment

* Quthne of structure and function of Metal Clad and
conlirmation of actual equipment

VI Practical training

- Basic items for on-site operation

+ Basic handling of switchboards and control cireuits

@
Group training
by department
at head office

{Sygtem = Qutline of protective relay + Telephone commend operation » Treining in the use of safety belts
Operatiorl - System operation calculation method IV Basics of related operations « Manual aperation of CB, LS, etc.
{unit method) - Training tor g and p « Manual aperation of LTC, etc,
Deparlment) - System operation calculation method + Training in power transmission equipment - On-site cperation of Metal Clad
{ aporoximate power flow calculation + Traming on telecommunication equipment - Qperation of relay panels
(40 d ) method ) + Training in power distribution equipment + Equipment characteristics test
ays. - System operation caleulation method VIl Facility tour

{appreximate voltage calculation method)

{central feeder control station, thermal power station)

13
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Specific training structure ( System Operations and System Planning)

8.

| Overview of power systems
- Characteristics and Issues of
electric power system

IV Electricity quality
= System frequency
- Bystem vollage and reactive

Vil Power Supply Stability (Operation)
= Basic knowledge

I1X Special Lectures

Group training for
graduates of
electrical university
(Electric power
theory training)

(5 days)

+ System Planning
= Mew lechnologies lar distribulion
facilities
- Facility diagnostic technology
Il Power Supply Development
« Power Supply development plan
- Pawer supply and demand planning
- Pawer source composition and layout
plan
= Issues in power supply developmeant
planing
- Power generation system
Il Cost Reduction
- Mecessity of Cost Reduction and
Initiatives
- Specific examples of cost reduction
eftorts
+ Economic evaluation

power
- Various 1ssues Lo ensure the
quality of electric power
\/ Stable power supply
= Basic Knowledge
- Factors hindering system
aperalion
+ Possible power flow and short
~gireuil currents
+ System operation measures
VI Stable power supply { Plan }
= Basic knowledge

- Hindrances in design and planning

= Assumed overvoltage

- Insulation design for overvoltage

- Changes in effective power and phase
angle during accidents

+ Interpretation of stability by P-9 curve

« Effects on the power system when an
accident spreads

and F of accid,

X Case Exercises

- Synchronous machine
characteristic test

« Transformer structure
and maintenance

spread
- Accidents in power systems
- Effects of accidents on facilities
= Veollage
+ Fault calzulation and accident analysis
- Equipment to protect power systems
and facilities frem accidents
+ Equipment to prevent the spread of
accidents and how to operate it

- Di ion line
expansion study

- System Analysis
Exurcise

- High-voltage
experiments

(3Elementary training for operation of power system (5 days) : To develop basic knowledge and skills for operation of power system

+ Rules and manuals related to operation of power system
+ Basic method of system operation calculation

+ Qutline of system protaction relay

+ Overview of system maintenance and enginesring

+ Qverview of power system operation services

@ Problem-solving training (about 6 months)

+ Under the guidance of workplace supervisors and head office advisors, trainees will formulate their own solutions to problems at their assigned work sites.

And then deepen business knowledge, acquire skills, and promote growth,

(5/Intermediate training for operation of power systems (5 days): Cultivate basic skills for operation of power system in case of an

* Rules and manuals related to operation of power system
- System maintenance & engineering and facilities

- Overview of voltage contral

- Demand and supply and frequency regulation

- Study of accident cases, etc.

abnormality or trouble

+ System operation and accident analysis of system protection relays

+ Current Situation of System Operation

« Operation of power system and commands
« Overview of power system stability

- System operation calculation method
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8. Specific training structure ( System Operations and System Planning)

(& Advanced training for operation of power systems (5 days): Deepen understanding of overall operation of power systems and
cultivate applied skills

« Rules and manuals related to power supply { Advanced application) + Operation of grid protection relays and accident analysis
+ System and facilities for operation of power system + Supply and demand operation

- \oltage control + Operation of power system

- Training for calculation of system operation + Power System Stability

+ Study of accident cases, etc.

(7) Practical training on protective control | (1 day): Deepen understanding of basic handling of protective relays and how to respond
to relay malfunctions

{Basic Handling of Protection Relays) {Basic Handling of Protection Relays in Case of Failure?
= How ta check relay operation in the event of an accident » How to respond to relay failures
+ Relay test method = Exercise in response Lo relay malfunction

= Various measurement methods using relay devices

(8 System Analysis Practical Training | (2 days) : To develop skills of practitioners through exercises of power flow and voltage

calculations and fault calculations using power system analysis systems
- Power flow and voltage calculation exercises « Fault calculation exercises, etc.

(@ System Analysis Practical Training Il (2 days) : To develop practitioners through exercises in voltage stability and system stability

calculations using power system analysis sy 1S
- Voltage stability calculation exercise - System stability calculation exercise - Torque calculation exercise, etc.

(10) Practical training on protective control Il (2 day) : Acquire the basic skills necessary for relay settling practices that are not covered
in the manual

{Study of Relay Seitlement for Protection Relays) {How to use the Relay Settlement Support System)
- Setup of customer’s power receiving protection relay - Failure calculation
- Setup of transmission line protection relays (distance relays) - Relay response simulation

m-\\' a Engincering Cons

8. Specific training structure ( System Operations and System Planning)

(D) Practical training on System maintenance & engineering (2 days) : Learn the basic configuration of computers, basic knowledge
about networks, and the environment for data utilization.
Understand the relationship between them and the operation of power system
maintenance & engineering, and deepen the understanding of computers, networks, and
data utilization methods.

- Hardware configuration of power system maintenance & engineering + Security measures
+ Features of the grid control system + Knowledge of databases
+ LAN connection and communication method + Database search exercise
= Nelwork environment setup and confirmalion + Practical training on how to deal with system failures, ete.

(12) Protection and control system training ( about 4 months) : To acquire specialized skills in protection and control necessary for
maintenance and operation of electric power facilities.
To develop core personnel engaged in the front lines of the field.

+ Fault Calculation * Precautions for handling protective + Relays to prevent accidental spillover

= Introduction to Protective Relay Systems control circuits - Digital relay practice (troubleshooting)

= Intraduction lo Power Transmission Syslems + Relay Seltling - Digilal relay praclice (accidenl response)
» Design of protective control circuits - General Information on IEDs

- Ostilloscope Analysis

13 Facility automation system training ( about 1 month) : To acquire specialized knowledge and skills related to the operation,
maintenance, and construction of automated systems, and to develop core
personnel who will be engaged in the front lines of the field.

« Overview of the Power Transformation and Distribution System - Security measuras

+ Qverview of Grid Control System - Expertise and skills in initial response to system failures and analysis of

- Overview of LAN abnormal data

- Overview of Communication Systems - System maintenance

+ Qverview of Direct Control Line Interface « Expertise and skills related to various types of testing during system installation

- Practical training at a maker of grid control systems
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8. Specific training structure ( System Operations and System Planning)

(% Technical Leader T

ining { about 1 week) : To acquire the necessary abilities and skills required of core workers in the workplace.

And to develop leaders with advanced decision-making skills, specialized technical
skills, and the ability to lead subordinates.

Training for technical skill certification : Training to reach the technical skill level of each of
the following set ranks.
(i) New employee training

< Technical skills to be acquired > < Skills to be acquired >
+ Qutline of rules and manuals related to supply & demand, and grid operation Under the guidance of superiors, be able ta perform accurate
< Basit mithod of system operation ralculstion operation of power system considering the supply reliability and

safety at all times. In addition, restoration measures for simple
- Basics of grid protection relay technology system accidents can be taken precizely and promptly.
- How to use systems for system operation + Voltage and power {low adjustment
+ Basics of operation techniques of other related departmants + Simple and constant system cperation commands

+ Restoration operation commands for simple system accidents

{5 Level C training

< Technical skills to be acquired > < Skills to be acquired >
- Rules and manuals required for the operation of power system Accurate operation of power system in consideration of supply
- System operation calculation methods reliability and human safety at all times, In addition, the system

can take appropriate and prompt measures to deal with simple
« Grid protection relay technology system accidents,
- Overview of functions and characteristics of equipment used for + Supply and demand, voltage and power flow adjustment
electric power + Command of system operationat all times
- Functions and characteristics of systems used for system operation, - Restoration operation commands in the event of normal grid
outline of emergency procedures in case of an abnormality accidents
= Overview of operational technologies of other related departments

m—\':..l Engmeermg Cor
8. Specific training structure ( System Operations and System Planning)
{7 Level B training I

< Technical skills to be acquired > < Skills to be acquired >

+ Application of rules and manuals necessary for the operation of powar systam Accurate operation of power system in consideration of supply

L Edvannad Systan opsration calcilation mellols reliabilily, personal safely, maintenance of service, and efficiency at

all times. Furthermore, restoration measures for complex system
« Grid protection relay application technolagy accidents can be taken accurately and promptly.
+ Functions and characteristics of equipment used for eleciric power - Supply and demand, voltage and power flow adjustment

* Functions and characteristics of the systems used tor system operation, and

- Complex system operation commands on a normal basis
emergency procedures for abnormalities

« Restoration operation commands In the event of widespread
+ Operatiohal techniques for other related depariments power outage accidents
- Advice to special high-voltage customers on accident

resloration operalions, elc.

(8 Level A training
< Techniguas and skills to be acquired >

Develop and refine the advanced skills held by the Certified A level, Und
able to responsibly perform tasks that span multiple areas of expertise.

~ The level of responsibility is based on OJT and seli-learning

d the basic techniques of all aspects of system operations and be

#Specific items to be checked are based on the training notebook (operation of power systems course notebook)

i Me level training : System operation department's own system ... all the staff of power system operation are expected to

reach this level
< Techniques and skills to be acquired >

Further upgrade Level A and take responzibility for carrying out duties such as making internal and external recommendations and technical
decisions, as well as technical succession and human resource development. Emphasizes the viewpoints of safety assurance, efficiency
improvement, and quality improvement in specific fields (grid command, system operation, protection & control, system maintenance & engineering,
and supply & demand operation).

« The level of responsibility is based on 0T and self-learning

s#Specific items to be checked are based on the training notebook (operation of power systems course notebook : Level S version)
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(References)

Power System Course Notebook
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9. Training and exercises using a Dispatching training simulator

[ In response to the need for higher-level skills and techniques, the Supervisory Control and Data Acquisition (SCADA)
system has been sophisticated. However, in the event of a complex incident, the SCADA system is unable to cope with
some failures. Skilled system operators will also be required to implement restoration procedures at their own discretion.

-

R,

i Installation of sophisticated training simulators N

Install a sophisticated training simulator capable of dynamically and realistically simulating the movement of a huge and
complex power system. Training will be conducted repeatedly under the tense conditions of an accident, in order to pass
on the system operation techniques of power system operators and improve their skills and techniques. Through these
N efforts, we aim to further stabilize the supply of electricity.

S

Layout of the Load Dispatching Operation Training Center

D '"__- F No.2 Trainers' Room
h,’.,ém * cans
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9. Training and exercises using a Dispatching training simulator

Functions of the Dispatching training simulator

There are two training rooms, each of which can conduct training individually. In the training room, the trainees sit in the training
room, and in the trainer's room, experienced trainers (mainly OB employees with S-class certification) evaluate the trainees while
assuming the roles of substations and power stations. For restoration training such as blackout of the whole power system, the
two training rooms can be used simultaneously to conduct joint training at the central Load dispatching office, local load
dispatching office, and various power plants.

[ Dispatching Training simulator ]

We developed a high performance dispatcher training simulator in-house
to reproduce various phenomena in power systems that actually occur by
making real-time high-speed calculations. These phenomena could not be
reproduced by conventional training systems. This has enabled more
realistic simulations in the training. Acquisition of higher-level operational
skills and technigues has become possible by deepening the trainees
understanding of complicated phenomena in power systems such as the
frequency, power flow, voltage, ete. in training scenarios

Sixteen 70-inch large video displays have been installed in a training room
to represent dynamic map boards in each load dispatching office.

A model system is also available to ensure fairness in competitions.

The training effectiveness has been further improved by reproducing the
same operating environment as that in a load dispatching office.

o Consultant Co. Ld

9. Training and exercises using a Dispatching training simulator

Training courses for classified according purposes

The training using the training simulator includes the on-site technical and skill certification courses (Level S, Level A,
and Level B). In addition, there is a joint training course for each department to respond to a wide range of accidents, a
team training course for each group on duty at the Dispatching Office, and an individual training course for each duty

worker.
Overview of each training course
This is a course to verify that a trainee can make recommendations to internal or external people from the
Level 5 viewpoint of security and improvement of efficiency and quality, make techrnical judgments, pass technology
. certification course| on to the next generation, and develop human resources and also to verify that the trainee has operational
Skill skills 2nd techniques superior to the shift supervisor.
certlﬂcatlon Level A This Is a course to provide training in operations for recovery from blackouts, to certificate operational skills
course certification course| and technigues for the level of care members of the shift team.
Level B This is a course to provide training in operations for recovery from blackouts, to certificate operational skills
certification course| and techniques for the level of middle-ranking members of shift teams on duty.

Joint training course

This is a training course in which the shift teams on duty at the Central Load Dispatching Office, System Load
Dispatching Offices, and Local Load Dispatching Offices cooperate for recovery from wide-area blackout. The
teams cooperate with substations and thermal power departments, depending on the case (training program).

Team training course

This is a training course for all the members of teams on duty at System Load Dispatching Offices and Local
Lead Dispatching Offices to learn operations for recovery from severe contingencies according to
circumstances under the directions of the supervisor.

Individua | Advanced This Is a trairing course for core members of shift teams at Load Dispatching Offices to learn cperations for
course recovery from complicated contingencies according to circumstances.
training - - - —— - — -
Intermediate This course consists of basic training in recovery from various types of contingencies from simple to
course course complicated ones for middle-ranking system operators on duty.
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9. Training and exercises using a Dispatching training simulator

Main training case contents and characteristics (1/2)

The accident cases used for training are diverse. In addition, it is necessary to consider both simple and complex accident
cases, depending on the trainee's level, This section summarizes the main training cases and the items to be learned in

training.

Transmission line 1 line accident case

Transmission line route accident case

Bus bar accident case

Circuit breaker failure accident case

i Basic operation regarding operation commands

ii Determination of whether or not to impl t retransmission and implementation

iii Basic Relay Operating Responsibilities

iv Basic Approach to Accident Recovery

v How to cooperate with related departments such as power transmission and customers

i Asszessing the situation immediately after an accident

ii Determination of whether or not to implement retransmission and implementation

iii Accurate understanding of the scope of power outage

iv Measures to be taken at the time of substation total shutdown, etc.

v Concept of congested accident recovery

vi How to cooperate with related departments such as power transmission and customers

i Understanding the congested situation immediately after an accident

ii ldentification of overload status and emergency response to transformer outages
ii Heavy patrols (e.g., to determine usable facilities), safety operations

iv Understanding of protective relays (including the relalionship between Ry and CT)
v Concept of congested accident recovery

i Understanding of back-up protection relays, etc.

it Emergency Response Method

i Heavy patrols (e g., to determine usable facilities), safety operations

iv Understanding of protective relays (including the relationship between Ry and CT)
v Understanding how switchgear works (e.g., interlocks)

vi Concept of congested accident recovery

m Asia Engineering Consultant Co

9. Training and exercises using a Dispatching training simulator

[ Main training case contents and characteristics (2/2) ]

blind spot accident case

Isolated system occurrence accident case

missing-phase accident case

Emergency stop case

i Determination of accident aspect from simultaneous operation of multiple protection relays
ii Emergency Response Method

ili Heavy patrols (e.g.. to determine usable facilities), safety operations

iv Understanding of protective relays (including the relationship bety Ry and CT)

v Concept of congested accident recovery

i Understanding the cong d situation ir ly after an accident
ii Understanding of grid frequency and grid voltage

iii How to Parallelize isclated system with a main system

iv Measures to be taken at the time of substation total shutdown, etc.
v Generator mechanism and operational response

vi. Concepl of congesled accident recovery

i Assess the situation immediately after the accident

ii Accurate delermination of missing phase range and section determination

il Understanding recovery response to missing phase occurrence

iv How to cooperate with related departments such as power transmission and customers

i Confirmation details and understanding of the situation at the time of advance notification
and emergency stop request

ii Accurate understanding of emergency stop timing and stop equipment and stop method

iii Communication and supply reliability measures after an emergency shutdown

iv How to cooperate with related departments such as power transmission and customers
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9. Training and exercises using a Dispatching training simulator

. Evaluation of Training Results

Evaluating training results is necessary to improve the level of the trainees. However, it is important that the evaluation
be convincing to the trainees. The evaluation of the training should consist of three parts: the recovery response, the time

L required for recovery, and comments on each person’s actions,
_y

Type of Evaluation Evaluation Method

+ The evaluation is based on objective numerical values on a 5-point scale, which enables
the user Lo understand individual growlh Lrends and analyze data in the fulure.

Assessment of restoration status + The total value of the evaluation of check items is the level of achievement.
response « For low scores (generally 3 or less), the reasons for the low scores should be clearly
indicated.

. L - Promote awareness among trainees by objectively indicating the amount of time spent
Time management of key action items implementing each phase of the restoration process.
in the recovery response + Alse, comparison with other teams and trainees will help in future instruction.

+ The review should be written for each individual, so that the participants are strongly aware
of the importance of their own actions.

- The good and bad points of the behavior should be described, including the technical basis.

Evaluation comments for each person + If there are repeated instances of inadequacy. such as omissions to recite, the details

should be noted.

This will help improve the awareness of the individual and the manager.

After the training, a meeting should be held to explain any problems with the team or individual movements.
This enables trainees to reflect on the training and apply it to their practical work.

m-\su

(Reference) Example of each evaluation table

Assessment of restoration status response

Training Case: OOGRID STATION (AAKV AZ B2 Bus Bar accident)

Assessmont of response status (:point)
Date of uonple maatacmn March | March 23 | Masch 25 |February 26 | February 18
wiraghtemod harmber A team Bream | Coeam | Deam |Eveam  |average
Assesiang the sccsdeni|  Confirmatzom of syem vmmary chart 5 5 5 4 5 5
wavatm s Confumarion of swtags coverage 4 5 5 [ - 5
Deten ]
Acsicdern Facilities - Detrraination of Aspests
scesbent fac otars - 5 5 5 3 5 5
Ersergency Risponss Procedures i 3 3 3 5 4
acablivh restarstion ey 5 5 5 5
Extablnh revorston —~ = — 1 - ]
plicy patrulling (e, ering sbips or aincraft)
| Equptment w be wsed. sdacent cqapamrn.
tima roquined 5 5 5 4 i 5
Cormbat mretmgs [timing, and somtenal 1 1 5 1 1 1
Aaigament of work withim the mmedc s 5 5 5 4 5 5
Corstion of operating procedures chart (timing| R
nd .V 1 5 5 5 2 i 1
| Colic va. ool i ther operaning procedures cable
fusther than the cvvstor)
Approval seed evecutuon of egmrsting
e povosdures. Safery checkNoe 2 5 5 4 3 5 4
i Infarmation shating within the immedisie ares
- Bntra-incbustry linkage 5 3 5 3 5 4
Acvurate ssepmrres to eheco puwer st
B R v st K] 1 5 5 4 5 5
Chens policy explammions for bocal pavredls 5 5 5 ' 5 5
Grangeg and vharmg of outage koed duvsily
wrihen the company 5 5 5 i 5 5
B oottt v 5 5 5 F 2 i
[T e w—— ] i | 5 ] 5 4
Implementation of | ldesafacation of talal current boteneck sess 5 5 5 i 5 5
corddence rmravrn
Shurt © grourd faub protetan
Handing of Thescription of srvinn e ddent
indermatin {imchadong timme of dngoach) 4 3 3 3 4 3
Toul 4] 2 85 63 83 79
Adbievement (% of full score (5 points) for the ushjoer mem) 8% N% 94 % 0% | 2% Ba%
For telepluse direct ¥ou afv Tewkiig a1 the sctven and maklng holes,
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Appendix 5. 1st to 10th Travel Reports

1. st Travel Report

Travel Period

Thursday, November 25 - Tuesday, December 14, 2021

Consultants

Yoshida, Nakazawa, Nakamura, Kawasaki

Activities

- Meetings with TSG CE, P&C CE, TSG GM, DMD, and MD.

- Consultation meetings with each WG member, joint meetings of WG1,
WG2, and WG3, and discussions with WG1 members regarding new
system diagrams and additional modifications.

Installation and operational verification of 200 cases on the PC
simulator.

- Inspection of the 220kV substation.

Holding 1st t JCC meeting.

2. 2nd Travel Report

Travel Period

Friday, January 14 - Tuesday, February 1, 2022

Consultants

Yoshida, Nakazawa, Nakamura, Kawasaki

Activities

- Meetings with TSG CE and TSG GM.

- Acceptance testing of the PC simulator.

- Implementation of activities for each WG.

- XTAP training.

- Reviewing of Blackout countermeasures, including panel discussions.

- Training on the PC simulator.

- Deliberation on the policy for creating simulation cases in the new
system diagram.

3. 3rd Travel Report

Travel Period

Friday, May 14 - Friday, June 3, 2022

Consultants

Yoshida, Nakazawa, Nakamura, Takeuchi, Kawasaki

Activities

- Implementation of activities for each WG.

- Final confirmation and collection of necessary data for the new system
diagram.

Inspection of the utilization of PC simulator (visiting two substations).

- Training on the PC simulator, explanation of training case drafts based
on the new system diagram.

Interim report on Black Out system analysis.

Discussion on malfunctioning protection relays during accidents.

- Implementation of XTAP training for system analysis.

Meeting with DMD.
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4. 4th Travel Report

Travel Period

Friday, July 15 - Thursday, July 28, 2022

Consultants

Yoshida, Nakazawa, Nakamura, Takeuchi, Kawasaki

Activities

- Implementation of activities for each WG.

- System analysis comparison with the new system diagram.

- Investigate and corresponding to display issues on the GSO simulator
large screen.

Confirmation of Black Out system recovery measures and proposal of
improvements.

Discussion on malfunctioning protection relays during accidents.

Implementation of XTAP training for system analysis.

- Meetings with MD and DMD.

5. 5th Travel Report

Travel Period

Friday, November 11 - Thursday, November 24, 2022

Consultants

Yoshida, Nakazawa, Nakamura, Kawasaki

Activities

- Holding 2nd JCC meeting.

- Consultation with  NTDC Human Resources Department GM
(Proposing skills certification system in the training programs
utilizing simulators).

Visits to substations where PC simulators are distributed, and
confirmation of their utilization status.

Gathering information on a large-scale blackout in the southern region.

6. 6th Travel Report

Travel Period

Friday, December 9, 2022 - Friday, December 23, 2022

Consultants

Yoshida, Nakazawa, Nakamura, Kawasaki

Activities

- Meetings with MD, DMD, and Protection & Control CE.

Implementation of activities for each WG.

- Installation and handover of new system diagrams to the GSO simulator.

Consideration of training case drafts based on the introduction of a skills
certification system using the GSO simulator.

- Follow-up on the Black Out analysis and recommendation report.

Adjustment of the content and schedule of domestic training
implementation.
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7. 7th Travel Report

Travel Period

Friday, June 16 - Friday, June 24, 2023

Consultants

Yoshida, Nakazawa, Takeuchi, Nagai

Activities

- Presentation of a draft SOP based on the new system diagram for the
GSO simulator.

Installation of the updated version of the GSO simulator software.

Investigation of NTDC requests for the upcoming project.

Discussion of agenda items for the next JCC meeting.

Confirmation of the progress in implementing measures based on the
Black Out report.

Confirmation of the schedule and nominated participants for the second
TOP Japan.

8. 8th Travel Report

Travel Period

Friday, July 14 - Saturday, July 29, 2023

Consultants

Yoshida, Nakazawa, Nakamura, Nagai

Activities

- Holding 3rd JCC meeting.

- Acceptance testing and handover of the PC simulator.

- Training on operations using the new system diagram.

- Inspection of the PC simulator usage status and operational training at
the Okara substation.

- Training on pre-considerations for power facility shutdown.

Explanation of the schedule for the second TOT Japan.

9. 9th Travel Report

Travel Period

Friday, October 20 - Sunday, November 5, 2023

Consultants

Yoshida, Nakazawa, Nakamura, Takeuchi, Nagai

Activities

- Meetings with the new TSG CE, GM, DMD, and MD.

Implementation of activities for WG2 and WG3.

- Lecture on the skills certification system using the PC simulator.

Training on operational procedures using the new system diagram on
the PC simulator.

Training on the system stabilization relay.

Inspection of the PC simulator usage status and operational training at
the New Lahore substation.

Visit to NPCC.
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10. 10th Travel Report

Travel Period

Friday, November 24, - Friday, December 1, 2023

Consultants

Yoshida, Takeuchi, Nagai

Activities

- Meetings with TSG CE, GM, DMD, and MD.
- Final confirmation and explanation of the contents of the completion

report.
- Courtesy visit to the embassy of Japan.
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Ministry of Energy (Power Division)
Mr. Hidayat Ul Laha

Appendix 6. List of Interviewed Persons

Joint Secretary NTDC

Ministry of Finance Revenue and Economics Affairs, Economic Affair Division

Mr. Adeela Bukhari
Mr. Hamid Karim

Joint Secretary

Deputy Secretary (Japan)

National Transmission and Despatch Company, Limited (NTDC)

Head Office
Mr. Rana Abdul Jabbar Khan
Mr. Qaiser Khan

Mr, Anwar Ahmed Khan

Mr. Waseem Younas
Mr. Mir Hassan

Mr. Muhammad Mustafa
Mr. Taqi Ud Din
Mr. Abdul Moiz Waris

Mr. Syed Mukkarram Hussain Jafri

Technical Service Group (TSG)
Mr. Safdar Ali
Mr. Muhammad Ejaz Khan

Mr. Muhammad Shahid Nasir
Ms. Hajra Arshad

Mr. Adeel Akram

Mr. Muhammad Adnan

Mr. Fayaz

Mr. Mansoor Akbar Hussain
Mr. Rafiq Ahmad

Mr. Abdul Aleem

Managing Director

Deputy Managing Director Planning &
Engineering

General Manager Asset Management/

Grid System Operation North

General Manager Power System Planning
Deputy Manager Transmission Planning, Power
System Planning

General Manager HVDC

Chief Engineer Protection & Control

Assistant Manager Technical, Protection &

Control

General Manager Human Resources

General Manager (Project Director)
Former Chief Engineer TSG North
(Former Project Manager)

Chief Engineer TSG North (Project Manager)
Deputy Manager TSG North
Foreman TSG North

Assistant Manager TSG North
Principal TSG Tarbela

Deputy Manager TSG Tarbela
Chief Engineer TSG South

Deputy Manager TSG South
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National Power Control Center (NPCC)

Mr. Mubashir Khan Deputy Manager Technical, Power Control
JICA Pakistan Office

Mr. Shigeki Furuta Former Chief Representative

Mr. Yasumitsu Kinoshita Chief Representative

Mr. Arshad Abbasi Senior Program Manager

Mr. Koki Sawa Project Formulation Advisor
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Appendix 7. Photo Gallery

1st Travel (Nov.29th,2021)
CE & GM of TSG meeting

1st Travel (Nov.29th,2021)
1st JCC

2nd Travel (Jan.26th,2022)
WG3 Black Out Countermeasures
Participants of Panel Discussion

3rd Travel (May.23rd,2022)
Training for XTAP, Analysis Software

5th Travel (Nov.14th,2022)
First-Day Orientation for TSG Trainings
(to explain the content of the project)

5th Travel (Nov.16th,2022)
2nd JCC
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6th Travel (Dec.20th,2022)
Meeting with NTDC CE(P&C)

6th Travel (Dec.21st,2022)
Handover Ceremony for New
Diagram Software

7th Travel (Jun.20th,2023)
TSG Visit for Training
(explanation of PC simulator)

B [ e A1)

8th Travel (Jul.17th,2023)
Additional Procurement for 10 PC
Simulators, Placing ODA Stickers for
Handover Ceremony

8th Travel (Jul.20th,2023)
Handover Ceremony for PC Simulator

8th Travel (Jul.25th,2023)
PC Simulator Training at 220kV
Okara Grid Station
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9th Travel (Oct.24th,2023)
Meeting with MD (Mr. Jabbar Khan)

10th Travel (Nov.28th, 2023)
Completion Ceremony
(MD Jabbar Khan, DMD Qaiser Khan,

JICA Sawa, CE Shahid Nazir)

1st TOT in Japan (May.23rd,2023)
Visit FC Station
(Shin-Shinano)

1st TOT in Japan (May.25th,2023)
Lecture
(Power System Analysis)

2nd TOT in Japan (Sep.20th,2023)
Visit Manufacturer (Relay test)

2nd TOT in Japan (Sep.22th,2023)
Wrap-up & Certification
(Ms. Hajra Arshad)
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