
 

  

 

Aalborg Universitet

A Power System Emergency Control Scheme in the Presence of High Wind Power
Penetration
Hoseinzadeh, Bakhtyar

Publication date:
2015

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):
Hoseinzadeh, B. (2015). A Power System Emergency Control Scheme in the Presence of High Wind Power
Penetration. Department of Energy Technology, Aalborg University.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            ? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            ? You may not further distribute the material or use it for any profit-making activity or commercial gain
            ? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 29, 2017

http://vbn.aau.dk/en/publications/a-power-system-emergency-control-scheme-in-the-presence-of-high-wind-power-penetration(ce0774ce-2cd6-4393-91f8-fedf35b2b070).html


A Power System Emergency Control Scheme
in the Presence of High Wind Power Penetration

by

Bakhtyar Hoseinzadeh

A Dissertation Submitted to
the Faculty of Engineering and Science at Aalborg University

in Partial Fulfillment for the Degree of
Doctor of Philosophy in Electrical Engineering

May 2015
Aalborg, Denmark

https://sites.google.com/site/hoseinzadehbakhtyar/
http://www.en.tek-nat.aau.dk
http://www.aau.dk


Copyright c© Aalborg University 2015

Aalborg University
Department of Energy Technology
Pontoppidanstraede 101
Aalborg East, DK-9220
Denmark
Phone: +45 99 40 92 40
Fax: +45 98 15 14 11
http://www.et.aau.dk
Copyright c© Bakhtyar Hoseinzadeh, 2015
All rights reserved.
Printed in Denmark by Uniprint
First Edition (March 2015)
Second Edition (June 2015)
ISBN: 978-87-92846-65-5

The professional softwares utilized in the current research:

• PowerFactoryr is a trademark of DIgSILENT GmbH used for simulations;
• MATLABr is a trademark of MathWorks, Inc used for plotting the simulation results;
• Visior is a trademark of Microsoft Corporation used for drawings;
• AutoCADr is a registered trademark of Autodesk used for drawings;
• TeXstudio is a free LATEX editor used for dissemination of papers and thesis.

http://www.aau.dk
http://www.et.aau.dk
http://www.et.aau.dk
https://sites.google.com/site/hoseinzadehbakhtyar/


iii



Thesis Details

1. Thesis Title: A Power System Emergency Control Scheme in the Presence
of High Wind Power Penetration

2. Ph.D. Student: Bakhtyar Hoseinzadeh

3. Supervisor/s: Prof. Claus Leth Bak, Assoc. Prof. Filipe Faria da Silva

4. Opponents: Prof. Dr. Göran Andersson, ETH zürich, Switzerland,
Prof. Ivan M. Dudurych, EirGrid Consulting Group, Ireland,
Assoc. Prof. Jayakrishnan R. Pillai, Aalborg University.

5. Moderator: Prof. Birgitte Bak Jensen

6. Publications:

Paper 1: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentral-
ized Coordination of Load Shedding and Plant Protection with
High Wind Power Penetration,”Power Systems, IEEE Trans-
actions on, Under Review.

Paper 2: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Adaptive tun-
ing of frequency thresholds using voltage drop data in de-
centralized load shedding,”Power Systems, IEEE Transactions
on, 2014.

Paper 3: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentral-
ized Power System Emergency Control in the Presence of High
Wind Power Penetration,”PES General Meeting | Conference
Exposition, 2015 IEEE, 2015.

Paper 4: T. Kalogiannis, E. M. Llano, B. Hoseinzadeh, and F. F.
Silva, “Impact of High Level Penetration of Wind Turbines on
Power System Transient Stability,”POWERTECH Conference,
2015 IEEE, 2015.

Paper 5: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Active
Power Deficit Estimation in Presence of Renewable Energy
Sources,”PES General Meeting | Conference Exposition, 2015
IEEE, 2015.



Paper 6: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Malfunction Opera-
tion of LVRT Capability of Wind Turbines Under Islanding Condi-
tions,”POWERTECH Conference, 2015 IEEE, 2015.

Paper 7: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Coordination of
Voltage and Frequency Feedback in Load-Frequency Control Ca-
pability of Wind Turbine,”Industrial Electronics Society (IECON),
2014 IEEE, 2014.

Paper 8: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentralized &
Adaptive Load-Frequency Control Scheme of Variable Speed Wind
Turbines,”The 13th International Workshop on Large-Scale Integra-
tion of Wind Power into Power Systems as well as on Transmission
Networks for Offshore Wind Power Plants, 2014.

Paper 9: B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Power System Stabil-
ity Using Decentralized Under Frequency and Voltage Load Shed-
ding,”PES General Meeting | Conference Exposition, 2014 IEEE,
2014.

Paper 10: B. Hoseinzadeh, and Z. Chen, “Intelligent Load-Frequency
Control Contribution of Wind Turbine in Power System Stabil-
ity,”EUROCON Conference, 2013 IEEE, pp. 1124–1128, 2013.

7. This present report combined with the above listed scientific papers has been
submitted for assessment in partial fulfilment of the PhD degree. The scientific
papers are not included in this version due to copyright issues. Detailed publication
information is provided above and the interested reader is referred to the original
published papers. As part of the assessment, co-author statements have been
made available to the assessment committee and are also available at the Faculty
of Engineering and Science, Aalborg University.



“Many of life’s failures are people who did not realize how close they were to success
when they gave up.”

Thomas A. Edison



To:

my parents,

my wife

and my children

for their exceptional love in my life





Preface

This thesis is written according to the project entitled “A Power System Emergency
Control Scheme in the Presence of High Wind Power Penetration”. The Ph.D. project is
supported mainly by Ministry of science, Research and Technology of Iran and partially
by the Department of Energy Technology, Aalborg University, Denmark. Acknowledg-
ments are given to the above-mentioned institutions, as well as the Center Of Modern
Power Transmission System (MPTS) and Otto Mønsteds Fond, who supported me for
conference participation several times through my Ph.D. study. Special thanks to the
head of the Department of Energy Technology John K. Pedersen, and prof. Zhe Chen
for their kind support and tremendous help.

This research project was done under the supervision of prof. Claus Leth Bak from
the Department of Energy Technology, Aalborg University, Denmark. First and fore-
most, I would like to express my deepest gratefulness to my supervisor, prof. Leth
Bak, for his professional and patient guidance with his open-mindedness and earnest-
ness during the Ph.D. project period. I do believe that the encouragement, which I
received from prof. Leth Bak during my Ph.D. study will be of great support for my
career and through my future life.

Also, I would like to place on record my gratitude to my co-supervisor, associate
prof. Filipe Faria da Silva for being generous in sharing his research experiences, excel-
lent and professional co-supervision during my study regarding his availability, helpful
comments, view points and discussions during my PhD program. He undoubtedly of-
fered me valuable technical and methodological advices in my research. Indeed, he
taught me how to become a successful researcher and membership in his research team
and working under his direct guidance was my pleasure, honor, an opportunity and a
turning point in my academic career.

Additionally, I owe special thanks to my dear colleague, prof. Hassan Bevrani at Uni-
versity of Kurdistan for his infinite encouragement, support and aid during my academic
career.

ix

http://www.msrt.ir
http://www.et.aau.dk
http://www.aau.dk
http://www.et.aau.dk/research-programmes/modern-power-transmission-systems/
http://www.et.aau.dk/research-programmes/modern-power-transmission-systems/
http://www.ottomoensted.dk/
http://personprofil.aau.dk/106799
http://personprofil.aau.dk/119166
http://personprofil.aau.dk/119166
http://www.bevrani.com/


In particular, I take this opportunity to record my since gratefulness to all my
colleagues from the Department of Energy Technology, Aalborg University, Denmark,
for cooperation, lovely and pleasant environment and the endless friendship with un-
forgeable memories. I also would like to thank my close friends Mostafa Astaneh, Hamid
Soltani, Amir Sajad Bahman, Reza Ahmadi and Qobad Shafiee. Moreover, much special
appreciations are extended to Tina Lisbeth Larsen, Mette Skov Jensen, Corina Busk
Gregersen and Casper Jørgensen for their assistance in many different ways. I would
also like to express my gratitude to the assessment committee for the Ph.D. defense.

Finally, the most important and the sincerest gratitude to my parents for their ex-
ceptional love to the family and their encouragement through my life, to my lovely
brother, sisters and their families for the support, concerns and understanding. All the
best for our future.

Bakhtyar Hoseinzadeh
Aalborg University, November 18, 2015



Abstract

The main goal of the project is to improve existing protection technology by localizing
the load shedding scheme in grids with high share of dispersed generation dominantly
provided by renewable energy sources, i.e. wind, wave, solar, biomass, etc.

The higher complexity and lower predictability of grids with a high penetration
of renewable energies makes it difficult to overseen and overcome widespread range of
combinational and cascading events, just by relying on conventional protection systems,
which generally do no coordinate different grid variables in the respective protection
schemes. Utilization of all of locally measurable variables, e.g. frequency, its rate of
change, voltage drop, power flow direction under an integrated decentralized plan is
done in this project, in order to improve the grid reliability.

The proposed scheme benefits from a decentralized strategy, which reduces the bur-
den of central control by decreasing the amount of data processing and more important,
by avoiding any control problems in the system due to loss of communication link re-
sulting from accidents of Cyber Security attacks, which have been recently located in
the center of attention. The algorithms developed in this project may also constitute
the lower level of a hierarchical control strategy, which can be activated in case of losing
the communication with the control center.

Modern power protection relays often provide several protection schemes inside of
one common package. However, they normally operate without coordination even when
they are implemented inside a same module. This project intends to benefit from the
fact that the existing technology already uses, all the required data as input to coor-
dinate distinct plans under an integrated and versatile scheme. The proposed scheme
automatically updates the frequency set points, stage time delays used for load shedding
as a function of fault location and severity of the disturbance/s. It is a comprehensive
solution for all possible combination of contingencies including outages, cascading events
and islanding. The proposed methods not only are efficient for conventional power sys-
tems, but also for the time-variant structure and dispatch of grids with high share of
renewable energy sources.

In order to achieve an efficient, fast and optimal load-generation balance following
the under frequency contingencies in the power system, both load and generation sides
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should contribute in the efforts. The load-frequency control as an ancillary service pro-
vided by renewable energy sources and load shedding as an emergency control should
be localized. It means that the active power deficit should be compensated locally at
vicinity of event location in order to avoid transferring the demanded active power from
distant units to the incidence place. In this thesis, localization of both load-frequency
control an load shedding are fulfilled using locally measured voltage drop data in the
decentralized control strategy.

The proposed load shedding scheme is coordinated with existing plant protection
relays, which are normally installed on the conventional synchronous machines. Consid-
ering the frequency-time characteristic of plant protection relays in the load curtailing
plan makes the proposed scheme preventive against successive outage of generation units
by them, which worsen the stability of power system.

Moreover, preventive aspect of proper control decisions are further improved by
considering early outage of renewable energy sources due to malfunction operation of
LVRT grid code under the islanding situations, even though the wind turbine is not
under stress neither electrically or mechanically.

Since the actual active power deficit may no longer be estimated properly due to
outage of synchronous machines in cascading events or in the presence of renewable
energy sources due to employed power electronic converters, decoupled inertia of renew-
able source and hence reduction of total inertia of the grid. The current inertia of the
power system and therefore the actual active power deficit is approximated/updated at
each load shedding stage.



Resumé

Hovedformålet med projektet består i, at forbedre eksisterende frekvensaflastning ru-
tiner ved at minimere mængden af frekvensaflastet belastning i net med en høj andel
decentral produktion, der primært er domineret af fornybare kilder som vind, bølge, sol,
biomasse, osv.

Elnet med en høj andel af fornybare er mere komplekse og ikke så forudsigelige som
traditionelle elnet, der primært har central produktion. Dette gør det næsten prak-
tisk umuligt, at forudsige konsekvenserne af koblingsmuligheder, parameterændringer
samt kaskadehændelser og dermed i praksis meget svært at lægge en alment dækkende
frekvensaflastning plan. Anvendes lokale data som frekvens og dens ændringstendens,
spænding og dennes ændringstendens samt effektretninger kan frekvensaflastning opti-
meres til netop kun at udkoble et minimalt antal belastninger i netop den lokalitet, der
giver en optimal frekvensgenopretning og dermed bedst mulig net genopretning efter
fejl.

Det foreslåede koncept er fordelagtigt på grund af den decentrale opbygning, hvilket
begrænser nødvendigheden af centralt styrende enheder til koordinering af aflastnings
sekvensen. Derved skal udføres mindre databehandling og, mere vigtigt, systemet bliver
ufølsomt over fejl på kommunikationsforbindelser, der kan skyldes cyber kriminalitet.
Netop data-cyber kriminalitet er i medier og operatørers fokus for tiden.

Den udviklede algoritme muliggør, via sin decentrale opbygning, ligeledes en mindre
hierarkisk opbygning af kontrol anlæg og strategi i forbindelse med datafejl på kommu-
nikationsforbindelser da enhederne fungerer som selvstændige enheder i normal drift.

Moderne beskyttelse relæer har ofte flere sikringsanordninger i en fælles pakke. Men
normalt uden koordinering, selv når de er implementeret i samme modul. Dette projekt
har til formål at drage fordel af, at den eksisterende teknologi, der allerede bruger, at alle
de nødvendige data som input og koordinere forskellige strategier under en integreret
og alsidig beskyttelses strategi. Den foreslåede strategi opdaterer automatisk frekvens
set punkter, fase tidsforsinkelser anvendes til frakobling af belastning som funktion af
fejlens placering og hvor alvorlig fejlen er. Det er en omfattende løsning til alle mulige
kombination af uforudsete net udfald, kaskade hændelser og opdelinger i nettet på grund
af fejl. De foreslåede metoder er ikke blot effektive for konventionelle el systemer, men
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også for den tid-variant struktur og net md høj andel af vedvarende energikilder.
For at opnå en effektiv, hurtig og optimal balance af last og generation efter under

frekvens hændelse i el systemet bør både belastnings- og generation sider bidrager. Be-
lastnings frekvensstyring leveres son en sekundær ydelse af vedvarende energikilder og
frakobling af belastning i en nødsituation bør styres lokalt. Det betyder, at den aktive
effekt underskud bør kompenseres lokalt i nærhed af begivenhed for at undgå at over-
føre den krævede aktive effekt fra produktions enheder der er langt fra fejlen. I denne
afhandling, er både frekvens og last bort kobling styret ved at forsyne den decentrale
kontrol enhed med lokalt målte spændinger.

Den forslåede last bortkoblings strategi er koordineret med de eksisterende beskyt-
telsesrelæer der er beskytter synkronmaskinen. Ved at inddrage de eksisterende relæer
i strategien gør den metode forslåede i denne afhandling det muligt at undgå at udkoble
produktions enheder der kan medføre en forringelse af systemets stabilitet.
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4 Chapter I. Preamble

1.1 Introduction

1.1.1 Background
Emergency control actions are required as the last firewall against blackout following
disturbances. The role of dispersed generation, especially Renewable Energy Sources
(RESs), e.g. wind power in emergency conditions has been slightly considered, investi-
gated and reported. Frequency and voltage indices are determinant decision variables in
the emergency control. Integration of wind power into the grid significantly influences
the frequency and voltage behavior following the disturbances. Therefore, emergency
control plans may require a revision in case of high share of wind energy.

Power systems undergo various disturbances, but only a few of them are led to black-
out. Identification of disturbance severity with their proper analysis aids the power
system operators to efficiently tune the emergency control factors on line.

Severe load-generation mismatch may lead to cascading events and hence, blackout.
Utilizing the available and standby spinning reserve, starting up the generators and/or
generator redispatching may not be always fast enough to overcome serious active power
deficit, especially in presence of renewable energy sources, which are normally set on
Maximum Power Point Tracking (MPPT) to extract maximum energy from wind power,
with low or even zero spinning reserve.

Load shedding is the last and most expensive emergency control action used to shed
the loads that cannot be supplied with a voltage and/or frequency laid inside the per-
missible range. The load shedding algorithms are implemented to shed the loads before
losing the rest of the power system.

Numerous literatures recommend to analyze the penetration limit of wind power
into power system considering its capacity, location and technology, from a protection
perspective. Sufficient investigations should be carried out to identify mitigation strate-
gies regarding system protection, which allow increment of penetration limit.

Since integration of wind power into distribution feeders remarkably alters the behav-
ior of feeder as a load/consumer, it may generate blind zones of detection for protection
devices or may affect/challenge coordination of different protection devices.

1.1.2 Project Motivation
As can be seen in Figs. 1.1 and 1.2, the fast global growth in energy demand and the
widespread environmental concerns gradually leads the energy provision toward renew-
able energy sources [1], which implicitly highlights the outstanding role of the current
project toward this energy goal. Secure, efficient and affordable usage of this kind of
energy, which has a different nature from more traditional sources of electric energy,
should be properly considered, in order to achieve a smart integration of renewable en-
ergies into the grid, as it is prioritized in the energy policy landscape of several countries.
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Integration of renewable energy sources without consideration of their intermittent
behavior and stochastic nature may challenge the reliability of the grid. The current
project intends to improve the protection system by considering the side effects of dis-
persed generation.

The following major issues regarding integration of renewable energy sources into
the grid, especially in case of high penetration, should be considered in the short and
long term goals of grid stability, control and protection. Moreover, the validity of ex-
isting methods should be reassessed in the presence of renewable energy sources. The
major issues regarding integration of renewable energy sources into power system are
shortlisted as below:

• Multi direction of power flow

Fig. 1.1: Annual Installed Wind Power [1] Fig. 1.2: Worldwide Installed Wind Power [1]
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• Prevalence of harmonics, which may improperly trigger some of sensitive protec-
tion devices

• Reduction of grid inertia due to employed power electronic converters

• Low or no spinning reserve of renewable energy sources due to MPPT

• Coordination of existing independent protection schemes

• Contribution of renewable energy sources in Load-frequency control

1.1.3 Project Objectives
One of the objectives of the future smart grid is to enhance the protection system
to improve efficiency, reliability and quality of the power delivery to the consumers.
The self-healing automation in medium and low voltage grids should be carefully in-
vestigated, in order to improve the protection system of smart grid. One of the most
significant and critical factors for power companies is the time, which is spent on fault
localization and clearing, as a fast fault clearing reduces the required manpower and
economic losses.

Modern power relays often provide several protection schemes inside of one com-
mon package. However, they normally operate without coordination even when they
are inside a common module. This project intends to benefit from the fact that the
existing technology already has access to all the required data, i.e. voltage, frequency
and its rate of change, which can be utilized to coordinate distinct plans under an in-
tegrated and versatile scheme. The proposed scheme automatically updates different
frequency thresholds used for load shedding in function of fault location and severity.
It is a comprehensive solution for all possible combination of contingencies including
cascading events and islanding. Moreover, the proposed solution is not only efficient
for conventional power systems, but also for the time-variant structure and dispatch of
grids resulting from high share of renewable energy sources.

The method proposed in this project can easily handle the structural changes of the
network, due to the uncertain connectivity of the renewable energy sources, and paves
the way toward Plug-and-Play (PnP) operation enabling the addition and removal of
the system elements in a modular fashion way, by means of an automatic and adaptive
updating of hardware settings according to the current state trajectory of the power
system. This approach has the advantage on requiring minimal human intervention and
it is especially advantageous in the large power systems, with time varying connectivity
of dispersed generations and in which big data is required to be processed in the con-
trol center, besides the risk of communication lost and the increasing concern of Cyber
Security.

The project objectives can be shortlisted as follows:

• To reduce the number of loads and feeders involved in the load shedding scheme
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• Over frequency avoidance by preventing over load shedding

• Localized load shedding

• Automatic tuning of protection relay settings

• Decentralized and self-healing scheme

• Event location-oriented performance of smart relays

• Coordination of load shedding with existing plant protection relays

1.1.4 Project Limitations
There are many IEEE standard power systems available in the literatures to be used
as case study, but only 9 and 39 bus IEEE standard test systems are considered in this
project to assess the efficiency of proposed methods. The suggested methods developed
in this project can later be evaluated for different test systems.

In this project, merely the wind power implemented by DFIG and/or PMSG type of
wind turbine as a representative of renewable energy sources are considered to realize
integration of dispersed generation into power system.

According to the literatures and IEEE standards, the simulation period of interest
for emergency control is up to tens of seconds, the wind speed can be assumed constant
during such a short period of time. It make sense, since the natural fluctuations of wind
speed, which is considered as stochastic nature and intermittent behavior of renewable
energy sources are to some extent suppressed by equivalent inertia of turbine and rotor
as the incipient filter and at the next steps are further flatted by employed power elec-
tronic converters and the available DC link.

In order to highlight the efficiency of the proposed methods under the worst pos-
sible scenarios and to respect practical considerations, it is also assumed that there is
no primary and/or secondary control due to depleting the spinning reserve of avail-
able generation units either conventional synchronous machines or wind turbines. It is
noteworthy to remind that due to MPPT policy of operation point of renewable energy
sources, their reserve capacity are typically adjusted at zero or close to zero in order to
extract the maximum available energy from the source.

1.2 Thesis Outline
This thesis is presented in the form of collection of papers and it is organized by a report
and a plurality of papers published from this project. The report is a brief summary of
the research work done in the project, and is constituted by following chapters:
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Chapter II: Adaptive Emergency Control
This chapter introduces the power system stability and its operation states including
normal, alert, emergency, restorative and extremis. The possible countermeasures ap-
plicable in emergency state are studied and the load shedding scheme as the last and
most expensive control action against blackout is especially described. Integration of
dispersed generation, especially renewable energy sources into power system and its im-
pacts on emergency control are investigated in brief. At the end, the determinant role
of voltage dynamics in the power system stability are highlighted and its coordination
with under frequency schemes are emphasized.

Chapter III: The State of the Art
This chapter will explore the recent literatures that are relevant to understanding the
development of, and interpreting the results of this convergent study. This chapter
presents the related literature and studies after the thorough and in-depth research done
by the other researchers. This will also present the synthesis of the art, theoretical and
conceptual framework, definition of terms and introduction of issues to fully understand
and better comprehension of the research study.

Chapter IV: Wind Turbine Ancillary Services and Challenges
In this chapter the capabilities of wind turbines in providing ancillary services such as
contributing in the load-frequency control and reactive power support/voltage regula-
tion are investigated as an opportunity/strength to maintain the reliability of power
system stability. Moreover, the weaknesses and threats regarding penetration of renew-
able energy sources into power system including malfunction operation of LVRT during
islanding, reduction of network inertia, prevalence of harmonics, intermittent behavior
and stochastic nature of renewable energy sources are highlighted.

Chapter V: Decentralized Load Shedding
In this chapter the decentralized strategy of emergency control of power system is ad-
dressed. Due to the significance of power system stability, the network should be adap-
tively/automatically recovered under any circumstances, e.g. combinational/cascading
events, islanding and losing the communication with control center due to either natural
system failure or Cyber Security attacks, which are recently in the center of attention.

Chapter VI: Load Shedding with High Share of Wind Power
In this chapter the load shedding is evaluated in the presence of high wind power pen-
etration. Due to the expected high rage of frequency decline resulting from employed
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power electronic converters and as a consequence, remarkably decrease of system iner-
tia, proper coordination of scheme with the existing plant protection relays installed on
conventional generators is analyzed.

Chapter VII: Conclusion
Finally, the report is summed up at chapter VI focusing on the research findings and
the main contributions achieved by the documented project.

Chapter VIII: Future Works
The research perspective including the new challenges, improvements, weaknesses and
the objectives, which are out of scope of this thesis are enumerated in this chapter.

1.3 List of Publications
A list of the papers derived from this project, which have been published, accepted or
submitted are listed as follows. Moreover, the relationship between each chapter and
its corresponding publications has been indicated in the Table. 1.1.

Table 1.1: The Relevance of the Thesis Chapters to the Publications

Chapter No. Publications

4 C.2, C.4, C.5, C.6, C.8

5 J.2, C.7

6 J.1, C.1, C.3,

Journal Papers

[J.1] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentralized Coordina-
tion of Load Shedding and Plant Protection with High Wind Power Pene-
tration,”Power Systems, IEEE Transactions on, Under Review.

[J.2] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Adaptive Tuning of Frequency
Thresholds Using Voltage Drop Data in Decentralized Load Shedding,”Power
Systems, IEEE Transactions on, pp. 1 –8, September, 2014.
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Conference Papers

[C.1] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentralized Power System
Emergency Control in the Presence of High Wind Power Penetration,”PES
General Meeting | Conference Exposition, 2015 IEEE, 2015.

[C.2] T. Kalogiannis, E. M. Llano, B. Hoseinzadeh, and F. F. Silva, “Impact of
High Level Penetration of Wind Turbines on Power System Transient Stabil-
ity,”POWERTECH Conference, 2015 IEEE, 2015.

[C.3] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Active Power Deficit Esti-
mation in Presence of Renewable Energy Sources,”PES General Meeting |
Conference Exposition, 2015 IEEE, 2015

[C.4] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Malfunction Oper-
ation of LVRT Capability of Wind Turbines Under Islanding Condi-
tions,”POWERTECH Conference, 2015 IEEE, 2015.

[C.5] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Coordination of Voltage
and Frequency Feedback in Load-Frequency Control Capability of Wind Tur-
bine,”Proceedings of the 40th Annual Conference of IEEE Industrial Electron-
ics Society, IECON 2014., pp. 1 –7, June, 2014.

[C.6] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Decentralized & Adap-
tive Load-Frequency Control Scheme of Variable Speed Wind Turbines,”The
13th International Workshop on Large-Scale Integration of Wind Power into
Power Systems as well as on Transmission Networks for Offshore Wind Power
Plants, Energynautics, pp. 1 –7, 2014.

[C.7] B. Hoseinzadeh, F. F. Silva, and C. L. Bak, “Power System Stability Using
Decentralized Under Frequency and Voltage Load Shedding,”PES General
Meeting | Conference Exposition, 2014 IEEE, 2014.

[C.8] B. Hoseinzadeh, and Z. Chen, “Intelligent Load-Frequency Control Contri-
bution of Wind Turbine in Power System Stability,”EUROCON Conference,
2013 IEEE, pp. 1124–1128, 2013.
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When a power system operates at steady state with nominal frequency, the total
input mechanical power from the prime movers of generators is equal to the sum of
active power of all connected loads plus all active power losses in the system. Any
significant disturbance applied to this balance causes frequency change. Huge rotating
mass of generators acts as repositories of stored kinetic energy. When there is insuffi-
cient mechanical power input to the system, the rotors decelerate by supplying energy
to the system. Conversely, when excess mechanical power is input, they accelerate by
absorbing energy. Hence, any change in rotor speed causes frequency variation.

Governors sense speed variation resulting from gradual load changes and adjust the
input mechanical power to the generator to maintain the frequency at its nominal value.
Therefore, the extra load is supplies using available spinning reserve, i.e. the unused
and standby capacity of generators operating and synchronized to the system. This will
cause frequency to be stabilized again.

Rapid and large changes in generation due to loss of a key generator or a determi-
nant transmission line may lead to a severe load-generation imbalance, resulting in a
sharp frequency drop. Such fast frequency plunges that are often accompanied with
severe overloads require impossible rapid governor and boiler reaction, which may cause
system collapse. Proper selection of loads to curtail makes the system recovery possible,
prevents prolonged supply interruption, and facilitates the customer service restoration
with minimum delay.

As complete elimination of faults are almost impossible in the power systems, ap-
propriate countermeasures should be foreseen in advance to avoid combinational and
cascading events that may lead to system collapse. Since the system corruption finan-
cially affects the consumers and the utility. The power system operation and control
should be designed robust against uncertainties, random faults with minimum interrup-
tion of consumer supply. This research project addresses the application of emergency
control action to restore the system to a stable status following disturbance/s.

2.1 Power System Operation States
The operation states of power system can be classified into five major states including:
normal, alert, emergency, restorative and last but not least extremis [4]. The transition
flow chart between different states is depicted in Fig. 2.1. When the power system
experiences the normal state, it means the entire system properly operates and the
variables are in the predefined and expected range. The system is able to withstand
disturbances, which may cause deviation of variables from their steady state value inside
their corresponding constrain. If a system can withstand potential contingencies (such
as a fault followed by line or generator trip) without violation of equipment limits or
losing stability, then the system is in normal or secure state. A network configuration
or loading state, which can withstand an element outage without loss of supply to any
load is called N-1 secure. Otherwise we classify the system as being insecure , i.e., in
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Fig. 2.1: Power system operation states

the alert state.
If the security degree of system degrades to a specific lower level due to higher

probability of disturbance occurrence, the system transits to a new state called alert
state. In alert state, all of variables are still inside the satisfactory limits and there is
no boundary violation of variables, but the system is not strong enough as before and
is prone to pass to other situations.

If a system operator infers from the operating data that a system is in an alert
state, then preventive control actions are required to bring the system back to a normal
state. However, it is possible that the system operator is unable to act in time before a
contingency actually occurs. A grid may even operate insecurely (in an alert state) due
to a high cost of preventive control or due to inadequate reserve margins. However this
situation is undesired, since it may lead to blackouts (if emergency control actions fail),
which can cause great economic loss. The classification of a system state as a normal
or alert state is based on simulating some disturbances. Often, even though the system
has been classified as being in a normal state, several improbable disturbances, which
would not have been analyzed for doing this classification, may take place.

There are three states in front of the system to enter from alert state. The first
state is the aforementioned normal state that is possible by coming the security grade
back to the normal level. The second way is toward emergency state, which is selected
by the system when contingencies initiate the excess burden of equipments. In this
case the disturbance is sufficient enough to expel the variables from normal bounds. In
this condition, some of equipment are partially overloaded, thus low level of voltage is
consequently expected for some of buses. The third and most significant case happens
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when the disturbance is very severe and moves the system directly to the extremis state.
The result of being in extremis state without in time remedial actions is cascading events,
outages and perhaps shutting down of power system in part or whole. The restorative
state corresponds to a situation in which proper countermeasures have been taken early
enough to restore the entire system from extremis state and pass the state to either
normal or alert state based on system status.

2.1.1 Cascading Events
In recent years, power systems become larger due to fast and widespread growth of
energy demand and large scale blackouts happen more frequently. The research on
maintaining power system security and preventing cascading evens from more prop-
agation is becoming one of the hot topics in power system area, especially after the
US-Canada blackout on Aug. 14, 2003, which has demonstrated the vulnerability of
modern power systems. Blackouts cause enormous economic losses, widespread panics
and interruption of essential services.

Combinational and Cascading events are identified as root causes of recent large-scale
blackouts around the world. Cascaded failures consist of a serial and radially occurrence
of incidents, which in any individual is the cause of the consequence one/s [5]. Cascaded
events follow a process like what depicted in Fig. 2.1. Typically, they are initiated by
a single or several events. Their initiating events and root causes come from violation
of power system variables from their normal and continuous operating constrains such
as line overloading or generator over-excitation. The corresponding relays operate and
cause transmission line or generator outage, respectively. Then the power system is
lead from normal state into another state due to the newly happened cascading events.
These successive outages reduce the reliability of power system more than before and
can even cause more unpredicted incidents.

If the violations are not corrected in time, a significant mismatch between load and
generation may come to exist. Frequency, voltage and rotor angle instability can take
place when the network is undergone a massive disturbance, which may drive the system
toward an uncontrolled system collapse. The excessive imbalance between supply and
load eventually leads the system to a large-scale blackout.

When outage of an overloaded transmission line occurs, the power flow duty of
tripped line switches to other neighbor transmission lines and as a result , the remain-
ing transmission lines have to transport more power rather than their nominal capacity.
Therefore one line over-load may convert to two or more line overloads. This process
may rapidly propagate through the whole system and can trigger successive line or gen-
eration trip incidents, if they are not prevented in time. Initiating events in this context
consist: natural catastrophe, power system equipment failure, protection malfunction,
communication system failure, disturbance and human decision making mistake.
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2.1.2 Security Assessment
To distinguish between a normal state and an alert state, a system operator carries
out the following studies using the network configuration, load and generation values
obtained from a static state estimation procedure:
Static Security Assessment: This involves continuous checking of post-disturbance
system conditions regarding equipment rating and limit violations such as line thermal
overloading (S < Smax = Imax · Vn), line over voltage (0.9 < V < 1.1pu), etc.

Dynamic Security Assessment: it is associated with examining different cate-
gories of system stability, i.e. frequency and voltage stability [5]. To the best knowledge
of authors, there is no comprehensive and widely used criterion for dynamic security
assessment. The state trajectory of variables (the average deviation from their steady
state values), the duration of being out of range, the rate of change of state variable
and a combination of them may be considered as criterion. According to the defined
security assessment criterion, if the security analysis shows that the system is secure, it
is classified as a normal state.

2.1.3 Countermeasures
The different control objectives are followed among aforementioned power system oper-
ation states. In normal situation, objectives are based on achieving as much as optimal
and efficient operation of power system with variables close to nominal values. In other
states, objectives are determined in such a way to pass the system to the normal con-
dition safe, smooth, and reliable. In order to reach the goals in different states, distinct
control actions must be taken as countermeasures to lead the system toward satisfactory
operation.

In alert state, the objective is to prepare the system for encountering eventually and
uncertain events in future in a best possible way. Preventive action is implemented not
only to avoid system from entering to emergency state, but at the same time to restore
the power system to normal state. In other words, preventive mechanisms are to miti-
gate the impact of initiating events on power system. Typical preventive control actions
are generation rescheduling, network switching and reactive power compensation.

In emergency state, which is mainly focused in current research, the power system
is still intact and integrated and may be retrieved to the alert state, if proper emer-
gency control actions initiated in time. Emergency controls, typically monitor the power
system dynamics on-line to assessing whether there is the possibility of losing system
integrity following of a severe disturbance. In this situation, time parameter has the
highest priority and thus economical issues become secondary. To aim the corresponding
objectives last resort actions are used to prevent partial or whole service interruption.
Some typical emergency control actions include direct or indirect load shedding, gener-
ation shedding or network splitting.
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2.2 Emergency Control

2.2.1 Emergency Control Characteristics
Much effort has been made to improve the reliability/security of power system such as
preventive mechanisms, emergency controls, and restorative controls. As mentioned in
section 2.1.3, preventive mechanisms are to mitigate the impact of initiating events on
power systems and emergency controls are employed to prevent power systems from
entering restorative states.

In previous section, different countermeasures suitable for power system states in-
vestigated. In this section the main focus is on special properties of emergency state
and control actions, which should be considered throughout the control algorithm.

According to section 2.1.3, the system can transit from a perceived alert state to
an emergency state if no preventive control actions are exercised, while a contingency
occurs, or may directly transit to an emergency state from a perceived normal state
if an unanticipated sequence of several contingencies occur. If the system enters into
an emergency state, some equipment limits are exceeded, which may cause tripping of
further equipments, thereby may worsen the situation and may lead to blackout.

Emergency control actions (manual or automatic) are required to retrieve the situ-
ation. If there is a thermal overload of equipment then there is some time to act and
quick "heroic action" from a system operator would be needed. Since most of equipments
can withstand a short-time thermal overload, there is a small window of time in which
some manual emergency measures can be executed. For other emergency situations like
instability, too short reaction time may be required and predesigned automatic emer-
gency measures may be necessary. However in most cases one has to rely on automatic
controls to quickly respond to such a situation.

The main characteristics of emergency state are as follows:

• The disturbance has been already happened and is certain but the trajectory of
dynamic variables are often unknown and therefore the goal should be minimizing
of the consequences by controlling the system dynamics.

• The emergency situations rarely happen, but this does not diminish there mag-
nificence and it does not mean they should not be taken into account.

• The emergency control actions are basically expensive instantly, but they are
affordable if they prevent system black out.

• The control strategy should be simple to be done in real time.

• Coordination of different control approaches or using of optimization algorithms
may be impossible or difficult.
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• The emergency control action may be implemented as closed loop to be more
robust against unmodeled dynamics and uncertainties.

• Expensive control actions are direct load shedding, generation shedding and net-
work splitting, whereas shunt capacitor/reactor switching and indirect load shed-
ding (transformer tap changing) are cheap.

• Decision making time may be very short (msec to sec).

• Complexity of possible control operations must be simple in emergency control to
be applicable in real-time.

• The disturbance is certain, but the state of the system is often only partially
known and dynamic behavior is uncertain.

• Coordination of different control objectives is difficult.

• Strategy in emergency control is especially useful if it can handle also very unlikely
events/situations.

2.2.2 Controlled Islanding
Large disturbances may cause Angular Instability, which means the synchronous grid
cannot be operated in an integrated fashion if the generators fall in "out of step". If
all generators are not in synchronism and are still connected to each other, then large
variations in voltage and power may be resulted, which can damage equipment and
render inter-connected operation inviable.

Fast emergency control (i.e. insertion of series capacitors, boosting the excitation of
generators) can try to prevent angular instability, but if angular separation becomes too
large and keeps increasing, the system has to be split into islands such that generators
within an island are in synchronism. However, the emergency is not over - within
an island load-generation has to be balanced to avoid large frequency variation. The
splitting into islands may be uncontrolled (due to action of protective systems like
distance relays) and sometimes very few, if any, islands survive, causing a blackout.

Emergency control measures under loss of synchronism conditions includes activation
of a pre-designed islanding scheme (controlled system separation), and measures like
under-frequency load shedding within islands with low generation.

Controlled Islanding, may be an efficient solution, as a disturbance can be contained
and prevented from leading to cascading failures. Since outage of generators due to loss
of synchronism is prevented, more generators remain connected to the network, fewer
loads need to be interrupt and faster network recovery can be achieved.

For example, a sudden load tripping may cause overvoltages in long EHV lines
especially if the transmission line loading goes significantly below the Surge Impedance
Loading. This may cause line tripping on overvoltages. Emergency control can be in



18 Chapter II. Adaptive Emergency Control

the form of insertion of shunt reactive power absorbing devices.
Weakening of transmission system along with heavy reactive power demand and low

reactive power generation margin may cause voltage instability. Emergency Control in
the form of Under-voltage tripping of loads, disabling of tap changers in transformers
may often be able to retrieve the situation.

2.3 Load Shedding
For a smooth growth of load, unit governors measure the speed decline and increase
power input to the generator. Therefore, overload is compensated by using already
provided of spinning reserve, the unused capacity of all generators operating and syn-
chronized to the system. If all generators are operating at maximum production capacity
and hence there is no available spinning reserve, the governors may be unable to relieve
extra loads. In any case, the fast frequency plunges that accompany serious overloads
require impossibly rapid governor and boiler reaction. To prevent such a drop in fre-
quency, it is compulsory to intentionally and automatically release a portion of the load
equal to or greater than the extra load. While the decline has been arrested and the fre-
quency returned back to normal range, the disconnected load may be retrieved in small
amounts, in order to allow the spinning reserve to become active and any additional
available generators to have enough time to start up and being available.

The frequency information in an integrated system is same for all different voltage
levels and all consumers are equally affected by a frequency event. Inversely, load cur-
tailment at any voltage level will improve the status of the whole network. To stop the
frequency decline and subsequently to rise the frequency back into the normal range,
more load should be shed than corresponding shortage. It is worthy to shed as little as
possible amount of load above absolute necessary quantity. Actually if so much load is
curtailed, the system may be lead to an unstable condition. Thus a measure of proper
control should be included.

When a load shedding procedure is designed for a given power system, several key
factors must be determined to achieve the most effective and optimal solution. There
are several key parameters should carefully be determined to minimize the amount of
load to be curtailed, due to their significant effect on load shedding process. The total
amount of load should be shed, the number of load shedding stages, the amount of load
should be shed at each stage, frequency thresholds, the delay between stages and the
location of load curtailment are important decision parameters which affect the load
shedding process [6, 7].

Load shedding process can be done by traditional or new load shedding methods
consisting of manual/SCADA (Supervisory Control and Data Acquisition system), au-
tomatic, local or wide area load shedding [8]. Serious frequency plunges can happen
within a few seconds. Manual or operator/SCADA generally is unable to be fast enough
to prevent partial or complete system collapse. Automatic schemes, which in relays with
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frequency measurement are employed, have much better performance by shedding load
blocks at discrete frequency or Rate of Change of Frequency (ROCOF) thresholds. In
local load shedding application, the load curtailment is carried out at the same location
of frequency measurement. Therefore, the communication system, which is accompany
with expenses of implementation, reducing of the system reliability and adding eventu-
ally delays in communication is not needed at all. In a wide area method, communication
system including telephone wire, cable, fiber-optic media or Global Positioning System
(GPS) is an essential part of the proper operation of the whole power system.

2.4 Integration of RESs into Power System

2.4.1 Impact of RESs on Stability of Power System
The fast-growing energy demand and widespread concerns about global warming leads
the energy provision trend toward RESs, which recently have attracted a great attention
in terms of investment and development [9,10]. The replacement of central power plants
with renewable energy sources, specially wind turbines, adds new and crucial challenges
to existing issues of power system stability. Besides of their low or zero inertia in Vari-
able Speed Wind Turbines (VSWTs), replacing of conventional generation with wind
energy will dramatically influence the frequency response due to fluctuation in wind
speed. Not only the ROCOF is increased, also magnitude of frequency excursion is aug-
mented following a generation outage [11]. Higher level of wind penetration reduces the
lower frequency threshold, and it may cause load shedding or even lead to a black-out.
Especially in islanded grids, which already have a lower inertia than large integrated
power systems, the frequency stability will be highly deteriorated when conventional
generation is replaced by wind turbines [12,13].

As the penetration level of RESs in the grid is remarkably augmented, their impacts
on the power system operation and control can no longer be overlooked. The stochastic
nature and intermittent behavior of RESs is inevitably imposed to the operation of the
network and increases the uncertainty of energy sources, which challenges/alleviates the
reliability of the grid [14]. Along with prevalence of harmonics (power quality issues),
reduction of total inertia of the power system, which are the result of employed power
electronic converters, should be added to the negative impacts of RESs on the power
system [9,15].

Since, inadequate reactive power compensation of wind turbine can cause voltage
instability issues [16, 17], reactive power support of wind turbine is a major concern of
power system researchers around the world [18, 19]. From inertia aspect of view, the
active power provision of wind turbine differs from conventional synchronous machines.
Internal control loops of wind turbine can be redesigned to emulate a virtual inertial
response to support frequency stability, but have not been widely put in practice in
power systems [11, 13]. The transient stability of rotor angle in the power system is
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directly influenced by reactive power support of wind turbine and this capability can
be useful in arresting the severe low voltage incidents as well as in minimizing angular
separation of synchronized units [20].

More installation or replacing the conventional SMs by RESs result in a low inertia
power system, which in case of a frequency drop yields a higher quantity of ROCOF
and hence requires faster reaction of generation units that are contributing in the LFC
action. Augmentation of ROCOF value, i.e. steeper frequency decline, is the result of
lower inertia rather than higher active power deficit [9, 14, 15, 21]. In other words, a
given ROCOF quantity in a low inertia power system estimates the active power deficit
less than its actual value due to reduction of equivalent inertia in presence of RESs,
i.e. an improper approximation of power imbalance magnitude. As a result, the resul-
tant lower load shedding may lead the power system toward delayed recovery or even
blackout. Therefore, the initial ROCOF in the presence of RESs may no longer be a
proper indicator of load-generation mismatch as it is in the conventional power systems
without contribution of RESs [8].

Normally, the VSWTs do not inherently contribute in the Load-Frequency Control
(LFC) to support the grid during disturbance/s due to two major reasons. First, the
employed PEC decouples their rotor inertia from grid frequency, i.e. low or no inertial
response [9,22]. Second, the operating point of VSWTs is typically set at MPPT to ex-
tract maximum power from wind and therefore they are unable to inject more power to
the grid in case of further active power requirement, i.e. defective droop control [14,22].

In order to equip the VSWTs with LFC capabilities similar to conventional SMs,
necessary LFC control loops (both inertial and droop control) need to be implemented
inside the PEC and some spinning reserve should be procured in the VSWT by shifting
their operating point from MPPT to a suboptimal point with lower efficiency. Under
any circumstances, the VSWTs are merely able to release the power up to 1.2 times of
their rated power transiently during the events due to the limited MVA of their PECs,
whereas the SMs may support the grid up to 2-3 times of their apparent power capacity
in the transient state.

Typically, the spinning reserve around 5-10% of VSWT nominal power is considered
in literatures [14, 21]. In power systems with high rate of WP penetration in which
the WP becomes dominant generation and considering the aforementioned amount of
reserve, the total available reserve in whole network may not be sufficient to overcome
the entire range of severe contingencies especially the events with high level of active
power shortage resulting from islanding event/s.

Reduction of total inertia is one of numerous WP outcomes, which remarkably af-
fects the dynamical behavior of power system [8]. A high value of ROCOF during
disturbances, which causes rapid decline of frequency is one of low inertia power system
consequences and therefore requires shorter reaction time of corresponding control ac-
tions.

In conclusion, by penetrating the WP into the grid, following issues are inevitably
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expected to be appear in power system dynamics/behavior:

• Lower power quality due to prevalence of harmonics produced by Power Electronic
Converters (PECs);

• Bidirectional power flow in the load bus feeders;

• Lack of sufficient spinning reserve in VSWTs due to the Maximum Power Point
Tracking (MPPT);

• Reduction of grid inertia due to employed power electronic converters;

• Steeper frequency decline (higher quantity of ROCOF);

• Wrong estimation of active power deficit (more) leading to overload shedding/over
dispatching;

• Uncertainty of energy sources;

• Behavior of feeder: Load/source;

• Generate blind zones of detection for protection devices;

• Affecting/challenging coordination of existing independent protection schemes;

• Low or no spinning reserve in renewable energy sources due to MPPT.

2.4.2 Maximum Penetration of Wind Power
Nowadays, the wind energy industry development and its penetration to power system
is inevitable due to public concern about global warming, limited energy sources and
financial issues. Nevertheless, the security limits of power system restrict the share of
wind energy in generation to prevent of being dominant below a specific percentage of
whole demand [23]. The reason may be found in the intermittent nature and variable
and stochastic generation of wind turbines in comparison to conventional power plants
with constant and controlled output.

Although outstanding research has been done on determination of the maximum
penetration level of Dispersed Generation (DG) into the grid, from power system sta-
bility aspect of view, the maximum possible level of wind power penetration is not well
addressed yet in literatures and still is an open problem for investigation [23]. The
authors in [24] used a transfer function approach to indicate that the normal fluctua-
tions in wind power may cause serious problems for speed governor systems and system
frequency.

From thermal and voltage limitation aspect of view, the maximum penetration level
of wind energy in Crete Island has been studied in [25]. Investigation of impact of wind
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energy on power system frequency in Iowa in [26] has shown that the increasing capacity
of Doubly Fed Induction Generators (DFIGs) or Permanent Magnet Synchronous Gen-
erators (PMSGs) would worsen recovery of system frequency after a severe disturbance.
The N − 1 and N − 2 line outage contingencies considering wind power penetration on
the Irish power system are studied in [27] and as a result, decreasing wind power gen-
eration is proposed as a solution to prevent outage of conventional power plants, which
would reduce overall system inertia. However, the power system stability considerations
are left behind.

2.5 Integration of Voltage Data in Under Frequency
Schemes

2.5.1 The Determinant Role of Voltage Data in Stability Anal-
ysis

A voltage collapse in a part of a power system indicates that the existing generators and
transmission lines can not supply part of the load, which has gone beyond its normal
operating range. More importantly, if this problem is not resolved in time by taking
proper control actions, there is a risk of propagation of that local problem to a wider
area or even to the entire network. Exploration of major blackouts, which happened in
the late 1990s and early 2000s (the 1996 Western North America, the 2003-2004 Out-
ages in Europe, 2003 eastern North America and others) demonstrated that the root
cause of many of these blackouts is voltage collapse rather than the prevalent frequency
event [28,29]. It can be seen that voltage collapse can be a leading symptom of impend-
ing power system contingencies. There are new design and security issues that should
be considered in an Under Voltage Load Shedding (UVLS) scheme and merely relying
on UFLS scheme and issuing a relevant control action can not be a remedial counter-
measure for a wide range of disturbances especially disturbances with under voltage
initiating events, since they may not be an appropriate countermeasure for voltage col-
lapse situations.

Nowadays, power systems are much more prone to voltage collapse than in the past
due to the tendency of increasing the distance between generation sources and load
centers, which are intentionally located far from each other [30]. There are two major
reasons promoting the distance. First, from a financial aspect of view, it is affordable to
purchase the energy from cheap remote generations instead of expensive nearby sources.
Therefore, the power is transfered through a long transmission line and as a consequence,
the possibility of voltage collapse increases. Secondly, it is hard to convince the public
to allow new central power plants to be set up at high density urban areas. These two
factors boosts the dependency of power system operation on the transmission system.
It also causes the augmented reactive power losses during transmission line trip. More-
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over, building of new transmission systems between distant sources and loads may not
be affordable because of environmental and economical constraints.

The load type is another determinant factor, which may cause rapid system voltage
collapse. Many of new prevalent loads such as air conditioners are alike small single
phase induction motors. During the hot weather condition, these motors encompass a
high portion of the consumers. These kind of loads are susceptible to stall during voltage
drops resulted from short circuit of transmission lines. The gradually tripping of stalled
motors and the relatively slow re-acceleration of more robust motors may cause decline
of system voltage when a transmission line failure is removed [31]. If the transmission
line failure is removed by a time delay backup relay, the voltage drop and its influence
on aforementioned loads deteriorate. The slow fault clearing during the voltage collapse
resulted a blackout of the Memphis city in 1987 [32]. In conclusion, power systems with
remarkable contribution of induction motors are prone to fast or short-term voltage
instability.

The difference in the neighbor bus voltages allows the reactive power to flow through
the transmission line and under the normal condition of power system, voltages are typ-
ically located in the small range of ±5% of nominal value in pu. This small voltage
difference will not permit significant reactive power to transport to very far distances.
Therefore, it is undesirable to transport the reactive power over long distances, espe-
cially under peak load condition, and it needs to be produced in the vicinity of the load
center, whereas active power may be transported to the remote points of consumption
through the interconnected grid.

A sudden outage of transmission lines may lead to instantaneous requirement of local
reactive power close to the load center to compensate the surplus losses of transporting
the same amount of power over the rest of remained transmission lines. If the required
reactive power is not provided in time at the consumption point, the voltage will be
diminished. Under such a condition, utilizing of automatic devices such as Load Tap
Changers (LTCs) in order to load restoration may exasperate the situation by creating
further voltage drop [4]. These mechanism may last for a few seconds of time and lead
to long-term voltage instability [33].

Conventional emergency control schemes that merely use the frequency data in LS
plan and coordination of frequency and voltage are rarely considered in protection
schemes in practice. For the sake of the aforementioned reasons, voltage information
alongside frequency data is recently taken into account as a key factor that shows if
the power system is under stress or not [6]. Power system operators recognize that
frequency may remain in normal range during the voltage sags before the entire system
collapse and are going to employ the UVLS scheme as a complementary part of their
existing UFLS scheme.
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2.5.2 Coordination of UVLS and UFLS Schemes
According to [34] regarding impacts of voltage variation on UFLS scheme, a precise
perception of the characteristics of both frequency and voltage collapse is necessary to
establish a proper and effective coordination between underfrequency and undervolt-
age tripping schemes. Underfrequency and undervoltage collapse are to some extend
independent incidents and may typically have distinct root causes such as loss of a
huge generation for underfrequency or outage of a determinant transmission line for
undervoltage collapse. Undervoltage event is identified as a local phenomena, whereas
underfrequency event is classified as a global system incident. Generally, voltage col-
lapse influence the frequency profile slightly, which may not be sufficient enough to make
the underfrequency schemes to react.

A remarkable generation lost may namely lead to a load-generation imbalance through-
out the whole system following by an underfrequency incident. The frequency starts to
drop gradually with the event, but typically not as fast as undervoltage events due to
long inertia time constants of system generators in conventional power systems.

Voltage incidents are generally associated with the local lack of reactive power. A
slow voltage drop may come from reaching the generator to full capacity of available
reactive power reserve and a fast voltage decline can be typically involved to serious
disturbances such as transmission line short circuit or loss. Voltage collapse can come
to exist in areas, which either the load is supplied by a faraway generation with re-
stricted reactive power support or areas with a low level of local generation and a high
portion of motor loads. Undervoltage events often happen in a shorter range of time in
comparison to underfrequency events.

Undervoltage and underfrequency load shedding plans have different characteristics
and are independently established in power system without any coordination. Study
of UFLS scheme is often carried out using the System Frequency Response models
(SFRs) [35–37]. The effects of voltage changes on the frequency deviation is not taken
into account in these models. Contrariwise, the UVLS methods that have been pro-
posed so far for setting of the UVLS relays, do not employ the frequency indices [7,38].
Combination of both schemes seems to be necessary in practice to achieve a more reli-
able/effective LS scheme. Any individual use of these indices may lead the power system
toward over load shedding or blackout. Decentralized UVLS scheme may be employed
to avoid local voltage collapse at many substations. By sharing the existing software and
hardware between both undervoltage and underfrequency protection schemes, the UVLS
scheme can be implemented in parallel with underfrequency in order to be financially
affordable.

2.5.3 LS Localization Using Voltage Drop Data
Determining the locations of LS is one of the most important key factors, which needs
to be selected carefully. In order to obtain a more reliable/efficient LS plan during emer-
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gency conditions, the event location must be properly included in the decision making
process, whereas in the conventional UFLS schemes, the loads, which should be dropped
in case of need to LS are already determined independent of contingency location and
current status of power system [35, 39]. Discarding the loads, which are distant from
the event location, may cause overloading of tie-lines, power factor reduction and even
worse voltage profiles [40]. Inversely, dropping the loads located inside the neighbor-
hood of disturbance point may recover the voltage of affected load buses and is strongly
recommended by many literatures [8, 37,41].

The loads may be prioritized to discard based on their voltage decay, i.e. the loads
with larger voltage decay are curtailed sooner than the others. The LS process begins
to be triggered from the failure zone and radially proliferates in the network in such
a way that not only the frequency downfall is stopped in time, but also the frequency
comes back into the permissible range [8, 42]. Therefore, according to [36, 41], in order
to find the most appropriate locations for the LS plan, the deviation of the load bus
voltages may be a proper and effective criterion of proximity to the event location.

The voltage data involved in the proposed method are accessible even in the con-
ventional LS relays. In the present decentralized UFVLS scheme, the expenses and
vulnerability of communication system are avoided and by sharing the existing software
and hardware available inside the LS relays between both UVLS and UFLS schemes,
practical implementation of approach may financially be affordable [39,43].
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3.1 Literature Review

3.1.1 Traditional Load Shedding
Load shedding to avoid frequency collapse is a conventional emergency approach in the
power system stability area. There are different types of UFLS scheme comprising tra-
ditional, semi-adaptive, and adaptive [41, 44]. The traditional load shedding is often
employed among the others, due to its simplicity in manufacturing of relays [41]. The
traditional scheme curtails a specific amount of load when the frequency declines below
a predetermined threshold. If this amount of load shed is enough, the frequency will
become stable due to load-frequency control capability of generators, otherwise the fre-
quency continuously declines slower than before. When the frequency crosses the next
threshold, the next load shed stage is executed. This procedure is going on until the
frequency drop is stopped or all the relevant relays to load shedding have acted [45]. The
thresholds and the relevant amount of load shed are determined off-line, based on prac-
tical experiences and numerical simulations. Generally conservative settings are applied
in traditional load shedding method due to the unknown scale of the disturbance [46].
Although this scheme is efficient during small disturbances, it can not differentiate be-
tween the normal and abnormal oscillations. For example, in this scheme, the frequency
fall due to a generator outage is treated same as frequency drop of a normal wind speed
oscillation in a wind turbine. Therefore, it sheds relatively lesser loads at large dis-
turbances, which generally can not be seen as a comprehensive solution for widespread
range of disturbances.

In the traditional UFLS, the load shedding places are already determined indepen-
dent of disturbance location. As, the load curtailment is not carried out necessarily
at the areas with active or reactive power shortage, the risk of tie line over loading
and voltage instability issues exists following an improper load shedding [35]. Load
curtailment at locations with relatively lower voltage and hence greater reactive power
requirement, will improve voltage stability of the overall system and consequently aid
the system to retrieve its stability following a serious combinational event.

In [47] a hierarchical genetic algorithm (GA) based technique was proposed to cal-
culate the Under Frequency Load Shedding (UFLS) relay settings. The time delays
and number of stages were considered as dependent and independent variables, respec-
tively [47]. In [48], the fuzzy load model and the first fit heuristic was employed to
calculate the relay settings. The load shed amount determined based on a closed form
of voltage changes gradient in [49]. Selecting of demonstrative operation and incident
scenarios was considered in layout of 81L UFLS relays in [50]. Several scenarios consid-
ering the intermittent nature of renewable energies and different outages were considered
in calculation of shed load at each stage by taking into account of each scenario proba-
bility in [42].
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3.1.2 Semi-Adaptive Load Shedding
The semi-adaptive load shedding scheme utilizes the frequency drop rate as an indicator
of the active power shortcoming [4]. The amount of load shed is proportional to ROCOF
when the frequency arrives to a specific threshold. Hence, this algorithm measures the
ROCOF just after the threshold is crossed. Generally, the ROCOF value is employed
only once at the first frequency threshold, the rest are treated as traditional scheme.
The ROCOF thresholds and the amount of load shed at each stage are determined
off-line based on simulation and experience. The scheme is adapted to the disturbance
magnitude due to proportionality of load shed amount to the ROCOF value.

3.1.3 Adaptive Load Shedding
The active power shortage can be estimated based on measured initial ROCOF, just af-
ter power imbalance occurred. The system generators do not decelerate at a same rate.
Therefore, the frequency is not unique through out the entire power system at least for
first several cycles. To achieve the average frequency of the hole system, the Center of
Inertia (COI) technique is used to get more accurate estimation [44, 51]. Moreover, it
seems vital since the locally measured frequency does not contain precise information
of system just after incident.

Adaptive aspect of UFLS has been presented to enhance the performance of tradi-
tional load shedding methods in [46, 52–54]. All of these methods calculate the active
power shortcoming, following an incident, based on the equivalent system model pre-
sented in [52]. However, only frequency data is employed in the load shedding strategy.

By taking into account of voltage dependency of loads and exploiting of this fact
in estimating of active power deficit, the scheme was improved to some extend [36, 44].
Load characteristic dependency to voltage and frequency have been taken into account
in [54] in order to anticipate the frequency decline after an event. Coordination of fre-
quency and ROCOF in UFLS method has been employed under a self-healing strategy
in [46]. The adaptive schemes in [52, 53, 55] are based on using the initial frequency
gradient following an event to determine the active power shortage in the power system.

In the above research studies, the voltage information was not directly involved in
load shedding application. A precise evaluation demonstrates that the total load shed-
ding deficit in the system is solely determined based on the frequency stability. The
references [51, 55] equipped the adaptive load shedding scheme with the capability of
determining the load shedding distribution using pre-fault V-Q sensitivity factors or
voltage magnitude. The stability problem is the concern of all of aforementioned meth-
ods in adaptive UFLS. However, in reference [56] has been stated that occurrence of a
severe contingencies, in a highly stressed power system, may also lead it to the volt-
age instability. In order to cope with such incidents, a centralized load shedding has
been proposed in [55] to coordinate the UVLS along with UFLS. The UVLS scheme is
triggered after falling down of load bus voltages below a specific threshold. Practically,
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a voltage amplitude based UVLS plan is not secure enough versus voltage instability
resulting from a severe event [51]. Ideally, a self-healing strategy should guarantee both
voltage and frequency stability, following an event.

Different indexes have been reported for voltage instability in [57–59]. These indexes
need to on-line calculation of either the network admittance matrix [57,58] or a Thevenin
equivalent of the power system [59] to predict voltage collapse. A Voltage Stability Risk
Index (VSRI) which has been proposed in [37, 51], addresses the voltage instability by
employing the time series data of bus voltages to determine the vulnerability of the
power system at each bus after a contingency. Despite of other indexes, there is no
need to input from the other buses for the calculations. Therefore, this scheme can be
implemented by PMUs to evaluate the transient voltage stability of the power system.
The main effort of [51] is to drive the control actions considering the voltage dynamic
changes regardless of disturbance. The work carried out in [37] advocates of exploiting
the reactive power together with active power directly in the load shedding process.
This approach deals with the coordination of voltage and frequency information instead
of independent methods.

3.1.4 Distributed Load Shedding
In [47] a hierarchical genetic algorithm (GA) based technique was proposed to calcu-
late the Under Frequency Load Shedding (UFLS) relay settings. The time delays and
the number of stages were considered as dependent and independent variables, respec-
tively [47]. In [48], the fuzzy load model and the first fit heuristic was employed to
calculate the relay settings. Different LS methods including a fixed maximal load to
shed and proportionality of shed load to the ROCOF were investigated in [60]. Calcu-
lation of UFLS relay setting based on Monte-Carlo simulation method for autonomous
power systems were carried out in [61].

The main effort of [62] was focused on dynamically adjustment of the UFLS relay
parameters using the frequency and ROCOF information, whereas the adaptive LS with
even shed load at each stage may cause long-term transients. The authors in [63] have
suggested the tuning of relay parameters according to practical conditions using an Ar-
tificial Neural Network (ANN). It should be noted that the scheme with only one stage
of LS may result a serious overshoot frequency. The work reported in [64] utilizes ANNs
to directly evaluate the parameters of most effective LS scheme considering system sta-
bility. There is the risk of over LS in case of following the single objective of maximum
lowest frequency. The work carried out in [65] addresses the estimation of frequency
and ROCOF using a non recursive Newton type procedure and in the next step, de-
termination of the disturbance magnitude, whereas for estimation of the disturbance
magnitude inertia constants should be known. Additionally, the minimization of total
amount of shed load was not considered in [62–64].

The paper [49] developed an intelligent LS algorithm for scheduled islanding, ac-



Section 3.1. Literature Review 31

companied by an algorithm for grid reconnection. That work also tried to determine
the load shed amount based on a closed form of voltage changes gradient. Selecting of
demonstrative operation and incident scenarios was considered in layout of 81L UFLS
relays in [50].

Large power systems, to some extend, deal with similar daily pattern of load, whereas
microgrids experience significantly different scenarios due to intermittent behavior of re-
newable energies and this fact was not considered for traditional relays in [47,48,60,61],
and adaptive relays in [62–65]. The schemes with single objective of minimal shed
load [50] may lead to a significant undershoot in frequency. Reference [42] advocates
calculation of shed load at each stage of under frequency relay (81L) in a stand-alone
micro grid based on historical meteorological data and the Markov two-state model.
Furthermore, the shed load is minimized and the lowest swing frequency is maximized
using the GA.

3.1.5 Centralized Versus Distributed Load Shedding
In [53,55], different types of centralized load shedding have been introduced to rank and
select the best loads to interrupt during voltage or frequency stability. Centralized load
shedding is supposed to be the best solution for coordination of dispersed loads and
generators in power system. However, centralized method needs to collect and trans-
mit the measured informations and to distribute the decisions throughout the system.
This strategy has several disadvantages such as implementation expenses of communi-
cation system and vulnerability of communication link due to eventually natural failures
or Cyber Security attacks, which have been introduced in [66]. Besides, the centralized
scheme is unable to adapt itself to any structural changes in power system configuration,
therefore it should be redesigned again when any load, generator or transmission line is
installed or removed.The stochastic and variable nature of Renewable Energy Sources
(RES) causes intermittent behavior of them in connection to the power system. Alter-
ation of power system topology proliferates the duty of centralized control schemes. As
distributed approach is able to prevail these weaknesses, decentralized control scheme
seems to be a better solution to deal with RESs and to reach a more affordable and
reliable power system.

Nowadays, Multi Agent System (MAS) is widely used as a suitable solution for de-
centralized control algorithms [67]. The MAS can process the distributed data and
tolerate single point failures, which makes it faster in decision and operation and more
efficient in duty distribution. A decentralized MAS load shedding algorithm has been
proposed in [66] to achieve an effective load shedding scheme based on collected global
information. The global informations are earned based on information exchange merely
between neighbor agents. Total generation and demand can be identified accurately.
The load shedding commands, can be issued according to the available informations.

In the decentralized load shedding, decisions are made based on locally measured
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voltage and frequency signal at the relevant relay. In this method, load shed are de-
termined based on the failure place either directly or indirectly. On the other hand,
as the load shedding process is taken place utilizing locally measured information, no
communication system is required. Therefore, implementation of these methods is much
more easy and affordable than the centralized load shedding approaches which require
rapid communication links [35].

3.1.6 The Role of PMU in Power System Stability
Standard [68] defines the synchrophasor as a complex number representation of either
a voltage or a current, at the fundamental frequency, using a standard time reference.
The power system variables are measured by phasor measurement units (PMUs) and are
broadcasted with the Wide Area Monitoring and Control Systems (WAMCS). Therefore,
the power system stability issues may be supervised more carefully than before. PMUs
are able to dedicate synchronized measurements, which include the magnitude and phase
angle of voltages, currents, frequency and ROCOF [69]. These collected information
may aid to trace the dynamical behavior and provide useful data for both voltage and
frequency stability evaluation. Additionally, the phase angle data ease early and more
accurate recognition of voltage instability. However, they have not been utilized yet in
current load shedding schemes [69].

3.2 Summary
In this chapter, different load shedding methods were classified in term of being central-
ized/distributed from a control strategy aspect of view, adaptive/nonadaptive capability
regarding online updating of its parameters based on the measured power system vari-
ables and last, but not least, flexibility to overcome unpredicted changes of power system
structure/topology.

Most of centralized methods introduced in this chapter are based on the SFR method,
which is no longer accurate in case of synchronous machine outage during cascading
events and/or in presence of renewable energy sources. Moreover, the recent fast-growing
Cyber Security concerns regarding intentional sabotages with the aim of collapsing the
communication system and hence the energy system seriously emphasizes that merely
relying on a centralized control strategy may not be fully reliable following losing the
communication link due to any reason.

Furthermore, almost all of adaptive methods are solely based on frequency data to
estimate the active power deficit. The frequency is a common variable throughout the
whole power system and it does not contain any useful information about the event
location. Therefore, the load shedding is uniformly fulfilled in whole power system re-
gardless of event location, resulting interruption of the loads that are inside the safe
regions with the voltage inside the normal range.
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The decentralized load shedding, which is an efficient solution for the case of commu-
nication lost situations has not been properly investigated in the existing literatures. At
the present, the settings of protection relays are determined manually, offline, constant
and independent of event location and magnitude, based on simulation and/or practical
experiences of utility operators, which may not be a comprehensive countermeasure for
all possible combinational and cascading events.

3.3 The Main Contributions of Thesis
This thesis addresses the decentralized control strategy of load shedding as a low level
of a hierarchal control system implemented for protection system to reduce the bur-
den of control center in receiving, processing and transmitting the Big Data of large
power systems and therefore, distribution of protection decisions to the protection de-
vices. Besides of its technical/practical possibility/difficulty, there is the risk of losing
the communication with the control center due to Cyber Security attacks, a topic that
became more relevant recently.

The frequency set points and stage time delays of load shedding relays are updated
online and are adaptive to the magnitude and location of perturbation following the dis-
turbance/s. The proposed schemes are coordinated with the existing plant protection
relays to recover the frequency before their trigger and hence reducing the occurrence
of more cascading events by outage of synchronous machines.

The power flow direction of feeders are considered in the suggested methods to avoid
wrong disconnection of feeders, which support the grid stability by injecting either ac-
tive or reactive power from dispersed generation, e.g. renewable energy sources into the
load feeders.

The LS and the LFC participation of wind turbines are localized using locally mea-
sured voltage drop data following the disturbance/s. The loads/wind turbines closer
to the event location are participating more in the LS/LFC comparing to distant
loads/wind turbines. By this mean, transferring the required power from faraway gen-
eration units to the disturbance point is reduced as much as possible and the demand
power is locally provided if the local and standby spinning reserve belong to the units
located in the vicinity of event is still available.

Moreover, the efficiency of the proposed methods are evaluated in the presence of
high share of wind power, which remarkably reduces the total system inertia and as
a consequence yields improper estimation of active power deficit. The aforementioned
load-generation imbalance is precisely approximated following each triggered load shed
stage using locally measured pre and post-disturbance rate of frequency change and the
shed load of disconnected feeder.
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4.1 Decentralized & Adaptive Load-Frequency Con-
trol

The recent global environmental concerns augment the development of renewable en-
ergies, especially wind power [9, 10, 70]. Installation of more wind turbines challenges
operation and control of power system [14, 71]. With high share of wind power, the
stochastic behavior and intermittent dispatch and connectivity of wind power pene-
trates into the power system. Moreover, rampancy of harmonics in the power system
state variable and decrement of total network inertia which are the consequences of
employed power electronic converters in wind turbines, should be considered beside the
above weaknesses of wind turbines [72].

The wind turbines typically do not participate in the load-frequency control to sup-
port the grid during the disturbances. The wind turbines are basically set to operate
at Maximum Power Point Tracking (MPPT) point to achieve maximum efficiency [22].
Hence, they are unable to produce more power to support the grid in case of fre-
quency decline events [14,73]. Moreover, the built-in power electronic converter decou-
ples the rotor and turbine inertia from the grid and hence, the kinetic energy available
in the rotor may no longer be used as a primary frequency control following the distur-
bances [8, 15,22].

In the grids with high share of wind power, the load-frequency control task is in-
evitably assigned to the wind turbines. Hence, in order to provide the load-frequency
control capabilities in wind turbines, the two above weaknesses should be fixed. There-
fore, some spinning reserve needs to be foreseen in the wind turbines by shifting their
operating point from MPPT to a sub-optimal point, which is well-known as wind tur-
bine de-loading [9, 15, 22, 74, 75]. This reserved capacity may be utilized to support the
grid at the time of frequency decline.

The wind turbine de-loading is basically done fulfilled by two different ways. The
first way, which is called rotor over-speeding is out of thesis scope due to its disadvan-
tages. In the over-speeding method, the kinetic energy of rotor is increased by slightly
increment of rotor speed above its nominal value. According to the power-speed char-
acteristic of the wind turbine depicted in Fig. 4.1, the operating point is shifted from
MPPT to another right side sub-optimal point with a higher rotor speed and less pro-
duced power [9, 73]. Due to the mechanical limitation of rotor speed, this method may
not be a concise solution for all possible conditions. Excessing the input mechanical
torque of output electrical power due to abrupt load decline or a wind speed higher
than rated value undesirably accelerates the rotor speed, which may damage the tur-
bine and/or generator [9, 22].

The wind turbine de-loading can also be done using pitch control. In this way some
of extractable wind energy is curtailed by increasing the pitch angle and this standby
power can be utilized during frequency events.

The second weakness of wind turbines, i.e. decoupled inertia of wind turbine from
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Fig. 4.1: The power-speed characteristic of wind turbine

the grid frequency can be recovered by proper control loops inside the converter. The
load-frequency contribution of wind turbines can be recovered by emulating the inertial
response of conventional synchronous machines [10,70].

4.1.1 The Control Structure of Wind Turbine
4.1.1.1 The Pitch Angle and Rotor Speed Control

The pitch angle and rotor speed controller of wind turbine is indicated in Fig. 4.2.
The controller should be able to track the optimal speed of the rotor (ωref ), which lies
between the maximum and minimum rotor speed equal to 1.2 and 0.7 pu, respectively
[14, 15, 22]. According to the MPPT characteristic curve, the maximum efficiency of
wind turbine is achieved at rotor speed equal to ωref . The desired value of ωref at or
above the rated wind speed, is 1.2 pu, while for the power below 75% of rated power of
wind turbine, the reference speed should track the curve defined as below [15,22,76]:

ωref = −0.67P 2 + 1.4P + 0.51 (4.1)

For the wind speeds beyond the rated value, the mechanical power overpasses the elec-
trical power and hence the rotor speed is increased. According to Fig. 4.2, the pitch
angle is increased to bypass the surplus mechanical power to keep the rotor speed tunned
on the optimal value.
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Fig. 4.3: The conventional & proposed load-frequency control

4.1.1.2 The Conventional load-frequency control Scheme

The rotor speed control, voltage regulation and load-frequency control provide the favor-
able performance of a wind turbine. Since this section addresses the load-frequency con-
trol capability of wind turbines, the structure of conventional method studied in [14,22]
and demonstrated in Fig. 4.3 is investigated as a background for the proposed method
with a special attention to the droop and inertia characteristic of wind turbine. The
active power reference of Rotor Side Converter (RSC) (i.e. Pref ) is tunned to obtain an
optimal load-frequency control by adjusting the frequency at its nominal value (fn).

4.1.1.3 The Inertial Support Scheme

The term ∆PI indicated by dashed line in Fig. 4.3 represents the inertial response of
wind turbine. This signal is determined using rate of frequency change and makes the
wind turbine able to temporarily support the power system during the disturbances by
injecting the spinning reserve power into the grid. The term ∆PI is mathematically
defined as below [9,10,70]:

∆PI = 2 ·H · f · df
dt

(4.2)

where H is the equivalent inertia time constant of rotor and turbine and f is the grid
frequency.
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4.1.1.4 The Frequency Droop Control

The signal ∆PD indicated by solid line in Fig. 4.3 represents the droop control of
wind turbine, which is determined using frequency deviation from its nominal value as
follows [15,22]:

∆PD = −f − fn

R
(4.3)

where R is the speed adjustment rate of rotor.
The participation share of wind turbine in the load-frequency control (∆PCLF C) can

be specified as below:
∆PCLF C = ∆PD −∆PI (4.4)

The active power reference of rotor side converter (Pref ) is calculated in (4.5) using
summation of MPPT term (PMP P T ) and the load-frequency control term (∆PCLF C).
Since the rare of frequency change and frequency deviation signals in (4.2) and (4.3),
respectively are zero in steady state, their corresponding terms in (4.4) are equal to zero,
which means that in the steady state condition, the wind turbine is optimally tunned
at MPPT.

Pref = ∆PCLF C + PMP P T (4.5)

According to equations (4.2) and (4.3), the active power reference is augmented during
the frequency decay, in order to support the grid by injecting more active power. Incre-
ment of generator load, causes deceleration of rotor. Hence, in order to return the rotor
speed to its desired value, the pitch angle needs to be reduced to increase extracted
mechanical power from the wind. The applicability of this solution is limited to the
wind speed above or at least equal to rated value in order to have some spinning reserve
by pitch angle value greater than zero [9, 10,22].

4.1.2 The Proposed load-frequency control Scheme
4.1.2.1 Voltage Drop Data as an Alternative Criterion of Electrical Dis-

tance

Since the decentralized load-frequency control of wind turbine is studied in this section,
no communication system is available between wind turbines. Therefor, voltage is the
only measurable variable, which contains useful information about proximity event lo-
cation.

The voltage collapse has a local behavior is generally limited to the vicinity of the
failure point/s [4, 22, 35]. The proximity to the event place can be determined using
electrical distance of any arbitrary point from the disturbance location. The electrical
distance indicates the electrical proximity of any pair buses in the network using volt-
age sensitivity. The magnitude of the event is affected by the topology of grid and the
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electrical distance from the disturbance location. The voltage interaction between buses
i and j regarding occurrence of event at bus j can be determined as below [22,39,77]:

∆vi = αij∆vj (4.6)

The electrical distance between bus i and j is mathematically defined as follows:

Dij = Dji = − log(αij · αji) (4.7)

The correlation between electrical and physical distance is not often strong [77]. It
means that a pair of buses, which are close physically, may be distant electrically.

In the decentralized strategy, the voltage drop data at the event location (∆vj) and
parameters αij in (4.6) are not accessible , but ∆vi (the left side in (4.6)) is available
by locally measurement and can be employed in the proposed method. The term ∆vj

is the voltage deviation in the failure bus, which is unique and same for all of studied
buses and the differences in the terms ∆vi is due to the diversity in their αij . Therefore,
according to (4.6), the voltage decline of buses during the event has a direct relationship
with their electrical distance from the event location.

4.1.2.2 The Adaptive load-frequency control Scheme Using Voltage Drop
Data

According to the section 4.1.1.2, the conventional load-frequency control scheme is
merely determined using frequency. The frequency is a common and same variable
across the network [4, 39, 74]. It means that the participation share of all of wind tur-
bines (∆PCLF C in (4.4)) in the load-frequency control is same, independent of event
location. In other words, during the load-generation mismatch, same amount of active
power is produced by close and faraway wind turbines, which are contributing in the
load-frequency control plan.

Transferring the power from distant units to the event location, may cause worse
voltage profiles, over loading of transmission lines and power factor decline [22, 40, 78],
whereas enough spinning reserve may be available as standby power in the wind turbines
located in the vicinity of the failure point. The load-frequency control scheme should be
adaptive to the scale and place of event. Therefore, the load-frequency control should
be modified so that the wind turbines nearby the event place should inject more power
than the faraway units.

According to the electrical distance concept elaborated in section 4.1.2.1, the voltage
decay can be a proper measure of the term local in the load-frequency control plan. The
voltage deviation from its pre-disturbance value is defined as the difference between the
steady state value (vss) and post-disturbance value:

∆v = 100 · vss − v
∆vmax

(4.8)



Section 4.1. Decentralized & Adaptive Load-Frequency Control 41

In order to achieve an adaptive load-frequency control, the equation (4.5) can be mod-
ified using voltage deviation:

∆PALF C = KGOV ·∆v ·∆PCLF C (4.9)

Pref = ∆PALF C + ∆PCLF C + PMP P T (4.10)
where the term KGOV represents the classical contribution of wind turbine in the load-
frequency control plan and is selected equal to 1 pu to be same as the correspond-
ing gain of governor of conventional synchronous machines (IEEE standard governor
GOV-IEESGO). If KGOV of wind turbine is selected more than corresponding value of
synchronous machines, the contribution of wind turbine in the load-frequency control
exceeds the synchronous machine participation share. In this way, the dependency of
operation of power system to the stochastic nature and intermittent behavior of wind
energy is increased,which may reduce the system reliability. Contrariwise, the smaller
value of KGOV for wind turbines compels the grid to rely on synchronous machines that
are no longer dominant in the network in case of high share of wind power penetration.

According to (4.10), the wind turbines, which are electrically closer to the event loca-
tion and therefore experience larger voltage decay following perturbation, produce more
active power to the network. The contribution share of wind turbine in load-frequency
control scheme is adjusted according to their electrical distance to the incidence place.
If the spinning reserve of wind turbine located in the neighborhood of disturbance place
depletes by fully utilization of its capacity, the load-frequency control may keep running
by distant wind turbines, which still have some spinning reserve until is recovered to
the permissible range in time.

4.1.3 Simulation Setup
To assess the efficiency of proposed method, the 9 bus IEEE standard test system is
selected as case study (Fig. 4.4) [10,39,70]. The static and dynamic data of the test sys-
tem can be found in [6]. Synchronous generators are equipped with the IEEE standard
governor GOV-IEESGO and automatic voltage regulator AVR-IEEEX1. To increase
the share of wind power in the network up to 51%, the active power set point of G1, G2
and G3 equal to 71, 163 and 85 MW are declined to 55, 63 and 45 MW, respectively.
The required active power demand is produced by three DFIG wind turbines with the
active power reference equal to 52 MW connected to the buses 5, 6 and 8.

The wind speed can be assumed constant and equal to 14 m/sec [10,70,79] for typical
period of interest up to tens of seconds. The control type of wind turbines are selected
as PV bus to procure frequency and voltage regulation capability. The operating point
of wind turbines are tunned on a sub-optimal operating point equal to 90% of their
rated power to provide 10% spinning reserve [14,22,80].

The voltage and frequency dependency model of the load’s active and reactive power
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Fig. 4.4: The 9 bus IEEE test system
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Fig. 4.5: The control structure of DFIG

Table 4.1: The Voltage & Frequency Dependency of Loads

load type contribution(%) pv pf qv qf

CZ 10 1.6 0.0 0.0 0.1
CC 20 1.2 -1.0 3.0 -2.8
CP 70 0.1 2.8 0.6 1.8

specified in [8,40,74] is considered in the simulation. Moreover, the contribution of dif-
ferent type of loads in the load modeling including Constant Impedance (CZ), Constant
Current (CC) and Constant Power (CP) is selected according to [4,39,74] in Table. 4.1
for all of existing loads (A, B and C).

Fig. 4.5 indicates the control structure of DFIG wind turbine. The active and re-
active power of the wind turbine are independently determined by four-quadrant oper-
ation of back-to-back voltage source converters using vector control techniques in the
dq-reference frame.

4.1.4 Simulation Results and Discussion
The efficiency of the proposed method is evaluated using numerical simulation con-
ducted in DIgSILENT PowerFactory 15.0 software. 10% step increase of both active
and reactive power of the Load A (4% of the total system load) at 1 s with the capacity
equal to 12.5 MW/5 Mvar connected to the bus 5 is simulated as a disturbance.

Figs. 4.6-4.11 demonstrate the simulation results including electrical and mechanical
variables throughout 10 second of simulation. Prior to the perturbation at 1 s, the
power system variables are stable at steady state inside their permissible range. The
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Fig. 4.9: The reactive power deviation

determinant variables are intentionally indicated with respect to their steady state val-
ues to highlight their variations and to simplify their comparison.

Before the disturbance at 1 s, the bus voltages are inside the normal operating
boundary of 0.95 pu - 1.05 pu (Fig. 4.8) and the frequency is flat at 60 Hz (Fig. 4.6).
The surplus wind power is bypassed by pitch angle about 9.9 deg (Fig. 4.11) to procure
10% spinning reserve in wind turbines. The optimal rotor speed equal to 1.2 pu as the
input signal in Fig. 4.2 and depicted in Fig. 4.10 is calculated according to (4.1) based
on the active power reference and required spinning reserve of wind turbine.

Following the load event at 1 s, the load voltages (Fig. 4.8) decline almost instantly,
whereas the frequency starts to drop almost smoothly (Fig. 4.6). The voltage variations
are often sharp comparing to the frequency behavior, since the frequency/active power
is relevant to the governor and pitch dynamics of synchronous machines and wind tur-
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bines, respectively [22,37,40], whereas the voltage dynamics are determined by electrical
devices of field excitation circuits, which are intrinsically fast comparing to mechanical
dynamics. According to 4.6, since the voltage deviation is directly associated with the
scale of the disturbance and hence the electrical distance from the event location, the
bus 5 experiences more voltage drop than other buses (Fig. 4.8).

Since the under voltage events are often a local phenomena in the power sys-
tem [4, 22, 35, 39], each individual generation unit is responsible for voltage regulation
of its bus bar (neighborhood) to recover the bus voltage to the per-disturbance value as
much as possible, therefore the control type of generating units either synchronous ma-
chines or wind turbines are defined as PV bus to procure the voltage regulation/reactive
power support. Thus, the injected reactive power of wind turbine 1 (Fig. 4.9) to the
grid is more comparing to the other wind turbines due to measuring more voltage drop
at its bus (Fig. 4.8).

The load-frequency control loop of wind turbine demonstrated in Fig. 4.3 promptly
reacts to the frequency decline in Fig. 4.6. Despite of conventional load-frequency con-
trol scheme in which the distant and nearby wind turbines are equally participating in
the load-frequency control plan, the proposed method differentiates between the distinct
wind turbines proportional to their electrical distance from the event location associated
with the voltage decay data. Fig. 4.8 confirms that the wind turbine 1, which experi-
ences more voltage drop, produces more active power following the disturbance at 1 s
(Fig. 4.7).

Fig. 4.8 shows that the minimum voltage drop happens at bus 9, which corresponds
to the maximum electrical distance from the failure bus 5, i.e. the farthest bus from
the event place (bus 5). Therefore, minimum reactive power (Fig. 4.9) is injected by
corresponding synchronous machine 3. While the voltage drop is augmented from bus 9
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toward the disturbance place at bus 5 (Fig. 4.8), the reactive power provision (Fig. 4.9)
is gradually increased.

According to the proposed adaptive load-frequency control method, similar to the
reactive power, the active power provision (Fig. 4.7) increases from the distant genera-
tors (synchronous machine 3) toward the closest generators to the failure point (wind
turbine 1) due to the increase in the voltage decline. Therefore, the major part of re-
quired active power is produced locally by wind turbines at vicinity of disturbance. It
means that the frequency regulation capability of the wind turbine is made adaptive to
the scale and place of event.

The magnitude of the disturbance at load A nearby to the wind turbine 1, causes
abrupt augmentation of electrical load in wind turbine 1. The new quantity of term Pref

produced by load-frequency scheme in Fig. 4.3 following the disturbance decelerates the
rotor speed, since the power electronic converter of wind turbine is much faster than
mechanical dynamics of pitch and rotor, which possess a smooth and tardy physical
process. Therefore, the rotor speed is gradually recovered with some delay after an
initial decline (Fig. 4.10). The emulated inertial response of wind turbine, i.e. releasing
the kinetic energy stored in the rotor may temporarily be available during the incipient
phase of event. Hence, sufficient reaction time is transiently provided by emulated iner-
tial response for pitch dynamics to increase the input mechanical power extracted from
wind power. According to (4.1),the active power increase of wind turbine 1 to a value
close to its rated power, causes higher rotor speed around its maximum mechanical
boundary eaual to 1.2 pu in Fig. 4.10.

By comparison of Figs. 4.6-4.9, the electrical variables such as frequency, voltage,
active and reactive power are stabilized at a new steady state values in less than 5 s,
while reaching the steady state of mechanical variables such as pitch angle and rotor
speed depicted in Figs. 4.10-4.11 lasts almost 20 s. Hence, the simulation time of interest
about 20 s is selected according to the dynamics of mechanical state variables rather
than electrical.

4.1.5 Summary
In the networks with high share of Wind Power, assigning the burden of load-frequency
control to wind turbines is inevitable. Both inertial response and droop control of
conventional load-frequency control schemes either in the synchronous machines or wind
turbines are based on the frequency and since the frequency is a common factor across
the whole power system, the participation share of distant and nearby wind turbines
in the load-frequency control scheme is same, whereas sufficient spinning reserve may
be available in the wind turbines located in the vicinity of event location. According
to the electrical distance concept, the voltage drop is a proper measure of closeness to
the disturbance location. The decentralized and adaptive load-frequency control scheme
of wind turbines using locally measured voltage information to make the conventional
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scheme adaptive to the scale and location of disturbance was done in this chapter. The
wind turbines with more voltage decline, contribute more in load-frequency control plan.
In other words, the contribution share of wind turbines in load-frequency control scheme
is determined according to their electrical distance from event location.
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4.2 Malfunction Operation of LVRT During Island-
ing

Rapid development of energy demand and abundant public concerns regarding global
warming phenomena steers the energy production toward Renewable Energy Sources
(RESs), particularly the wind power, which is recently in the center of attention in
terms of growth [9, 70, 74]. The wind energy is the most popular and affordable source
of energy comparing to the other sources. As the share of RESs in the grid is increased,
its consequences, i.e. the impacts on operation and control of power system may not be
neglected anymore. The stochastic behavior and intermittent nature of RESs applies
the uncertainty to the availability of sources, which diminishes the reliability of power
system [14,22].

Widespread development of RESs enforces the utility operators to codify a set of
regulations and technical standards called grid codes, which should be respected by
RESs during their connection status to the grid. The grid codes include of a full range of
ancillary services similar to conventional synchronous machines to support the network
during the disturbance/s [10, 81]. The grid code requirements for new generation of
RESs are strictly legislated or revised to achieve an efficient and comprehensive for
different operating states of RESs and power system [71,82].

Both static and dynamic requirements are encompassed by technical description of
grid code. The static requirement dealing with the operation of RES in its steady state
e.g. power flow at PCC, while the dynamic requirement i.e. the most important part,
addresses the performance of RES during the transient state resulting from disturbance
and/or fault conditions. The dynamic requirements basically covers many features and
ancillary services such as voltage, frequency and power factor regulation an/or Fault
Ride Through (FRT) capability.

The FRT feature is a widespread and general capability, which also covers LVRT
and over speed ride through in RESs. The LVRT constitutes the principal requirement
of FRT grid code and determines the connectivity of RES to the grid during short-term
and transient voltage dips at its PCC, which may happen due to temporary decline of
wind speed. In fact, the LVRT is dealing with how the RES can handle a significant
reduction in the input energy, e.g. wind and solar plants. The LVRT grid code compels
the RESs to stay connected to the grid for a specified time period, although the PCC
voltage becomes zero or close to it due to the voltage sag/plunges.

The Permanent Magnet Synchronous Generator (PMSG) type of WT is gradually
going to be dominant comparing to the other WT types particularly in the offshore
applications due to the underneath advantages:

• High efficiency operation in Full range of wind speed

• Self excitation independent of grid or plant dynamics
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• Reactive power support even during short circuit faults

• Gearboxless

• Low noise

The PMSG type of WT is indirectly connected to the grid via power electronic convert-
ers, as indicated in Fig. 4.13. The LVRT behavior of PMSG during event/s is mainly
determined by grid side converter, as electrical and mechanical dynamics of generator
are fully decoupled from the grid by employed converters [2, 83].

The majority of converter control loops are executed using conventional PI con-
trollers, which are basically adjusted for steady state operation rather than transient
state. Generally, the PI controllers may not be efficient at all operation conditions,
i.e. severe transient dynamics of voltage sags resulting from short circuits. The inrush
current of grid side converter may not be properly limited even with the controlled DC
link voltage inside the permissible boundary, which may harm the grid side converter
of PMSG and rotor side converter of Doubly Fed Induction Generator (DFIG) [2, 73].

4.2.1 LVRT Grid Code Requirements
A more reliable interconnection of high share of wind power with power system may be
achieved if the WTs are equipped with LVRT capability. The LVRT compels the WTs
to stay connected to the grid and support the network stability, similar to conventional
synchronous machines during the voltage dip/sags resulting from various faults [81,82].
The WTs should continuously contribute in active and/or reactive power support of
the network following the grid faults in order to able to participate in load-frequency
control and/or voltage regulation. The connectivity of WT to the grid is determined
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based on a specific voltage-time characteristic pattern, which depends on both voltage
sag magnitude and its time duration measured at PCC. As can be seen from Fig. 4.12,
the LVRT grid code is basically specified by a voltage versus time characteristic, stating
the minimum required safety of WT regarding the grid voltage sags. The WT can be
decoupled from the grid in case of any of following conditions [2,73]. The PCC voltage
is:

• equal to zero and is lasting for more than 150 ms

• less than 0.15 pu for more than 475 ms

• crossing the ramp line at any time between 625 ms and 3000 ms

• less than 0.9 pu for more than 3000 ms

As the WTs normally operate at Maximum Power Point Tracking (MPPT) condition
with maximum efficiency or a nearby point to procure some spinning reserve, they are
adjusted on a point close to their full capacity and therefore sufficient spinning reserve
is not available to be used in case of more demand of active/reactive power [22, 71].
According to LVRT grid code, under the fault conditions, the active power set point
of WT is intentionally declined to a lower value to provide some capacity for reactive
power support and hence voltage regulation. The priority of grid support is assigned to
the voltage regulation instead of load-frequency control and/or MPPT operation point
in case of voltage magnitude less than 0.9 pu [73,81].



50 Chapter IV. Wind Turbine Ancillary Services and Challenges

4.2.2 LVRT Deficiency in Case of Islanding
Diverse LVRT patterns, depicted in Fig. 4.13, have been approved by Transmission and
Distribution System Operators (TSO & DSO) of different countries, which are gener-
ally issued according to the practical experiences achieved from monitoring of power
system operation/behavior. Despite of diversity in the LVRT profiles, the goal of all is
to support the grid with RESs as much as possible in order to achieve a stable, safe and
reliable power system following various grid faults [84].

The LVRT patterns may be categorized in term of two major pattern characteristics:
Depth and duration of voltage sags. According to Fig. 4.13, the depth of voltage sag is
less disperse than their duration, which implicitly indicates close agreement of various
grid codes on this item. Furthermore, the LVRT capability has been originally issued
to deal with severe faults such as short circuit/s at PCC of RESs and to pass the power
system through their transient period to the normal condition following the clearance
of fault in time or to inevitably disconnect the unit. The short circuit faults at PCC,
generally and almost independent of power system topology, lead to a very low voltage
magnitude close to zero, which brings the different grid codes to agreement on a nar-
row range and therefore, less diversity in depth of voltage sag. The least modifications
applied to the depth of voltage sag in the successive revisions of LVRT grid code of
different countries emphasizes on the aforementioned agreement stronger than before.
Therefore the range of short circuit voltage at PCC is relatively narrow, which causes
close agreement of different grid codes on less diversity in the depth of voltage sag of
LVRT grid code.

The major difference between distinct LVRT patterns is in the time duration, in
which the RESs are requested to withstand the fault and stay connected to the grid.
It may depend on power system topology and geographical scale, the penetration level
of RESs, availability of strong neighbor networks and so on. However, there is no com-
prehensive and deterministic pattern proved to be efficient in practice for all possible
incidents especially contingencies other than short circuit failures e.g. cascading events
and/or islanding condition. The performance/behavior of LVRT grid code has been
rarely investigated under cascading events leading to islanding condition.

The nature of short circuit fault and consequently the reaction of power system to it
is completely different from other types of faults like the outage of a generating unit or
a transmission line. The voltage magnitude during a short circuit fault often falls into
the lower 50% boundary of its nominal value, whereas in the outage type of faults, the
voltage mostly lies in the upper half of the nominal value. When a short circuit occurs at
or nearby the PCC of RESs, some locally variables in the vicinity of fault location, such
as grid side converter currents, may exceed their normal range and can cause intolerable
stress out of converter’s apparent power damaging the power electronic elements, which
is prevented by LVRT capability in time. In case of outage events, the relevant variables
such as terminal voltages at PCC do not deviate much from the nominal values and
therefore, the stress on the converter is not severe as it is in a short circuit situation.
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This means that the RES may remain connected for a longer period of time without
sacrificing either the reliability of power system or the life time of the converter.

This section addresses the active and/or reactive power support provided to the grid
by RESs in presence of high wind power penetration, which is improperly interrupted
by LVRT regardless of the fault type and the grid support ability of WT. It means
that the RES is disconnected in both cases of short circuit with a severe voltage sag
around 1 pu (v=0 pu) and islanding condition with a slight voltage sag around 0.1 pu
(v=0.9 pu). In the latter case the voltage magnitude is not faraway from the nominal
value and hence the apparent power burden on the converter is still less than its full
range of MVA. In other words, the RES may still remain connected to the grid, keep on
providing ancillary services and contribute in the stabilization of the power system [81].

A strict and non adaptive LVRT pattern, which is selected independent of distur-
bance type and standby support capacity available in the WT, may not be a compre-
hensive and effective solution for widespread range of possible incidents. Improper and
early disconnection of a beneficial grid support capacity, which is safely available in
RESs as standby, may not be logic and affordable and it may even initiate cascading
events and lead the power system toward worse status and further instability.

Small voltage drop during the islanding condition generally demands a low level of
reactive power injection comparing to the short circuit fault situation, which causes a
severe voltage drop close to zero. Therefore, islanding conditions are completely differ-
ent from short circuit faults for the voltage sag magnitude and hence, reactive power
deficit aspect of view. The LVRT capability is unable to differentiate between islanding
and short circuit situations. As a result, the LVRT needs to be revised in order to
be efficient under all possible disturbance/s and not just in case of short circuit faults.
The LVRT behavior should be investigated for islanding situations as well, which are
improperly disconnected despite of their standby and safe capacity available to support
the grid.

4.2.3 Simulation Setup
The 39 bus IEEE standard test system depicted in Fig. 4.14 is selected to study the
behavior of LVRT in islanding condition [40, 85]. The 4th order mathematical model
of synchronous machine, the IEEE standard governor IEESGO and Automatic Voltage
Regulator (AVR) IEEEX1 are considered for all synchronous machines. The details of
the system data can be accessed in [80]. The dependency of load’s active and reactive
power to the voltage and frequency in term of different type of loads is defined in (4.11)
and (4.12) [8,39]. Moreover, the relevant parameters and the Share (s) of different types
of loads such as type i, c and p in the load model is given in Table. 4.2 of Appendix [4].

P = P0 · [si · (v/v0)epv
i + sc · (v/v0)epv

c + sp · (v/v0)epv
p ]·

[si · (f/f0)epf
i + sc · (f/f0)epf

c + sp · (f/f0)epf
p ] (4.11)
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Table 4.2: The Voltage & Frequency Dependency of Loads

Load type Share (s)(%) pv pf qv qf
Light bulb (i) 10 1.6 0.0 0.0 0.1

Fluorescent bulb (c) 20 1.2 -1.0 3.0 -2.8
Asynchronous motor (p) 70 0.1 2.8 0.6 1.8

Q = Q0 · [si · (v/v0)eqv
i + sc · (v/v0)eqv

c + sp · (v/v0)eqv
p ]·

[si · (f/f0)eqf
i + sc · (f/f0)eqf

c + sp · (f/f0)eqf
p ] (4.12)

Some of existing synchronous machines are replaced with Permanent Magnet Syn-
chronous Machine (PMSG) type of WT to achieve integration of wind power into the
power system. Different scenarios indicated in Fig. 4.14 with various wind power pene-
tration levels are defined to assess malfunction operation of LVRT grid code. The Federal
Energy Regulatory Commission (FERC) LVRT pattern from Fig. 4.13 is employed in
simulations.

4.2.4 Simulation Results
Numerical simulations are conducted in DIgSILENT PowerFactory 15.1 software. Dis-
tinct scenarios consisting of islanding and/or cascading events are defined in different
areas of power system (Fig. 4.14) to demonstrate the malfunction operation of WT
LVRT in case of islanding.

Fig. 4.14: Islands in 39 bus system

GSCRSC

refP ac
refV dc

refV refQ

PCCPitch
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Fig. 4.15: Control structure of PMSG
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Fig. 4.16: The voltage and apparent power of WT8

4.2.4.1 Scenario 1:

In this scenario, outage of G10 at 2 s triggers some cascading events including loss of
transmission lines 1-2 at 3 s, 4-5 at 4 s and both 16-17 & 4-14 at 5 s, which separates
an island from the power system indicated by S1 in Fig. 4.14. By replacing G8 with a
PMSG wind farm, 39% wind power penetration is achieved.

Fig. 4.16 shows the PCC voltage and apparent power of WT8 throughout 10 seconds
of time simulation. The cascading events are started at 2 s and the islanding happens
at 5 s. The PCC voltage falls below 0.9 at 5 s and the active power reference pref and
therefore, the utilized capacity of WT8 is reduced to a lower level. In this case, not only
the WT is not overloaded at all and there is no stress on the grid side converter, but
also the WT8 is down regulated to a point less than half of its rated power. The LVRT
is unable to differentiate between severe short circuit faults and the disturbances with a
PCC voltage close to the normal range. Under such a circumstances, although there is
plenty of stand by capacity in the WT8 to support the grid without any difficulty, the
WT8 is improperly disconnected by LVRT before 8 s.

4.2.4.2 Scenario 2:

The solid line in Fig. 4.14 shows the islanding scenario S2, which is corresponds to an
outage of tie-line 13-14 at 2 s, lines 4-5, 2-3 and 26-27 at 3 s, 4 s and 5 s, respectively.
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Fig. 4.17: The voltage and apparent power of WT4

After islanding, the wind power share in the network reaches 78%, which is a relatively
high level of wind power penetration.

Fig. 4.17 presents the voltage and apparent power of WT4. In this scenario, WT4,
WT6 and WT7 are suddenly disconnected around 8 s following the islanding condition
at 5 s, which causes a slight voltage drop below the lower level of normal range at 5
s, which makes it different from short circuit fault situation. Although, same as the
first scenario, all available WTs are improperly lost in a short period of time, the lost
WTs in this scenario constitute the major part of total existing generation, which may
lead the island to a much worse case or even blackout. Regardless of standby spinning
reserve (S curve of WT4 in Fig. 4.17) available in the WTs during the disturbance/s
provided via reducing the active power set point and allocating the released capacity to
the reactive power support, the WTs without any stress on its converters, mechanical
and electrical parts are improperly disconnected from the island, which may not only
be logic and affordable, but also may further deteriorate the situation.

4.2.5 Summary
Although the LVRT pattern i.e. a voltage versus time characteristic curve may be effi-
cient at short circuit faults, which generally cause a deep voltage drop close to zero and
therefore, are accompanied by a huge reactive power deficit, it may not be effective in
case of cascading events and islanding, which post-disturbance voltage is slightly below
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the normal range and hence less reactive power support is expected from RESs. LVRT
merely considers the voltage drop magnitude and its duration regardless of standby
capacity available in the WT to support the grid for a longer time. This section demon-
strates improper operation of LVRT in case of disturbances with small voltage sags (e.g.
islanding situations) in which the WT is improperly disconnected sooner than the latest
possible time.
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5.1 Integration of Frequency and Voltage Thresholds
For a smooth growth of the load, unit governors measure the speed decline and increase
the input power of the generator. Therefore, overload is compensated by using already
provided spinning reserve (the unused capacity of the generator). If all generators are
operating at maximum production capacity and hence there is no available spinning
reserve, the governors may be unable to relieve extra loads. In any case, the fast
frequency plunges that accompany serious overloads require impossibly rapid governor
and boiler reaction. To prevent such a drop in frequency, it is compulsory to intentionally
and automatically release a portion of the load equal to or greater than the extra load.

When a LS procedure is designed for a given power system, several key factors must
be determined to achieve the most effective and optimal solution. Several key parameters
should be carefully determined to minimize the amount of load to be curtailed, due to
their significant effect on the LS process. The total amount of shed load, the number of
LS stages, the amount of load to be shed at each stage, frequency thresholds, the delay
between stages and the location of load curtailment are important decision parameters
which affect the LS process [7, 38,40,74].

5.1.1 Load Shedding Trigger Criteria
Although relay manufactures provide underfrequency and undervoltage LS scheme in
the single module with multiple steps for each one, the coordination between them
has not been anticipated and they operate in the power system independently. Coor-
dination of two independent schemes is necessary to prevent both under voltage and
frequency events to avoid moving the power system toward jeopardy. Therefore, the
UVLS scheme may be employed as a complementary part of UFLS scheme in a new
combinatorial scheme in order to benefit from both voltage and frequency information.
for the emergency control purposes, voltage and frequency are two suitable observable
variables that could illustrate the state of system following an event. The state variables
corresponding to frequency and voltage deviation in pu are defined as below, respec-
tively:

xf = f − f0

f0
, yv = v − v0

v0
(5.1)

where f0 and v0 are the nominal frequency and voltage at the relay busbar before con-
tingency, respectively. By assigning the x axis to the state variable xf and the y axis to
the state variable yv, the state trajectory can be plotted in the state plane (Fig. 5.1).

In the UFLS scheme, when the frequency exceeds one of the predetermined thresh-
olds, some portion of the load is automatically discarded. There are similar thresholds
for voltage in the UVLS scheme. The Table 5.1 indicates the normal region and the
successive thresholds for both frequency (bf ) and voltage (bv) in p.u. One way to merge
the thresholds and make a new combinational threshold for the new scheme, is to use
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Table 5.1: Frequency and Voltage Thresholds in pu

boundaries bf bv

N 0.30/60 0.050

S1 0.50/60 0.100

S2 0.75/60 0.125

S3 1.00/60 0.150

S4 1.25/60 0.175

each set of the thresholds in the Table 5.1 as the focus points of an elliptical boundary
(Fig. 5.1) as follows: (

xf

bf

)2
+
(
yv

bv

)2
= 1 (5.2)

In the new LS program, the number of LS steps is absolutely same as the former
schemes and each new step is precisely triggered when the state trajectory crosses the
corresponding elliptical boundary. In the classic UFLS/UVLS plans, the load relief is
merely done when the frequency/voltage is less than the nominal values. The only
area which meets both above conditions (negative value of both xf and yv) in the
state plane is the third quarter. The Load curtailment in the buses with the voltage
greater or equal to the value prior the contingency (the area indicated with angle α in
Fig. 5.1) may cause locally reactive power shortcoming and exacerbate the situation [6].
Similarly, during the voltage dips which frequency is still in the normal range (the area
indicated with angle β in Fig. 5.1), the load release should be avoided [6]. Since there is
no comprehensive method or criteria for determining α and β, the frequency threshold
indicated by vertical dotted line in Fig. 5.1 is considered as trigger criterion of Load
shedding. Therefore, the alloted region to the LS plan is confined to the area located in
the left side of vertical line. Both frequency and voltage affect the LS decision making
and the proposed scheme is able to detect both voltage and frequency events at the
same time. Besides, in order to block the malfunction operation of an underfrequency
relay, an undervoltage inhibit function can be implemented in the present scheme of the
relay [8].

5.1.2 Distribution of Shedding Amount
In conventional LS methods, all of the load buses are involved in load curtailment
without selection, since these kind of classic plans are solely founded on using frequency
information and frequency is a common factor throughout of the whole power system [4].
In the large scale power systems which may have thousand of load buses, contribution
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Fig. 5.1: The Boundaries of the New LS Scheme

of all loads in the LS scheme is not practical [37]. The LS zone should be bounded to
a specific area in the vicinity of disturbance location [8, 37, 41]. For instance, when a
generator is lost, it makes sense that the loads which are located around this generator
and are supplied by it are shed first.

Following a contingency in the network, the bus voltages inherently contain useful
information about the location of the event [36]. The buses nearby the failure point
generally experience more voltage drop than the others and the closer they are, the
more they decrease. The present proposed scheme uses frequency and voltage decline
at the corresponding load bus. Although the frequency decay may be same for all
load buses, the magnitude of voltage drop can be different depending on the electrical
distance to the event location. The buses with more voltage drop may reach the LS
boundaries sooner than the others and consequently are shed first. Therefore, during
the incipient phase of the LS program, a limited area in the neighborhood of the incident
place is covered and discarding some portion of the loads are initiated from this region.
If either the frequency, voltage or both continue to further decline, the farther loads
may gradually get closer to their corresponding elliptical boundaries and fire the related
LS step. This deployment may radially propagate in the network until not only the
frequency and voltage collapse are prevented, but they return back to their permissible
values [8, 42].
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Fig. 5.2: 9 bus IEEE standard test system

5.1.3 Simulation Setup
5.1.3.1 Test System

In order to evaluate the superiority of proposed control scheme, the WSCC 3-machine
system which is well-known as P.M Anderson 9-bus is chosen as case study. The power
system contains of 3 generators, 6 lines, 3 two winding power transformers and 3 loads
as depicted in Fig. 5.2. The static and dynamic data of the system can be found in [86].
Synchronous generators are equipped with the IEEE standard governor GOV-IEESGO
and automatic voltage regulator AVR-IEEEX1.

5.1.3.2 Synchronous Machine Modeling

The correct modeling of Synchronous Machine (SM) is a very important issue in all kinds
of studies of electrical power systems. PowerFactory provides highly accurate models
which can be used for the whole range of different analysis, from simplified models
for load-flow and short-circuit calculations up to very complex models for transient
simulations. Basically there are two different representations of the SM:

• The round rotor generator or turbo generator

• The salient rotor generator
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The generators with a round rotor are used when the shaft is rotating with or close to
synchronous speed of 1500 to 3000 rpm. These types are normally used in thermal or
nuclear power plants such as G2 and G3 in this paper. Slow rotating SMs with speed
of 60 to 750 rpm, which are for example applied in diesel or hydro power plants, are
realized with salient rotors such as G1.

It is assumed that SMs are operating in full capacity of their rated power and there is
no reserve capacity available for either active or reactive power in synchronous machines
in order to demonstrate the merit of the proposed scheme [44]. It is strongly recom-
mended by some literatures that the LS scheme should be able to bring the frequency
to the permissible range above the nominal frequency. There are two logical reasons
behind this fact. Firstly, the SMs generally react to frequency drop with some delay
due to tardiness of their prime mover which can be type of hydro or steam power plant.
Secondly, there is the possibility that the generation increase may not be available due
to full scale operation of SMs [8].

5.1.3.3 Load Modeling

The active power shortage is often escorted by reactive power shortage, which affects the
voltage profile of the system. Many papers strongly emphasize on considering the voltage
dynamics on the load’s behavior [36,55]. Hence, the sudden reaction of the load to the
voltage variation cannot be practically neglected. The influence of frequency variations
on the load in comparison to the voltage effects is insignificant and therefore, the load
dependence on frequency can be almost neglected [36]. The voltage dependency of real
and reactive power of loads in PowerFactory software is modeled using three polynomial
terms as shown in (5.3) and (5.4), instead of only one polynomial term.

P = P0

(
c1.

(
v

v0

)e1

+ c2.

(
v

v0

)e2

+ c3.

(
v

v0

)e3)
(5.3)

Q = Q0

(
c4.

(
v

v0

)e4

+ c5.

(
v

v0

)e5

+ c6.

(
v

v0

)e6)
(5.4)

where c3 = 1−c1−c2 and c6 = 1−c4−c5. The subscript 0 indicates the normal operating
point values. The quantities P , Q and v are standing for real power, reactive power
and voltage of corresponding busbar, respectively. In order to simulate a mixture of
three different type of loads, the exponents in (5.3) and (5.4) can be extracted from [8].
For example, selecting the exponent equal to 1 yields the constant current loads such as
discharge lighting and the cumulative lumped load of many commercial establishments.
The exponent equal to 2 yields the constant impedance loads such as resistors and the
exponent value of 0 stands for constant power loads such as motors. The coefficients c1,
c2 and c3 determine the share of different type of loads in active power part of resulting
load in pu. Analogously, the coefficients c4, c5 and c6 play the same role for reactive



Section 5.1. Integration of Frequency and Voltage Thresholds 63

power part. Hence, a combination of different type of loads may be included in the load
model as can be seen in practice from busbar aspect of view.

5.1.4 Simulation Results and Discussion
The numerical simulation is conducted in DIgSILENT PowerFactory 15.0.2 software.
The outage of generator G3 is considered as a serious disturbance with the capacity al-
most equal to 27% of system load at 0.5 s. Figs.5.3-5.6 and Tab.5.2 show the simulation
results throughout 10 seconds of time duration of simulation. Before the contingency at
0.5s, the power system is in the steady state and all of the variables are in range such
as the frequency which is equal to 60 Hz as can be seen in Figs.5.4-5.6. In Fig. 5.3, the
deviation of voltage has been plotted it term of frequency deviation which has been de-
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Fig. 5.3: State trajectory of loads
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Table 5.2: The time sequence and percentage of load shed

Time (s) Load A Load B Load C

1.00 - - 16.7%

1.15 - 18.9% -

1.17 10.4% - -

1.71 4.1% - -

1.72 - 4.8% -

1.73 - - 3.3%

Total 14.5% 23.7% 20.0%

fined in (5.1). The x and y axis show the state variables of xf and yv in pu, respectively.
The terms S1 to S4 are standing for the first to forth step of the LS relays which are
employed in this research. The Fig. 5.3 displays the state trajectory of the loads A to
C.

Following the G3 trip at 0.5 s, bus voltages fall almost instantly as can be seen in
Fig. 5.3 and Fig. 5.5, whereas frequency is still in the normal range in Fig. 5.4. The
variation of the voltage is always much larger and faster than the frequency changes [37].
The state trajectories may intersect the LS boundaries depending on the magnitude of
the event and as well as the electrical distance to the fault location. According to the
proposed scheme which is implemented based on both frequency and voltage deviations,
and regarding to the fact that frequency is same across the entire network [4], the dis-
tances between the trajectories are due to difference in the voltages. The more drop of
load bus voltage, the more relevant trajectory far from the origin and therefore, crossing
the boundaries sooner than the other loads. The state trajectory of the load C crosses
over the first and second elliptical boundaries, but the corresponding curve of the load B
only exceeds the first boundary (Fig. 5.3). Although the state curves cut the boundaries
and relays detect this event, the relays do not react in this situation, which is called
undervoltage block level, since this region has been located in the left side of vertical
dotted line in the Fig. 5.1 and discussed in details in the section 5.1.1.

After the G3 outage at 0.5 s and before the first LS step at 1.0 s (Tab.5.2), two
different phenomenas with same origin are noticeable in Figs.5.5-5.6. First, the voltage
drop just after the generator outage which instantaneously affect the active and reactive
power of the loads [35,36] and hence active power of the loads gradually decline due to
the voltage dependency of the loads which discussed in details in section 5.1.3.3 as can
be observed in Fig. 5.6. Second, due to the loads active power decrease, the voltages
tend to recover toward nominal values to some extend. The new upward trend of the
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voltages causes augmentation of the active power of the loads again. Although, the
effect of the voltage deviation on the loads behavior alleviates the shortage of the ac-
tive power, it can not be sufficient to balance the load-generation level, thus the power
system still suffer from active power deficit and frequency continues to decline steadily
(Fig. 5.4).

During the voltage recovery phenomena (Figs.5.3 and 5.5), the load C has the maxi-
mum voltage drop and by gradually decline of frequency meets the first checkpoint (S1)
sooner than the other loads. As a result, the first step of load C is triggered at 1.0
s with 16.7% load shed (Tab.5.2). The first shedding step of the load C has a major
influence on the state trajectories, voltage profile and active power of the loads and it
returns the state variables back into the limited area called S1 boundary. The relevant
voltage and active power jumps are noticeable. Since the aforementioned shed load is
not enough to make a balance between load and generation, the frequency still drops
but with a lower value of ROCOF in comparison to before the first LS step of the load
C, thus the state trajectory of the other loads get gradually closer to the S1 boundary.
The state curve of load B and A meets the first boundary S1 at 1.15 s and 1.17 s with
18.9% and 10.4% of shed load, respectively. The trigger sequence of relays are visible
in Fig. 5.6. The next phase of the shedding steps associated with the second boundary
has been demonstrated in Tab.5.2.

Finally, the frequency reaches the steady state in another operation point greater
than the minimum value of the permissible range. In the steady state, the state vari-
ables revert to the normal elliptical boundary N as mentioned in Fig. 5.2 and Tab.5.1 .
The maximum shed load of 23.7% is discarded in the load B (Fig. 5.6) which is one of
closest load to the event location. The second place in term of magnitude of the shed
load belongs to load C with 20.0% and the last place is associated with load A with
minimum amount of shed load about 14.5% as indicated in the Tab.5.2. Supremacy of
the proposed LS scheme is obvious in localizing the load curtailment in the vicinity of
event location.

5.1.5 Summary
In order to localize the LS scheme close to the disturbance place, the voltage drop
information is utilized to shed the loads with higher voltage decay first. Therefore,
this approach deals with coordination of voltage and frequency information instead of
independent methods. The proposed undervoltage load shedding plan is utilized as a
complementary part of the conventional underfrequency load shedding plan. The ex-
isting voltage and frequency thresholds, which are used in under voltage and frequency
load shedding schemes, respectively, are combined together to achieve their coordina-
tion under an integrated plan. The aforementioned thresholds are considered as the
center points of an ellipse, since the deviations of voltage and frequency from their
pre-disturbance value in pu resulting from a given event may not be same for both.
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Therefore, the load load shedding is initiated from the vicinity of incident place and is
radially propagated in the power system until the from toward the center of it.
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5.2 Adaptive Frequency Thresholds Using Voltage
Drop Data

Power systems consist of numerous equipments with nonlinear dynamics and may not
be properly protected by constant and prespecified settings of Under Frequeny Load
Shedding (UFLS) relays which are independent of the location and magnitude of the
disturbance [35, 53]. Moreover, there is the risk of simultaneous operation of different
relays distant from the event location due to having the same frequency set point set-
tings which may worsen the situation. To the best knowledge of authors, there is no
comprehensive and widely used method to set the UFLS relay settings [47].

Dropping the loads distant from the disturbance place, may cause transmission line
over loading, worse voltage profiles and power factor decline [35, 78]. Contrariwise, the
load relief close to the event point is strongly recommended [8,37,41]. The buses nearby
the failure place often experience larger voltage reduction. The voltage is an available
variable to measure locally in all load bus relays. Thus, voltage drop information may
be employed as a proper criterion of proximity to the failure point in power system anal-
ysis [5,36,41,51]. As a result, the loads may be classified to shed based on their voltage
decay, which means the loads with higher voltage drop are discarded first. According
to the proposed criterion, the Load Shadding (LS) process is initiated from the vicinity
of the event location and radially propagates in the power system, so that not only the
frequency collapse is prevented in time, but also the frequency returns back into the
normal range [8, 42].

According to [35, 36, 51], the voltage deviation of load buses may be a proper and
effective criterion of proximity to the event location. In order to find the most appro-
priate locations for LS plan, the frequency set point of LS relays are almost instantly
determined based on the voltage drop magnitude at their load bus. The present work
benefits from locally measured frequency and voltage informations and hence imple-
mentation of proposed method is more affordable and simpler than the centralized LS
methods which require fast and reliable communication systems [35].

5.2.1 The Role of Voltage Dynamics in Power System Stability
Nowadays, the growing concern about the incidents initiated by voltage root causes has
located in the center of attention [87]. Besides, assigning a separate category of insta-
bility classification to the voltage instability shows the importance of voltage dynamical
behavior in the power system stability area [4]. The significance of voltage profile was
stressed from different aspect of views in many literatures which are briefly reviewed in
this section [8, 44].

The shortage of active power is often accompanied by deficit in reactive power and
the lack of active/reactive power is reflected in the voltage profile of the load buses [36].
Any LS scheme in which the dependency of the loads to the voltage variation is over-
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looked may not be effective in practice.
According to [4], the voltage instability is a phenomena of a local nature and if it

is not prevented in time by proper control actions, it may spread to neighbor areas
and even to the entire power system. Since the frequency which is measured locally at
load buses is a common factor across the whole network and does not contain useful
information about the event location, the voltage instability and its geographical region
may be detected only based on the voltage data.

In the decentralized control strategy which is the main effort of the present work,
there is no communication link between relays involved with LS scheme. Therefore,
the magnitude and location of the event are unavailable. Although, the aforementioned
information are unknown and unaccessible in a decentralized LS scheme, the voltage
deviation is linearly determined by them [77]. Hence, a more accurate and reliable mea-
sure of sensitivity to the scale and place of perturbation is the voltage deviation of load
buses, i.e. a quantity that is locally available. The sensitivity of each individual load
bus to a given incident may be reflected via their voltage deviation. It means that the
load buses with more sensitivity to the disturbance, experience a larger voltage drop.
Therefore, the load buses may be classified in term of their voltage drop which is pro-
portional to their sensitivity.

Utilizing the voltage drop data in the centralized strategy of the LS program have
been proposed by numerous literatures as an appropriate and efficient criterion for de-
termining the location of disturbance [35, 36, 41, 51], but application of voltage decay
has rarely been employed in the decentralized strategy, especially for on-line and dy-
namically determining the frequency set points of the LS relays.

5.2.2 Decentralized and Adaptive UFVLS Approach
5.2.2.1 Adaptive Frequency Thresholds Using Voltage Drop Data

In the decentralized LS there is no communication between LS relays and hence only
local variables including voltage and frequency are involved in the scheme. In the exist-
ing relays, the instant values of voltage are measured to calculate the frequency and the
rms value of voltage for under voltage blocking function. Therefore, all data required
to be involved in the proposed approach are already available in the existing relays. No
extra hardwares/equipments are needed and just updating their code programming is
sufficient to implement the proposed method [39,40,43].

The feeders for load shedding are automatically selected based on the voltage de-
viation from their steady state value. Despite of classical relays, manual setting of
frequency set points is no longer necessary. A dynamic frequency set point is calculated
on line and assigned to the relay stages rather than a constant, static and prespeci-
fied frequency set points against widespread possible perturbations. The frequency set
points of distinct relays are continuously updated using voltage decay data. The loads
with larger voltage drop are relatively attributed higher frequency set points, which are
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reached by dropping frequency earlier than the others during the events. Therefore, the
relevant feeders are disconnected sooner. Depending on the relative voltage decay of
load, the frequency set points of different load relays may be faraway, have some overlap
or even exactly located on each other [71,74].

The idea is formulated as below for a frequency relay with m stages. The voltage
deviation (∆v) from the steady state value (vss) can be determined as below:

∆v = vss − v (5.5)

Since the voltage spikes resulting from penetration of power electronic converters in
to power system or produced by noise or measurement techniques may not be taken
into account properly by power system analysis softwares, therefore in order to achieve
a practical and efficient method, this kind of practical fluctuations seen in real power
systems should be suppressed by an appropriate low pass filter to merely pass the real
voltage dynamics [39,40,88].

Each relay has a base frequency set point (f th
b ), which relatively determines the

frequency set point of given relay comparing to the others in the frequency range and
is calculated as below:

f th
b = fH −∆f th

b (5.6)

where fH is the trigger frequency of LS scheme. The base frequency set point offset
(∆f th

b ) in (5.6) indicates the proximity of the base frequency set point (f th
b ) of the

current relay to the trigger frequency of the LS scheme (fH), and changes proportional
to the voltage drop of corresponding load bus (∆v):

∆f th
b = (fH − fL) · (∆vmax −∆v)/∆vmax (5.7)

where fL the lower limit of permissible frequency range. The frequency set point of
distinct stages are determined using base frequency set point (f th

b ) and local frequency
set point offset (∆f th

l ):

f th
i = f th

b − (i− 1) ·∆f th
l ∀i ∈ N, 1 ≤ i ≤ m (5.8)

According to (5.8), the successive stages of the relay have a same local frequency set
point offset (∆f th

l ), which is also determined in term of voltage decay of the load bus
(∆v):

∆f th
l = (fn − fH) ·∆v/∆vmax (5.9)

The feeders of a given load bus may be prioritized in term of their importance by
connecting them to the relay outputs with higher index of i, i.e. lower frequency set
points [8,74]. Therefore, they are considered as the last feeders to be interrupted in the
corresponding load bus.

Allocating a smaller frequency set point to a given stage causes its delayed inter-
ruption, since frequency needs more time to reach this frequency set point. Changing
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the frequency set points, implicitly changes the stage delays. Hence, there is a strong
relationship between determinant parameters of the relay, i.e. frequency set point and
the stage time delay, which confirms they are not completely independent variables [40].

5.2.2.2 The Time Delay Between Consecutive Stages

The time delay between successive triggered stages of relay is one of determinant factor,
which affects the LS process [74]. The delays should be minimized to avoid delayed
load shedding, which may not only cause longer stay of frequency out of safe range,
but also may even allow the frequency to decline further and cross over the permissible
frequency range of the LS scheme (fL to fH). Minimized time delay causes fast recovery
of frequency to the continuous operating range in time [8, 39,42,71].

If the frequency is not recovered in time by available control actions, the plant
protection relays are triggered, which causes fast disconnection of generation units,
cascading events and even blackout [8, 74]. The power system will experience a much
worse situation, which is more rigorous to manage due to the complex dynamics of
power system.

In contrast, too short time delay between consecutive stages is not recommended,
since serious transient dips in the frequency curve, which may happen in such a short
time may not be properly ignored to consider the average frequency trend [8, 39, 83].
Besides, according to the relevant standards, after any triggered stage the time duration
of 10 to 14 cycles regarding the relay and circuit breaker operating times are typically
required to be respected as the minimum time delay [8,40,71]. This period is associated
with the time gap between reaching the frequency to a given set point and when the
load is exactly disconnected.

The time delays are not directly calculated by the proposed scheme, but depending
on the Rate of Change of Frequency (ROCOF) and local frequency set point offset
(∆f th

l ), they may vary from a few cycles to several seconds [8, 74]. The minimum time
delay between consecutive stages regarding relay and circuit breaker operating times
can be taken into account in the suggested method as follows:

∆t ≥ N · T = N/fn (5.10)

where T , N and fn are the cycle time, number of cycles and nominal frequency of power
system, respectively. The time between successive stages (∆t) can be approximated
using measured and the local frequency set point offset (∆f th

l ) calculated in (5.9) as
follows [8]:

ḟ ∼= ∆f th
l /∆t (5.11)

By calculating the term ∆t from (5.11) and substituting in (5.10), the lower boundary
of ∆f th

l is estimated:
∆f th

l ≥ N · ḟ/fn (5.12)
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Fig. 5.7: The flowchart of the proposed LS scheme.

The quantity of ∆f th
l calculated in (5.9) should also satisfy the inequality expressed in

(5.12) as below:

∆f th
l = max

{
(fn − fH) ·∆v/∆vmax, N · ḟ/fn

}
(5.13)

5.2.2.3 The Load Shedding Trigger Criterion

The flowchart of the suggested LS scheme is demonstrated in Fig. 5.7. In the steady
state situation prior to the disturbance, all of feeders (Fi) are connected to the bus bar
with the connection status bits, i.e. ei equal to zero. In the first check point of the
flowchart the sign of ROCOF is assessed, which should be negative (ḟ < 0) to pass
through condition. More conditions are required to be met to trigger the LS scheme,
since negative sign of ROCOF is possible even inside the normal range of frequency.

Since the ROCOF may sometimes be misleading, its supervision by another in-
dependent variable such as frequency is recommended to achieve a more reliable LS
scheme [8, 40, 74]. Therefore, to supervise the ROCOF, in addition to the negative
sign of ROCOF, the frequency should cross over fH , as the second check point of
flowchart. Reaching the frequency to fH provides sufficient reaction time for available
primary/secondary controls [8, 22, 70], as the LS scheme is the last and most expensive
solution against frequency collapse [39,44,74].

The rest of checkpoints are relevant to the frequency set points of different stages
of the relay, i.e. f th

i calculated in section 5.2.2.1. Each feeder is interrupted when the
frequency reaches its frequency set point with the status bit equal to zero (ei = 0).

The number of considered set points is same as the number of existing stages in the
relay (m) [40,44,71]. By default, the larger frequency set points (associated with lower
index of i in (5.8)) are assigned to the feeders with less priority, unless the utility opera-
tors demand other choices for any particular reasons. Since the descending arrangement
of frequency set points may be altered to obtain a special priority choice, during the



72 Chapter V. Decentralized Load Shedding

Fig. 5.8: The 39 bus IEEE test system.

Table 5.3: The Voltage & Frequency Dependency
of Loads

Load type Share (s)(%) pv pf qv qf

Light bulb (i) 10 1.6 0.0 0.0 0.1

Fluorescent bulb (c) 20 1.2 -1.0 3.0 -2.8

Asynchronous motor (p) 70 0.1 2.8 0.6 1.8

installation process, as can be seen in the flowchart, all of checkpoints regardless of their
priority are regularly checked in any iteration. Howsoever, the smaller set points must
be assigned to the feeders with higher priority of power supplying. In order to avoid dis-
connection of uninterruptible loads under any conditions, their may be exempted form
contributing in the load shedding by setting their status bit equal to one, i.e. ei = 1 via
either external switches on or user interface panel mounted on the module. The new
applied settings affect the flowchart, and therefore the LS plan during the initialization
phase of registers of relay microprocessor, which takes place when the microprocessor is
restarted.

5.2.3 Simulation Setup
The 39 bus IEEE standard test system indicated in Fig. 5.8 is chosen as case study
to evaluate the efficiency of the suggested method in DIgSILENT PowerFactory 15.0
software [37,51,83]. The 4th order model is used for SMs. The IEEE standard governor
GOV-IEESGO and automatic voltage regulator AVR-IEEEX1 are considered for SMs.
The details of the system data can be accessed in [80].

The dependency of active and reactive power of loads to the voltage and frequency in
term of different type of loads is defined in (5.14) and (5.15) [8]. Moreover, the relevant
parameters and the Share (s) of different kind of loads such as type i, c and p in the
load model is given in Table. 5.3 [4, 39,74].

P = P0 · [si · (v/v0)epv
i + sc · (v/v0)epv

c + sp · (v/v0)epv
p ]·

[si · (f/f0)epf
i + sc · (f/f0)epf

c + sp · (f/f0)epf
p ] (5.14)
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Q = Q0 · [si · (v/v0)eqv
i + sc · (v/v0)eqv

c + sp · (v/v0)eqv
p ]·

[si · (f/f0)eqf
i + sc · (f/f0)eqf

c + sp · (f/f0)eqf
p ] (5.15)

Despite of existing LS methods in which shedding a specific amount of estimated load
is fulfilled, selection of proper feeders are addressed in the proposed method as it is
done in practice. The loading rate of different feeders in pu in term of whole bus load is
expressed in Table. 5.4. Since the simulation results of proposed method, i.e. Adaptive
Under Frequency Voltage Load Shedding (AUFVLS) is compared to the conventional
UFLS, the parameters of both methods are presented in Table. 5.5 [53].

5.2.4 Simulation Results and Discussion
Three different scenarios occurring in distinct areas of the power system including severe
contingencies e.g. cascading events and islanding with different level of active/reactive
power deficit are chosen as disturbance and the simulation results are compared with
conventional UFLS. Recovery of power system variables, e.g. frequency and voltages to
their continuous operating range in time is the aim of proposed method.

5.2.4.1 Scenario 1:

The disturbance in the first scenario is a set of cascading events including loss of gener-
ator G9 at 2 s followed by overloading and hence outage of transmission line 16-19 at 5
s (Fig. 5.8) as a serious contingency with 1970 MW load-generation mismatch (∼32%
of system generation). Figs. 5.9-5.12 demonstrate 60 seconds of simulation results. All
of variables including voltage and frequency are in the steady state inside of their con-
tinuous operation range prior the initiating event at 2 s.

An area including buses 19, 20, 33 and 34, generators G4 and G5 and the load 20 is
separated from the rest of power system. Due to the surplus generation in the island,
the frequency increases up to 62.5 Hz. Reduction of generation through relevant pri-
mary and maybe secondary control as a countermeasure of over frequency in the island
(Fig. 5.9) to return back the frequency to the normal range is out of scope of the project
and merely control of the rest of power system suffering from under frequency is the
main objective of the suggested method.

Although the resultant voltage of both proposed AUFVLS and conventional UFLS
schemes are acceptable and the UFLS even provides better voltage profiles, the UFLS
is not successful in settling the post-disturbance frequency inside the permissible range
above fH . The UFLS method may trigger the plant protection relays leading to cas-
cading events (outage of other SMs) in case of no or insufficient secondary control and
maintaining the frequency for a while out of tolerable time period of under frequency
protection relay of the SMs [8,40,74].

Another disadvantage of UFLS method is that it involves all of available loads (19
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loads) in the LS plan, which is not practical and is not recommended by relevant liter-
atures [37, 39, 71]. Distributing of shed load to all of loads yields less deviated voltages
from their pre-disturbance. The AUFVLS method participates only 8 loads located
inside the neighborhood of the event location, which are introduced in the legend of
Figs. 5.10 and 5.12. The LS process indicated in Fig. 5.10 shows that the loads 16 and
24 are fully interrupted and the loads 25, 29, 21, 28, 23 and 15 are partially shed.

5.2.4.2 Scenario 2:

In the second scenario 4 cascading events including transmission lines 16-17, 25-26, 2-3
and 3-4 are successively tripped due to overloading and thermal limit condition at 2,

0 10 20 30 40 50 60

59

59.5

60

60.5

61

61.5

62

62.5

t (s)

f (
H

z)

UFLSAUFVLS

Island

Fig. 5.9: Frequency

0 10 20 30 40 50 60

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t (s)

P
 &

 Q
 (

%
)

Load 15

Load 16

Load 24

Load 28

Load 29

Load 25

Load 21

Load 23

Fig. 5.10: Active power (AUFVLS)

0 10 20 30 40 50 60

−0.04

−0.03

−0.02

−0.01

0

0.01

0.02

t (s)

Δ
v

(p
u
)

Bus 15

Bus 16

Bus 24

Bus 28

Bus 29

Bus 25

Bus 21

Bus 23

Fig. 5.11: Voltage deviation (AUFVLS)

0 10 20 30 40 50 60

−0.04

−0.03

−0.02

−0.01

0

0.01

0.02

t (s)

Δ
v

(p
u
)

Bus 15

Bus 16

Bus 24

Bus 28

Bus 29

Bus 25

Bus 21

Bus 23

Fig. 5.12: Voltage deviation (UFLS)



Section 5.2. Adaptive Frequency Thresholds Using Voltage Drop Data 75

4, 5 and 6 s, respectively (Fig. 5.8). A relatively big island including generator G9
and loads 29, 28, 26, 27, 18 and 3 is detached from the network with G9 as slack bus
in the island. The active power imbalance in the island is about 564 MW (∼68% of
remaining source), which is a severe contingency. The simulation results of scenario 2
for 60 seconds of time simulation are indicated in Figs. 5.13-5.16.

Despite of last scenario, in this case the rest of network suffers over frequency due to
extra generation (Fig. 5.13) and the frequency of grid reaches the steady state at 61 Hz.
The UFLS method reacts to the frequency decline sooner than AUFVLS method and
even at a higher value of frequency, but it is unsuccessful in post-disturbance steady state
value of frequency stabled beyond 63 Hz, whereas the AUFVLS method yields desired
post-disturbance frequency and bus voltages. Comparison of voltage profile of AUFVLS
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and UFLS methods indicated in Figs. 5.15 and 5.16, respectively, reveals that proper LS
locations are not always selected by UFLS method and shedding the loads with normal
voltage is sometimes done. Improper distribution of shed load in UFLS method leads
to over voltage beyond ∆vmax, which may damage the electrical equipments.

Due to smallness of separated area, the set of loads, which contributing in the LS
are almost same for both methods (loads 26, 27, 28, 29, 18 and 3), since all of loads
are almost close to the disturbance places, i.e. tripped lines and are affected by the
them. The method decisions are differ in feeder selection rather than load selection. In
the UFLS method, regardless of event location, all of available loads are involved in the
LS plan with the same number of feeders due to their equal and predefined frequency
set points. In contrast, depending on the voltage drop magnitude, different number of
feeders per load are interrupted in the AUFVLS method. In this scenario, 4 stages of
load 26, 2 stages of loads 29 and 28 and one stage of loads 27, 18 and 3 are disconnected
(Fig. 5.16).

5.2.4.3 Scenario 3:

The current scenario covers a part of power system far from the previous scenarios.
Sudden outage of tie line 6-11 at 2 s followed by over loading and hence losing of line
4-14 at 4 s. In a same manner, the tine lines 1-39 and 3-4 are simultaneously lost at 5 s
due to thermal limit protection. Finally, the region covering generator G1 and the loads
39, 4, 7 and 8 is separated at 5 s with generator G1 as the reference machine (slack bus)
and active power deficit about 1347 MW (∼135% of remained generation).

Figs. 5.17-5.20 show the simulation results of this scenario. According to the Fig. 5.17,
similar to the last scenario, the UFLS method reacts to the frequency collapse faster
than AUFVLS method an suffers form over load shedding by settling the frequency at
slightly above 61.5 Hz, while the AUFVLS method provides a favorable post-disturbance
frequency inside the permissible range.

Comparison of the voltage profiles of both UFLS and AUFVLS methods (Figs. 5.19
and 5.20) manifests that the AUFVLS method yields a relatively better post-disturbance
voltages closer to the pre-disturbance values. AUFVLS method interrupts 4, 1 and 1
stages of the loads 4, 39 and 7, respectively (Fig. 5.18), while UFLS method discon-
nects the first two feeder of all loads (4, 7, 8 and 39). The total shed load in term of
methods and scenarios is presented in Table. 5.6 to compare the performance of both
AUFVLS with UFLS methods from total shed load aspect of view. Due to inadequate
LS by UFLS method in scenario 1, the frequency is settled below the permissible range
(Fig. 5.9) and in the scenarios 2 and 3, the UFLS method causes over LS (Figs. 5.13
and 5.17), which are not desired.

Comparison of frequency profile of distinct scenarios, shows that the AUFVLS
method provides smooth frequency profile (advantage) due to assigning different fre-
quency set points to distinct stages based on their voltage drop. In this way, rapid
changes in the frequency resulting from simultaneous stage trigger of different loads due
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to equal frequency set point is avoided as it happens in classical UFLS.

5.2.5 Summary
In the classical UFLS, the LS locations and the frequency set points of LS relays are
already specified independent of event place, which may not be a comprehensive solution
for widespread range of possible events. The voltage drop of loads is employed to
calculate the frequency set points of LS relays. The loads closer to the event location
experience higher voltage drop and need to be shed first. The higher frequency set
points are atributed to the loads with larger voltage drop, which are often close to the
disturbance place. The proposed method simultaneously benefits from UFLS and Under
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Table 5.4: Feeder Loading %

Load F1 F2 F3 F4 Load F1 F2 F3 F4
3 25 30 20 25 23 32 16 28 24
4 25 29 18 28 24 30 29 19 22
7 30 29 19 22 25 25 29 18 28
8 18 30 23 29 26 30 23 27 20
12 28 18 30 24 27 19 29 18 34
15 25 29 18 28 28 28 18 30 24
16 25 32 17 26 29 22 33 25 20
18 32 18 23 27 31 19 29 18 34
20 18 30 23 29 39 25 28 27 20
21 30 23 27 20

Table 5.5: The Simulation Parameters

Method Parameters

UFLS f th (Hz) 59.7 59.5 59.3 59.1
Td (cycle) 60 30 18 6

AUFVLS fn=60 Hz, fL=57.9 Hz, fH=59.7 Hz,
m=4, N=12 and ∆vmax=0.2 pu

Table 5.6: The Total Shed Load (MW)

Method Scenario 1 Scenario 2 Scenario 3
UFLS 1159 1036 1243

AUFVLS 1213 934 570

Voltage LS (UVLS) features which operate in the power system without coordination.
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6.1 Active Power Deficit Estimation in the Presence
of RESs

Conventional SMs temporarily utilize the kinetic energy stored in their rotor to com-
pensate the frequency deviation following disturbance/s [14, 22, 70]. Most of RESs do
not normally contribute to the system spinning reserve due to Maximum Power Point
Tracking (MPPT). Furthermore, they do not even contribute to the Load-Frequency
Control (LFC) (no inertial response) during load-generation mismatch, since their ro-
tor inertia is decoupled from grid frequency by employed power electronic convert-
ers [9,10,15]. Therefore, the ROCOF quantity may not yield precise information about
load-generation imbalance in the presence of RESs [8, 40, 74]. Besides, the voltage and
frequency dependency of load’s active and reactive power makes the active power short-
age estimation more complicated, which means that it is crucial to predict how much
load should be dropped at a specific time and/or location in the power system, due to
variable composition of the loads [8, 39,71].

6.1.1 Conventional Active Power Deficit Estimation
In the Center of Inertia (COI) method, the swing equation of multi machine system
is replaced by an equivalent swing equation of a single machine with almost equal
dynamical behavior to achieve an average frequency response [39, 51, 71]. The inertia
time constant (Heq) and apparent power (Seq) of the resultant equivalent single machine
are defined as below, respectively:

Heq =

N∑
i=1

Hi · Si

Seq
(6.1)

Seq =
N∑

i=1
Si (6.2)

N is the number of generators. Si and Hi are apparent power and inertia time constant
of ith generator. The active power deficit is estimated by System Frequency Response
(SFR) method [37,39,51]:

Pdef (t) = 2 ·Heq · Seq

fn
· ḟ(t) (6.3)

where Pdef (t) is the active power deficit. fn and ḟ(t) are the nominal frequency of the
power system and instantaneous value of ROCOF, respectively.

A major drawback of the SFR method is that it merely estimates the shortage of
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Fig. 6.1: Frequency behavior following an outage and LS

active power in order to achieve a load-generation balance, whereas the frequency may
be settled at a value out of normal range [8,74]. Moreover, in presence of RESs, the key
parameters Heq and Seq are uncertain due to intermittent connectivity of RESs, which
makes the active power deficit estimation inaccurate in practice.

6.1.2 Active Power Mismatch Estimation in Presence of RESs
The shed load resulting from disconnection of feeders are used to estimate the actual
active power deficit regardless of type, penetration level and intermittent connectivity
of RESs. It is assumed that proper selection of load feeders close to the event location
is fulfilled based on the method, which discussed in section (5.2) details in using voltage
drop data [39,40].

Fig. 6.1 shows that the frequency declines following a frequency event at t1. It is
assumed that the LS plan is finally triggered due to unavailable, insufficient or unsuccess-
ful primary and/or secondary control. t2 is the first time in which the post-disturbance
transients are almost suppressed and the frequency reaches a steady decline. It is also
assumed that a potion of system load equal to Pshed is shed at t3 by control center based
on voltage drop criterion elaborated in [40, 41, 74]. The pre-shed active power deficit
estimated by classical SFR method (Pdef (t−3 )) can be expressed as follows:

Pdef (t−3 ) = 2 ·Heq · Seq

fn
· ḟ(t−3 ) (6.4)
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where the post-shed frequency gradient equal ḟ(t4) at t3 can be available via measure-
ment. The terms Heq · Seq and Pdef (t−3 ) are still assumed to be unavailable. Since
numerous combinational/cascading events may occur at the period between t1 and the
first load shedding stage at t3, the last quantity of the active power deficit (Pdef (t−3 ))
and its corresponding ROCOF (ḟ(t−3 )) just before the load shedding time (t−3 ) are con-
sidered by the proposed scheme. After the feeder disconnection with the amount of
Pshed at t3, the conventional SFR method similarly yields the following new equation
about new active power imbalance just after the transient period:

Pdef (t4) = Pdef (t−3 ) + Pshed = 2 ·Heq · Seq

fn
· ḟ(t4) (6.5)

The shed load at t3 reduces the active power deficit and yields a lower value of ROCOF
equal to ḟ(t4), which can also be available via measurement and is valid after the
transient time at t4. The load shedding does not affect the equations (6.1) and (6.2),
hence the term Heq · Seq is remained unchanged.

By substituting the term Pdef (t−3 ) extracted from (6.4) into (6.5) and rearrangement
of the resultant equation, the term Heq · Seq can be easily calculated as follows:

Heq · Seq = fn · Pshed

2 · (ḟ(t4)− ḟ(t−3 ))
(6.6)

All of right hand variables and parameters in (6.6) are available. Finally, the Pdef (t−3 )
can be determined by substituting the term Heq · Seq calculated in (6.6) into (6.4) as
below:

Pdef (t−3 ) = ḟ(t−3 )
(ḟ(t4)− ḟ(t−3 ))

· Pshed (6.7)

The post-shed active power deficit following the transient period at t4, i.e. Pdef (t4) can
be determined by substituting (6.7) in the left hand equation of (6.5) as follows:

Pdef (t4) = ḟ(t4)
(ḟ(t4)− ḟ(t−3 ))

· Pshed (6.8)

It means that before any load shedding stage, the actual amount of pre-shed and post-
shed load-generation mismatch is unknown, but both of them can be calculated using
above equations following each load curtailment.

6.1.3 Simulation Setup
The 39 bus IEEE standard test system depicted in Fig. 6.2 is selected as case study to
investigate the active power estimation in presence of RESs [8,73]. The IEEE standard
Automatic Voltage Regulator (AVR) IEEEX1 and governor IEESGO are employed for
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all SMs.
Some of existing SMs are replaced with a Wind Farm (WF) of Permanent Magnet

Synchronous Machine (PMSG) type of WT to achieve 51% integration of WP into the
power system. The comprehensive model of PMSG WT type, which is specially devel-
oped for grid frequency regulation and transient stability studies is employed in this
work [2, 89].

Fig. 6.3 indicates the control structure of PMSG WT. The active power set point
of PMSG is tuned on MPPT, which is determined independent of frequency devia-
tion [10,22]. It means that the PMSG does not participate in the LFC scheme.

The wind speed may be assumed constant For the typical period of interest in dy-
namic simulations (tens of seconds) [22, 70, 79]. Thus the wind speed is considered
constant at 14 m/s.

Since, the voltage and frequency dependency of load’s active and reactive power
significantly affects the actual active power deficit and moreover, the relevant equations
in (6.9)-(6.10) recommended by IEEE standard [8,40] are considered, in order to make
the proposed scheme efficient in practice. The equation parameters and the Share (s)
of different types of loads mentioned in [40] in the composite model of system loads are
given in Table. 6.1.

P = P0 · [si · (v/v0)epv
i + sc · (v/v0)epv

c + sp · (v/v0)epv
p ]·

[si · (f/f0)epf
i + sc · (f/f0)epf

c + sp · (f/f0)epf
p ] (6.9)

Fig. 6.2: The 39 bus IEEE test system
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Fig. 6.3: Control structure of PMSG
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Q = Q0 · [si · (v/v0)eqv
i + sc · (v/v0)eqv

c + sp · (v/v0)eqv
p ]·

[si · (f/f0)eqf
i + sc · (f/f0)eqf

c + sp · (f/f0)eqf
p ] (6.10)

6.1.4 Simulation Results & Discussion
Numerical simulations are conducted in DIgSILENT PowerFactory 15.0 software. Out-
age of SM1 (Fig. 6.2) at 2 s with the capacity of 1012 MW almost equal to 16% of total
system generation is considered as the disturbance. The profiles depicted in Figs. 6.4-6.7
indicate grid frequency, frequency gradient (ROCOF),the voltage and active power of
loads, respectively. Before the contingency, the frequency is stable at 60 Hz in Fig. 6.4,
which results zero value of ROCOF in Fig. 6.5. The voltage of buses are stabilized inside
the normal range of 1 ± 0.05 pu in Fig. 6.6.
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ḟ(t)= - 0.0540

LS
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Following the event, the frequency declines with the rate of -0.0540 Hz/sec (Figs. 6.4
and 6.5) due to the shortage of active power. The abrupt reduction in bus voltages
(Fig. 6.6), causes remarkable decrease of active power of loads, e.g. load 30 is decreases
from 1025 MW to slightly above 700 MW in Fig. 6.7, which strongly reminds that if
the voltage dependency of loads is overlooked in the estimation method, the resultant
procedure may not be accurate in practice [35,40].

The determinant parameters Heq and Seq of the SFR method may not be available
properly, since the connectivity of RESs to the grid is unknown due to their stochastic
and intermittent nature. Therefore, inaccurate value of the aforementioned parameters
(Heq=189 s and Seq=7677 MVA) causes wrong estimation of active power deficit by
SFR method equal to 2610 MW in this case considering the relevant ROCOF value
given in Figs. 6.4 and 6.5.

Due to the dependency of load’s active and reactive power, the active power deficit
resulting from outage of SM1 with the rating power equal to 1012 MW is equal to 700
MW instead of its capacity, which demonstrates the complexity of power imbalance
approximation. Taking into account of voltage dependency of the loads and the inde-
pendency of the method on power system parameters i.e. Heq and Seq, which are often
variable and/or unavailable are among the main advantages of the proposed method.

A feeder supplying 30% of load 30 is interrupted at 15 s (Fig. 6.7), which causes
remarkably recovery of bus voltages (Fig. 6.6). Figs. 6.4 and 6.5 demonstrate reduction
of ROCOF to a lower value equal to -0.0309. The SFR method estimates the active
power deficit following the last shed load equal to 1493 MW, which is far from the actual
value of 350 MW.

The proposed method yields more accurate pre and post-shed active power deficit
equal to 701 and 401 MW, respectively. The estimation error regarding the actual power
mismatch (350 MW) and its approximation (401 MW) at t=15 is due to the ROCOF
fluctuations. since as can be seen in Fig. 6.5, the frequency gradient curve has some
fluctuations around its average trend. It means that the last sampled value of ROCOF
just before the load shedding may be any point between its peak to peak range. In order
to improve the scheme by reducing the estimation error, the average value of ROCOF
should be used by the method instead of its instantaneous value.

In order to assess the accuracy of the estimated post-shed active power deficit equal
to 401 MW, a load portion equal to the approximated value is intentionally shed on
load 30 at 30 s (Fig. 6.7). The frequency and its gradient are finally stabilized at almost
58.7 Hz and 0 Hz/s in Figs. 6.4 and 6.5, respectively, which confirms the precision of
the proposed method and shows that the load and generation are now balanced.

6.1.5 Summary
The inertia of the power system is reduced in the presence of Renewable Energy Sources
(RESs) due to their low or even no contribution in the inertial response as it is in-
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Table 6.1: Chronological Order of Events and Resultant Active Power Deficit

∆P (MW)

SFR Method 2610 1493 0

Proposed Method 701 401 0

Actual value 700 350 0

Time (s) 2 15 30

Occurrence ↑ ↑ ↑

Event SM1 outage first LS second LS

herently provided in the Synchronous Machines (SMs). The total inertia of the grid
becomes unknown or at least uncertain following loss of SMs during cascading events.
Therefore, the active power deficit following the disturbance/s may not be properly es-
timated by existing conventional System Frequency Response (SFR) methods in which
the total inertia of the power system is required to be available continuously. The
dynamical behavior of power system is monitored during each load shedding stage to
properly estimate the actual active power deficit following combinational and/or cas-
cading event/s. The actual active power deficit is estimated using shed load amount,
pre-shed and post-shed ROCOF, which are available in the centralized strategy of LS.
Type, penetration level and intermittent connectivity of RESs do not challenge the ac-
curacy of the proposed method and it is independent of grid inertia, type location and
number of cascading events. Since the measured quantities of the ROCOF, employed
in the proposed method are indirectly the result of voltage dependency of the loads, the
type/composition of the system loads do not challenge the accuracy of the method.
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6.2 Coordination of LS and Plant Protection in the
Presence of RESs

Installation of RESs and/or replacement of existing conventional Synchronous Machines
(SMs) by them causes significant issues in operation and control of power system [71,74].
The wind power impacts on the network have been rarely considered by existing LS
methods and therefore, the available LS schemes proposed so far for conventional grids
need to be revised in the presence of renewable energy sources.

Almost all of recent LS schemes ( [90–92]) are based on System Frequency Response
(SFR) to approximate the load generation imbalance using initial rate of frequency
change following the event/s; a method that may no longer be valid in the presence
of renewable energy sources or combinational/cascading disturbances including loss of
SMs due to the unpredicted changes (unknown reduction) in the equivalent system
inertia [71,74,83].

The decentralized control strategy can easily deal with the structural changes of the
power system resulting from unpredicted connectivity of the renewable energy sources
[10,66,70]. The distributed control strategy paves the way toward Plug-and-Play (PnP)
operation enabling the addition and removal of system components in a modular fashion
way by automatic and online tuning of hardware settings according to the current status
of the power system with minimal human intervention. It makes sense especially in
the large power systems, in which big data are required to be received, processed and
transmitted in the control center besides the risk of communication failure, as well as
recent Cyber Security issues and unscheduled dispatch of dispersed generations.

6.2.1 Estimation of Average Frequency Gradient
The frequency profile may have an oscillatory behavior following the event/s, that does
not follow any particular pattern due to the complexity of power system dynamics [8,74].
Frequency oscillations may be relevant to either local plant mode, i.e. rotor angle os-
cillation of a single synchronous machine against the rest of generating units or inter-
area mode, i.e. consonant swing of synchronous machines of an region against another
area [5, 74].

The instantaneous frequency gradient, may be sometimes misleading due to the os-
cillatory behavior of the frequency associated with local and/or interarea oscillation
modes [8] and as well as due to the recent high penetration of power electronic convert-
ers, which impose switching and rapid changes to the power system variables. [8,22,71].
In order to achieve more secure and reliable control decisions following under-frequency
disturbances, supervision of frequency behavior by another variable, e.g. voltage, cur-
rent, power flow direction, and/or frequency gradient is strongly recommended [8,39,40].

The overall trend of frequency in Fig. 6.8 and therefore its average rate of change
may be approximately estimated by straight connection of inflection points of oscilla-
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tions, i.e. the middle points A, B, C, etc. The sign of second derivative of the frequency
changes at inflection points, i.e. the frequency curve switches from concave down to the
concave up, or vice versa. The second derivative becomes zero at any inflection point,
but not vice versa [74]. The successive inflection points of the frequency curve may be
recognized as follows:

(t[k], f [k]) = (t, f(t)) |
−

f̈(t)←−→+
(6.11)

where, t and f(t) are the time and the instantaneous value of frequency, and t[k] and f [k]
are their sampled values, respectively, when the second derivative of the frequency (f̈(t))
changes its sign. The average frequency gradient between each successive inflection
points, e.g. between B and C may be linearly determined using the backward difference
method as below:

ḟav[k] ∼=
(f [k]− f [k − 1])
(t[k]− t[k − 1]) (6.12)

The time difference between each two consecutive inflection points is equal to the half
period of frequency oscillation:

Tos[k]
2
∼= t[k]− t[k − 1] (6.13)

Therefore, the frequency of each oscillation may be determined from (6.13):

fos[k] = 1
2 · (t[k]− t[k − 1]) (6.14)
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The oscillatory modes of frequency following the events are generally categorized
by frequency range of their oscillations, and each of them has their own oscillatory
frequency and damping. The interarea mode oscillations normally have lower oscilla-
tory frequencies, i.e. 0.2 to 1 Hz comparing to local mode with the range of 1 to 2
Hz (=fmax

lm ) [4]. According to (6.13) and regardless of the measurement technique, the
calculation of average frequency gradient and frequency of oscillations may take a long
time, especially when the frequency oscillates at a low rate [8, 74].

In order to maintain the oscillation modes (local or interarea) and to reject the
sharp/undesired changes of variables resulting from power electronic converters and/or
measurement process, and moreover to obtain a practically effective approach, a care-
fully tunned low pass filter with the time constant of τf is required to the measure
frequency:

τf = 1
2 · π · fmax

os

(6.15)

where fmax
os is the maximum value of the highest possible oscillation frequency (fmax

lm ),
which is typically associated with local mode oscillations and the measured frequency
(fos[k]) before filtering in (6.14):

fmax
os = max {fos[k], fmax

lm } (6.16)

While penetration of renewable energy sources has an unfavorable effect of increas-
ing the peak-to-peak value of the rate of frequency change oscillations, it favorably
augments the frequency of ROCOF oscillations, which indirectly causes faster calcula-
tion of average ROCOF and its oscillation frequency [8, 74].

6.2.2 Coordination of Load Shedding and Plant Protection Schemes
Frequency, its rate of change, voltage and time are important factors, which are often
used without coordination in the protection procedures [8,39,40,93]. Moreover, since a
load feeder may sometimes become a source feeder by injecting active and/or reactive
power to the grid, interruption of these feeders should be definitely avoided to keep
them supporting the system stability. The load shedding is done by disconnecting load
feeders, which are chosen based on simultaneous considering frequency and voltage in-
formations. Moreover, the frequency gradient is directly employed in the scheme to
make the scheme adaptive to the magnitude of event/s and low inertia grids, which pos-
sess a faster frequency drop due to high share of renewable energy sources [8,21,71,83].

The proposed method consists of two sub procedures that are appropriately coor-
dinated with plant protection plan under a united/integrated scheme. The first sub
procedure is a frequency based plan, which adjusts the frequency set points of the dis-
tinct relays online using voltage drop data at load buses to block the frequency fall from
further decline [40,71]. The second sub procedure is a time based plan and operates as a
backup/complementary protection procedure by tunning the relay time delays according



90 Chapter VI. Load Shedding with High Share of Wind Power

to the voltage drop information in order to prevent the frequency from stalling and/or
staying out of normal range for a long time out of tolerable time of plant protection
relay, which may activate the plant protection relays [74].

6.2.2.1 Frequency Collapse Barrier Scheme

This sub plan dynamically adjusts the frequency set points of the load shedding relays
based on the voltage drop magnitude measured locally at the load bus. The relays with
larger voltage decline at their bus bar are relatively assigned higher frequency set points.
Depending on the voltage decay, the frequency threshold curve of different relays may
be far, close (Fig. 6.9), slightly overlapped (Fig. 6.10) or even exactly same. The voltage
deviation (∆vi(t)) from the steady state value (vss

i ) following the event/s is determined
as below:

∆vi(t) = vss
i − vi(t) (6.17)

Despite of short circuit faults, which often have post-disturbances close to zero, the
cascading events leading to islanding typically have a post-disturbance voltage close to
normal range. Hence, in order to focus more on the voltages close to normal range,
the logarithmic mathematical function of voltage is involved with the scheme instead
of its normal value. In order to take into account of the post-disturbance voltages,
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which may be sometimes greater than their steady state value due to already triggered
load shedding stage/s (−0.1 ≤ ∆vi(t) ≤ 1), the voltage offset vof=0.1 pu (the maximum
permissible voltage magnitude above the nominal value) is applied to consider the above
full range of possible voltage drop:

vof − 0.1 ≤ ∆vi(t) + vof ≤ 1 + vof (6.18)

Voltage deviations lower than 0.1%=10−p pu (p=3) may be overlooked without chal-
lenging the method accuracy to avoid zero or negative values applied to the logarithm
function. The resultant voltage range is expressed as below:

∆vlog
i (t) = 1 + log(∆vi(t) + vof )

p
(6.19)

According to [40, 71, 93], all of the frequency set points should fall between fH=59.5
Hz to fl=58.4 Hz. To this aim, the frequency set point of the first relay stage i is
determined as below:

fi1(t) = fL(t) + (fH − fL(t)) ·∆vlog
i (t) (6.20)

According to [5, 74] both frequency collapse and its time duration are determinant in
activating the plant protection scheme. In order to coordinate the proposed scheme with
the plant protection plan, the lower boundary of frequency (fL(t)) is limited according
to [74, 93] in order to make sure that the frequency does not stay below fh for a time
period longer than Th:

fL(t) =

 fL = 58.0
m · log(t) + b
fh = 59.3

t ≤ TL = 2
TL ≤ t ≤ Th

t ≥ Th = 60
(6.21)

where
m = fh−fL

log(Th/TL) , b = fh −m · log(Th) (6.22)
The load shedding scheme is triggered when the frequency declines below fH , and
therefore the corresponding time is selected as the origin of the time axis:

t = 0|f(t)=fH &ḟ(t)<0 (6.23)

The frequency set point of stage j (1≤ j ≤m=4) of relay i is determined as below:

fij(t) = fi1(t)− (j − 1) ·∆fi(t) (6.24)

where ∆fi(t) is the frequency offset between each consecutive frequency set points of
relay i and is calculated as below [40]:

∆fi(t) = Nmin ·
∣∣ḟ(t)

∣∣
fn

(6.25)
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The fn indicates the nominal frequency of grid equal to 60 Hz and Nmin determines
the minimum number of cycles (N) to be respected between each two consecutive fre-
quency set points regarding relay and circuit breaker operation time, in which under
any circumstances, should not be less than 6 cycles [8,40,71,93]. A number of cycles in
the range of 10 ≤ N ≤ 14 is typically recommended by relevant IEEE standards [8].

The references [74, 93] clearly specifies the upper limit of ∆fi(t) (∆fmax
i =0.5 Hz).

Moreover, in order to respect the minimum tunning resolution of ∆fi(t) proposed in the
available frequency relays, e.g. ABB, SPAF 340 C3, the lower limit of ∆fi(t) should be
bounded to ∆fapp

i =0.02 Hz:

∆fapp
i ≤ ∆fi(t) ≤ ∆fmax

i (6.26)

6.2.2.2 Frequency Stall Detection Scheme

Fig. 6.12 shows different possible scenarios of frequency following a load shedding at
point A. th1 and th2 indicate the time, in which the frequency crosses over the value fh

during the drop and recovery conditions, respectively. According to the Under-frequency
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Performance Characteristic mentioned in (6.21) and (6.22), the frequency should not
stay below fh=59.3 Hz for more than Th=60 s to avoid excitation of plant protection
relays [71,74,93]:

th2 − th1 ≤ Th (6.27)

Following the load shedding at point A in Fig. 6.12, the frequency may reach the
normal range above fh in time (scenario 1), in which the anti stalling scheme is not
triggered. In scenario 4, the frequency keeps on further drop toward a lower frequency
set point (fkl(t)) due to insufficient load shedding at point A.

In scenarios 2 and 3, the frequency cannot reach neither fH nor the lower set point
fkl in time (before Th + th1), resulting in the frequency stuck between two successive
stages (fij(t) and fkl(t)) for a time period longer than plant protection time setting.
The anti stalling procedure is to be used for scenarios 2 and 3 and even scenario 4 if the
frequency collapse barrier scheme fails in control of frequency drop in time.

The frequency trend at inflection point A with the position (tA, fA) and its estimated
average rate change ḟA determined in (6.11) and (6.12), respectively, may be locally
linearized as below:

fest
av (t) = ḟA · (t− tA) + fA (6.28)

The anti stalling scheme is deactivated if both underneath equations associated with
the frequency and time margins are simultaneously met:

t = th1 + Th ⇒ fest
av (t) ≥ fh (6.29)

fest
av (t) = fh ⇒ t = th2 ≤ th1 + Th (6.30)

Otherwise, the anti stalling plan is triggered or remained activated until either proper
recovery of the frequency (ḟmin) or the minimum frequency quantity of fH is detected
in time.

6.2.2.3 Frequency Anti Stalling Scheme

While the frequency is stuck between two consecutive set points and the rest of lower
set points are no longer triggered in time, the anti stalling scheme may recover the
frequency by disconnecting extra feeders via automatic tunning of the stage time delays
of the load shedding relay based on the voltage drop information.

In order to coordinate the anti stalling procedure as a complementary protection plan
with the frequency collapse barrier scheme as the principle procedure, the anti staling
plan is intentionally activated with Tmin

d = Th/4 time delay following the frequency
collapse barrier scheme. Moreover, since the inertia of the power system may be reduced
due to the eventually lose of synchronous machine/s, half of permissible time span
(Tmax

d = Th/2) should be assigned to the recovery process to bring the frequency back
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above fH . Hence, the arrangement of the time delays, e.g. stage j of relay i (Tij(t))
should fall into the following region:

Tmin
d ≤ Tij(t) ≤ Tmax

d (6.31)

The first stage time delay is calculated using the logarithmic function of voltage decay
introduced in section 6.2.2.1 so that less time delay is allocated to the loads with higher
voltage drop determined in (6.19):

Ti1(t) = Tmax
d + (Tmin

d − Tmax
d ) ·∆vlog

i (t) (6.32)

The time delay of stage j (1≤ j ≤m=4) is calculated as below:

Tij(t) = Ti1(t) + (j − 1) ·∆Ti(t) (6.33)

where ∆Ti(t) is the time delay offset between successive stages, and as discussed in
section 6.2.2.1, should be minimized to obtain a fast frequency recovery procedure:

∆Ti(t) = N · Tn = N

fn
(6.34)

The lower boundary of time delay is determined considering relay and circuit breaker
operation time (TR+CB), in which its number of cycles should be at least Nmin cycles
[8, 74,93]:

TR+CB = Nmin · Tn ≤ ∆Ti(t) (6.35)

6.2.2.4 Considering the Power Flow Direction of Feeders

The design of conventional power systems are fulfilled based on single direction power
flow from a central power plants toward load centers, rather than bidirectional power
flow provided by installation of dispersed generation sources on load feeders. Nowadays,
the load feeders may contribute in the frequency/voltage regulation, something that is
rarely considered by existing load shedding methods.

The grid code Low Voltage Ride Through (LVRT) requires that optimal perfor-
mance of renewable energy sources, i.e. Maximum Power Point Tracking (MPPT) or
Load-Frequency Control (LFC), should be temporarily disabled during the disturbances
by reducing the active power set point and assigning th released capacity to reactive
power compensation/voltage regulation [2]. The required active power can be provided
globally, whereas the reactive power has to be provided locally, since the reactive power
can not be transmitted to the long distances. It means that interruption of feeders,
which inject reactive power to the grid should be avoided, even if they consume active
power.

Table. 6.2 shows all possible scenarios of a typical feeder in term of active/reactive
power consumption/production. Disconnection of a consumer feeder (Q(t)>0, P(t)>0)
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(scenario 1), generally improves both frequency and voltage profiles, and hence makes
sense. Interruption of a producer feeder, whether P(t) or Q(t) (scenarios 2, 3 and 4),
may deteriorate the situation by further decrease of frequency and/or voltage.

6.2.2.5 The Flowchart of the Proposed Scheme
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Fig. 6.13: The flowchart

Table 6.2: Feeder Disconnect Decision

Trip Q(t)>0 Q(t)<0
P(t)>0 1: X 3: ×
P(t)<0 2: × 4: ×

X: Trip
×: Intact
>0: Consume
<0: Produce

Fig. 6.13 shows the flowchart of the proposed method including coordination of
different sub schemes under an integrated plan. In the first checkpoint, crossing the
frequency down over fH is examined. Power flow direction of feeders, is checked in the
second checkpoint as elaborated in section 6.2.2.4. The frequency set points and stage
time delays are checked in the third checkpoint as explained in sections 6.2.2.1 and
6.2.2.3, respectively, which disconnects the relevant feeder (Fij), unless the minimum
recovery trend of the frequency approximated in (6.29) and (6.30) is recognized in the
last checkpoint to prevent over load shedding.
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6.2.3 Simulation Setup
The efficiency of the proposed scheme is validated in DIgSILENT PowerFactory 15.1
software. The 39 bus IEEE standard test system shown in Fig. 6.14 is chosen as case
study [37,40,71]. The 4th order mathematical model of SM, the IEEE standard governor
IEESGO and Automatic Voltage Regulator (AVR) IEEEX1 are considered for all SMs.
The dependency of load’s active and reactive power to the voltage and frequency and
the contribution share of different type of loads including light bulb (10%), fluorescent
bulb (20%) and asynchronous motor (70%) are defined according to [8, 40,74].

The results are compared to the classical Under Frequency LS (UFLS) method in
term of steady state value of frequency, the total amount of shed load, the number of
loads and feeders involved with the LS scheme and the voltage deviation of the load
buses from their predisturbance values. The parameters of both classical UFLS [40,74]
and the proposed scheme are available in Table. 6.5 of Appendix.

The relatively high share of wind power around 44% is integrated into the grid by
replacing some of existing SMs by VSWTs as can be seen in Fig. 6.14. A comprehen-
sive and standard model of Permanent Magnet Synchronous Machine (PMSG) type of
VSWT including two mass shaft dynamic model, pitch control and voltage regulation
by reactive power support is employed [2, 22,70].

Fig. 6.14: The islanding scenarios defined in 39 bus IEEE standard test system



Section 6.2. Coordination of LS and Plant Protection in the Presence of RESs 97

6.2.4 Simulation Results
Three scenarios depicted in Fig. 6.14 covering different areas of the 39 bus test system
including cascading events leading to islanding with different level of load-generation im-
balance (∆P ), Wind Power Penetration (WPP) share and ROCOF quantity are chosen
as the disturbances.

6.2.4.1 Scenario 1:

In the first scenario, outage of transmission line 1-2 as an initiating event at 2 s causes
overloading and hence cascaded outage of transmission lines 4-5 at 3 s, 4-14 at 4 s and
16-17 at 5 s, which lead to separation of almost a large part of power system from
the rest of network called S1 and indicated by dashed line in Fig. 6.14. Figs. 6.15,6.16
and 6.17 show the simulation results throughout 60 seconds. Fig. 6.15 shows that the
conventional UFLS leads to over load shedding and yields the frequency equal to 60.2 Hz,
whereas the proposed Automatic Under Frequency and Voltage LS (AUFVLS) approach
provides favorable post-disturbance frequency slightly less than 60 Hz.

The voltage profile of AUFVLS and UFLS methods are plotted in Figs. 6.16 and
6.17, respectively, but due to the large number of voltage profiles and limited number
of line plot styles in each figure, they are intentionally plotted in two different figures
located in same column with vertical axis range. The AUFVLS method results better
voltage profiles comparing to UFLS technique by less deviation from their steady state
value prior to the disturbance.

The AUFVLS technique totally sheds 507 MW of load by interrupting 6 feeders of
5 involved loads, whereas the conventional UFLS method curtailes 526 MW of load by
disconnecting 8 feeders of all available 8 loads, which means the AUFVLS technique
acts as an optimal LS scheme by shedding less loads and feeders, and as a localized LS
scheme which concentrates on the faulty region, where the event occurs.
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6.2.4.2 Scenario 2:

The second scenario (S2) is indicated by dash-dot line in Fig. 6.14, which occurs in a
different region of the power system with some overlap with the first scenario. Outage
of G3, transmission lines 15-16, 17-18 and 25-26 at 2 s, 3 s, 4 s and 5 s, respectively,
makes an island with the active power deficit equal to 1024 MW (30% of remaining
generation) and higher rate of frequency change of -0.62 Hz/s. Replacement of G1 and
G8 with Permanent Magnet Synchronous Machine (PMSG) augments the wind power
penetration into the grid up to 43% of total generation.

Fig. 6.18 indicates that the power system is prone to frequency instability sooner than
the previous scenario using classical UFLS method, whereas the AUFVLS technique
stables the post-disturbance frequency inside the desired region slightly less than the
nominal frequency (fn=60 Hz).

The classical UFLS technique provides higher post-disturbance voltages due to the
over load shedding and improper location of load shedding (Fig. 6.20), whereas the post-
disturbance voltage of AUFVLS method demonstrated in Fig. 6.19 are favorable. The
total shed load, number of involved feeders and loads in AUFVLS and UFLS methods
are 1167 MW, 18 feeder, 9 loads and 1625 MW, 21 feeder and 10 loads, respectively.
Despite of classical UFLS method, the shed load in the AUFVLS scheme is not uniformly
distributed across the island, since the feeder selection is done based on voltage drop
measure, which explicitly indicates the proximity of the loads to the event location
[39,40,71,90].

6.2.4.3 Scenario 3:

The islanding in scenario S3 indicated by solid line in Fig. 6.14 is initiated by loss of
transmission line 13-14 at 2 s followed by cascading events such as outage of lines 4-5,
2-3 and 25-26 at 3 s, 4 s and 5 s, respectively. The wind power share equal to 38% to-
gether with 741 MW load-generation imbalance (19%) in term of total available supply
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in the island results in a frequency downfall with the rate of -0.18 Hz/s.
By comparing the frequency and voltage profiles of both UFLS and AUFVLS meth-

ods plotted in Figs. 6.21, 6.22 and 6.23, acceptable performance of proposed method
(AUFVLS) is explicitly revealed. Only 6 of 10 loads installed in the area S3 in Fig. 6.14
participate in the LS when the AUFVLS method is applied. The loads 3 and 18 are
completely curtailed and the loads 4, 16 and 26 are partially discarded, which confirms
the event location orientation of the AUFVLS scheme.

In the scenarios 1 and 2, the frequency collapse barrier scheme discussed in section
6.2.2.1 is merely enough to bring the frequency back to the permissible range in time,
and hence the frequency anti stalling scheme elaborated in 6.2.2.3 is not activated. In
scenario 3, as it is observable in Fig. 6.21, the frequency stall detection scheme explained
in 6.2.2.2 diagnoses that despite of oscillations and minor incremental trend in the fre-
quency between time 15 s and 27 s, its average trend may not reach the safe boundary
in time same as the scenario 2 in Fig. 6.12. As it can be seen in Figs. 6.21 and 6.22, the
anti stalling scheme interrupts one more feeder at 27 s to recover the frequency in time.

6.2.4.4 Comparison of Different Scenarios and Discussion

By comparing the frequency and voltage curves of different scenarios, some points are
noteworthy while the wind power penetration is augmented in the power system: First,
the frequency relatively falls faster (larger ROCOF values) due to lower inertia of re-
sultant power system [83], which necessitates faster relevant control actions (e.g. less
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Table 6.3: The Comparison of Different Scenarios

Scenario ∆P MW (%) WPP (%) ROCOF (Hz/s)
S1 454 (22) 33 -0.25
S2 1024 (30) 43 -0.62
S3 741 (19) 38 -0.18
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stage time delays) [71]. Second, the period of frequency oscillations despite of their
peak to peak value is reduced [8, 74]. Third, the flickers/spikes/plunges are relatively
become prevalent in both frequency and voltage curves, which may improperly excite
the protection relays, e.g. ROCOF relays [8, 22, 72]. In the SMs, the frequency/voltage
variables are the result of mechanical rotation of rotor, which may freely deviate from
their overall trend. Furthermore, the mechanical dynamics essentially have a smooth
nature due to their inherent inertia, which causes prevention of sharp changes in fre-
quency and voltage profiles, whereas the VSWTs are well-known as harmonic producers
in the frequency and voltage profiles due to the employed power electronic converters,
since converters are much faster than rotor mechanical motion and governor dynamics
of SMs and may cause sharp variation of aforementioned variables [74].

In order to make the comparison of distinct scenarios easier, three determinant vari-
ables, i.e. the active power deficit (∆P ), Wind Power Penetration (WPP) share and
initial value of ROCOF following the islanding have been collected in the Table. 6.3. The
ROCOF has a direct relationship with both ∆P and WPP. Moreover, the performance
of distinct UFLS and AUFVLS methods in different scenarios in term of total shed
load, the number of involved loads and feeders is summarized in Table. 6.4. Table. 6.4
demonstrates that the continuous operation condition of the island following the severe
cascading events is achieved by less shed load, involved loads and feeders in AUFVLS
scheme in comparison to the classical UFLS method.

Comparing the performance of the AUFVLS and UFLS methods discloses that al-
though the UFLS method reacts to the frequency collapse sooner and faster than the
AUFVLS method and causes less stay of the power system states (variables) in the
stressed operation condition far from the safe area, it suffers from over load shedding
in all of scenarios, and hence fails in settling the frequency inside the acceptable re-
gion [40, 71]. In the UFLS method, the equality of corresponding frequency set points
of different relays causes almost simultaneous trigger of aforementioned stages regard-
less of resultant total shed load and therefore frequency behavior, which may cause
sharp changes in the frequency profile and even over load shedding. In contrast, in
the AUFVLS technique, distributed deployment of frequency set points results gradual
trigger of feeders, i.e. slightly delayed reaction of AUFVLS method is necessary to avoid
over load shedding by providing enough time for the transient and sharp jumps of the
frequency resulting from already triggered stages to be damped in order the frequency
trend can be properly detected [74].

Table 6.4: Total Shed Load (MW) | No. Involved Loads | Feeders

Method S1 S2 S3
UFLS 526 | 8 | 8 1625 | 10 | 21 996 | 13 | 13

AUFVLS 507 | 5 | 6 1167 | 9 | 18 809 | 5 | 12
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Table 6.5: The Simulation Parameters of Different Methods

Method Parameters

UFLS f th (Hz) 59.7 59.5 59.3 59.1
Td (cycles) 60 30 18 6

AUFVLS

fL fl fh fH fn

58.0 Hz 58.4 Hz 59.3 Hz 59.5 Hz 60 Hz
TL Th ∆fapp

i ∆fmax
i vof

2 s 60 s 0.02 Hz 0.5 Hz 0.1 pu
Nmin N m
6 12 4

6.2.5 Summary
The average trend of frequency oscillations following the disturbance/s is estimated using
inflection points of second frequency gradient profile. Moreover, a frequency collapse
barrier procedure is set up by adaptive tunning of frequency set points of load shedding
relays using voltage drop data coordinated with plant protection scheme. A frequency
anti stalling scheme is developed to interrupt more load feeders in case of frequency
stall/stuck between successive stages. The latter time-based approach tunes the time
delay of the stages to interrupt the feeders with more voltage drop first, in order to push
the frequency up to the normal range before activation of plant protection relays. To
avoid over load shedding, the load drop is stopped if the frequency reaches the normal
range in time. In addition, tripping of producer feeders, which inject active or reactive
power to the network due to penetration of renewable energy sources into the load
feeders is also avoided by considering the power flow direction of feeders in the proposed
scheme.
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6.3 Emergency Control with High Share of RESs

6.3.1 The Time Delay Between Successive Stages
The stage delay is one of important parameters, which significantly affects the LS pro-
cedure and needs to be considered carefully [40, 42, 71]. The upper limit of stage delay
is specified to avoid unnecessary postponement in the LS process, which results not
only tardiness of LS procedure, but may also allow the frequency to egress from the LS
frequency zone (fL to fH) and therefore cause early trigger of undesired stages of other
load relays that may be far from the event location [40,74].

On the other hand, the stage delay should be minimized as much as possible to
fast recovery of frequency to the permissible frequency reign (fL to fH) or at least
continuous operating range of SMs (60±0.5 Hz) [8,40,42]. Moreover, the time delay be-
tween consecutive stages is intentionally employed to reject probabilistic transient dips
in frequency, which may come to exist due to the inter area oscillations or measurement
issues [8, 39,71] and too short delays may fail to achieve the aforementioned goal.

Severe frequency plunges, sharp downfall of frequency or a high value of ROCOF
may occur in a short time of several seconds due to two main reasons or both simul-
taneously [8]. First, the power system suffers from a large load-generation imbalance
(∆P ), which may happen in the case of islanding. Second, the share of WP in the power
system is high and hence the equivalent inertia time constant (Heq) is low as illustrated
in section 6.1.2. The last one may happen in close future if current growth of RESs in
power system continuously keeps on development without a proper countermeasure for
the reduced inertia.

In conventional power systems without RESs, the time delay between 10 to 14 cycles
is suggested as the lower limit of stage delay to respect the relay and circuit breaker
operation times [40, 71, 74]. But in low inertia power systems, the frequency profile
is steepened further and hence the situation is worsened by remarkably increment of
ROCOF quantity, especially in the case of high penetration of WP. Under such a cir-
cumstances, the reaction time of relevant control actions needs to be reduced in order
to be efficient in time. Furthermore, with this rapid decline of frequency and respecting
the minimum time delay between consecutive stages recommended by IEEE standard,
the frequency may cross the important thresholds without encountering the reaction of
protection devices such as LS relays [8, 93].
The 39 bus IEEE standard test system shown in Fig. 6.24 is chosen as case study and
the system data can be found in [37,40,74,80]. The 4th order mathematical model, the
IEEE standard governor IEESGO and Automatic Voltage Regulator (AVR) IEEEX1
are considered for all SMs. The dependency of load’s active and reactive power to the
voltage and frequency and the contribution share of different type of loads including
light bulb (10%), fluorescent bulb (20%) and asynchronous motor (70%) are defined
according to [8, 40]. The parameters of both classical UFLS [40, 71] and the proposed
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scheme (AUFVLS) are available in Tab. 6.8.
The wind speed is assumed to be constant (in this case 14 m/sec) for short period

of time up to tens of seconds [10, 22, 79]. A high penetration of WP in the power sys-
tem about 65% is achieved by replacing the existing SMs by VSWTs as can be seen in
Fig. 6.24. A comprehensive model of Permanent Magnet Synchronous Machine (PMSG)
type of VSWT shown in Fig. 6.25 is employed [70, 94] and its operating point is set at
a suboptimal point equal to 90% of its rated power using pitch control to provide 10%
spinning reserve [10,14]. The real and reactive power of VSWT are independently con-
trolled by four quadrant operation of back to back voltage source converters using vector
control techniques in the dq reference frame. The parallel VSWTs inside the wind farm
are aggregated into a single unit with the MVA equal to the summation of the apparent
power of individual units.

6.3.2 Simulation Results
The efficiency of the proposed scheme is validated in DIgSILENT PowerFactory 15.0
software. Three distinct scenarios covering different parts of the power system (Fig. 6.24)
including severe combinational perturbations such as islanding and/or cascading events
with high level of load-generation imbalance (∆P), various WP Penetration share (WPP)
and ROCOF quantity are selected as the disturbance. The results are compared to the
classical UFLS method in term of steady state value of frequency, the total amount of
shed load, the number of loads and feeders involved with the LS scheme and the voltage
deviation of the load buses from their per-disturbance values.

Fig. 6.24: The 39 bus IEEE test system
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Fig. 6.25: Control structure of PMSG
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6.3.2.1 Scenario 1:

In the first scenario, the G10 loss as the initiating event in 2 s causes tie-line overloading
and hence cascading events including outage of tie-lines 1-2 at 3 s, 4-5 at 4 s and both
16-17 & 4-14 at 5 s, which result separation of almost a large island from the rest of
power system indicated by dashed line and S1 region in Fig. 6.24. Since the G8 is re-
placed with a wind farm with the same capacity, just after the islanding at 5 s, 39% WP
penetration, 740 MW of active power deficit (54% of remained generation) and ROCOF
quantity of -0.42 Hz/s is registered.

The simulation results throughout 60 seconds of time are shown in Figs. 6.26-6.29.
Fig. 6.26 indicates that the classical UFLS suffers from over LS and stables the fre-
quency at 61.8 Hz, whereas the proposed AUFVLS yields a desired steady state fre-
quency slightly less than 60 Hz. Fig. 6.27 demonstrates the chronological order of LS
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plan in which just one stage of loads 27 and 18, two stages of loads 3 and 4 and all
stages of load 25 are triggered.

The voltage profile resulting from AUFVLS and UFLS methods are depicted in
Figs. 6.28 and 6.29, respectively, but due to the numerous voltage profiles in each figure
and limited number of line styles, they are intentionally plotted in two different figures
located in the same column. In order to simplify the comparison between two different
column figures, the vertical axis range is deliberately selected same for both figures. The
comparison of voltage profiles of AUFVLS and UFLS methods indicates better voltage
profiles of AUFVLS method with less deviation from their steady state value prior to
the disturbance.

Due to the high level of WP penetration and therefore large value of ROCOF, the
recommended minimum time between consecutive stages elaborated in section 6.3.1 is
inevitably violated at least for the incipient triggered stages, since each fired stage re-
leases some portion of the system load and hence reduces the load-generation imbalance
and as well as ROCOF quantity.

The AUFVLS method totally curtails 771 MW of load by disconnecting 10 feeders
of 5 involved loads, whereas the classical UFLS drops 1095 MW of load by opening
16 feeders of 8 involved loads, which shows that the AUFLS scheme is a localized LS
technique with focus of the event zone with less loads/feeders relief to retrieve to the
normal condition. The comparison of pre and post-disturbance steady state values of
frequency and voltages also confirms better performance of proposed method.

6.3.2.2 Scenario 2:

The second scenario (S2) specified by dash-dot line in Fig. 6.24 covers a different area
of the power system partially overlapped with the first scenario. Outage of VSWT3 and
transmission lines 15-16, 17-18 and 25-26 at 2 s, 3 s, 4 s and 5 s, respectively, forms the
cascading events leading to the islanding situation with the load-generation mismatch
equal to 1091 MW (48% of remaining generation) and faster frequency drop of -0.64
Hz/s. Replacement of G1, G3 and G8 SMs with alternative PMSG VSWTs increases
the WP share percentage to 67% of total generation.

Fig. 6.30 shows that the classical UFLS leads the frequency to instability sooner
than the previous scenario, whereas the AUFVLS method settles the post-disturbance
frequency inside the permissible range slightly above the nominal frequency of the power
system equal to fn=60 Hz. The post-disturbance frequency at or above the nominal
value is recommended by standards for the networks in which sufficient reserve capacity
is not available to provide extra generation and bring the frequency up from a value
inside the permissible range to the nominal value [8, 22,74].

Despite of classical UFLS in which all 10 loads and 26 feeders of 40 available feeders
in the S2 area are involved in the LS, the AUFVLS scheme merely contributes 8 loads
and totally 18 feeders of them in the LS plan. Fig. 6.31 demonstrates that All of
relay stages of loads 3 and 15 are consecutively triggered and the remaining 6 loads
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contributing in the LS plan are partially curtailed. The shed load is non uniformly
distributed across the island since the feeder selection is done based on voltage drop
criterion and therefore proximity of the loads to the event location [22,35,36,40,41,74].
In this scenario, the conventional UFLS method in addition to the over frequency, it
even suffers from over voltage due to shedding the loads in improper locations, which
further worses the situation (Fig. 6.33), whereas the post-disturbance voltage profiles
of AUFVLS approach depicted in Fig. 6.32 are relatively desired. The total shed load,
number of disconnected feeders and number of involved loads in AUFVLS and UFLS
methods are 1257 MW, 18 feeder, 8 loads and 1958 MW, 26 feeder, 10 loads, respectively.
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6.3.2.3 Scenario 3:

The islanding in scenario S3 represented by solid line in Fig. 6.24 is initiated by loss
of transmission line 13-14 at 2 s followed by cascading events such as outage of lines
4-5, 2-3 and 26-27 at 3 s, 4 s and 5 s, respectively. The highest WP share equal to
78% together with 996 MW load-generation imbalance (42%) in term of total available
supply in the island results a relatively high value of ROCOF about -0.95 Hz/s.

By comparing the frequency and voltage profiles of both UFLS and AUFVLS meth-
ods plotted in Figs. 6.34, 6.36 and 6.37, acceptable performance of proposed method
(AUFVLS) is explicitly revealed. Only 6 of 10 loads installed in the area S3 in Fig. 6.24
are participated in the LS by AUFVLS method. The loads 3 and 27 are completely
curtailed and loads 4, 15, 16 and 18 are partially discarded (Fig. 6.35).
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6.3.3 Comparison of Different Scenarios and Discussion
By considering the frequency profiles of different scenarios, two differences are observable
in the frequency behavior when the WP share is increased in the power system. First,
the frequency inter-area oscillations, which are observable in the power systems with
no RESs and deviate from the overall trend of frequency are reduced in the networks
with high WPP. Second, the flickers/spikes/plunges are relatively increased in both
frequency and voltage profiles, which may improperly trigger the protection devices e.g.
ROCOF relays. They may be due to the differences in the nature of SMs and VSWTs.
In the SMs, the frequency/voltage is the result of rotation of spinning masses (rotors)
and these masses to some extent feel free to slightly deviate from overall frequency of
power system. Furthermore, the mechanical dynamics essentially have a smooth nature
due to their inherent inertia, which causes prevention of sharp changes in frequency and
voltage profiles, whereas the frequency and voltage in VSWTs are directly determined
by PECs, which are much faster than governor dynamics and rotor mechanical motion
of SMs and may cause sharp variation of variables.

In order to simplify the comparison of different scenarios, three key variables i.e. the
total shed load (∆P ), WP Penetration share (WPP) and initial value of ROCOF just
after the islanding have been summarized in the Tab. 6.6. Although, the ∆P , WPP and
ROCOF variables have an almost same increase trend from scenario 1 to scenario 2, but
from scenario 2 to scanario 3, the ∆P is to some extent decreased whereas the WPP and
ROCOF keep on same augmentation trend as before, which means that between ∆P
and WPP (the two major factors that affect the ROCOF and discussed in section 6.3.1),
the WPP is dominant in this case. The ROCOF equal to -0.95 Hz/s corresponding to
78% of WPP in scenario 3 indicates that if the relevant control actions do not react in
time, the frequency reaches 58.0 Hz i.e. the trigger frequency of plant protection relay
of SMs, which operates in 2 seconds and hence the power system encounters to more
cascading events [95].

The performance of different UFLS and AUFVLS methods in distinct scenarios in

Table 6.6: The Comparison of Different Scenarios

Scenario ∆P MW (%) WPP (%) ROCOF (Hz/s)
S1 740 (54) 39 -0.42
S2 1091 (48) 67 -0.64
S3 996 (42) 78 -0.95

Table 6.7: Total Shed Load (MW) | No. Involved Loads | Feeders

Method S1 S2 S3
UFLS 1095 | 8 | 16 1958 | 10 | 26 1757 | 10 | 20

AUFVLS 771 | 5 | 10 1257 | 8 | 18 991 | 6 | 14



Section 6.3. Emergency Control with High Share of RESs 109

Table 6.8: The Simulation Parameters of Different Methods

Method Parameters

UFLS f th (Hz) 59.7 59.5 59.3 59.1
Td (cycles) 60 30 18 6

AUFVLS fL fH fn ∆vmax m
57.9 Hz 59.7 Hz 60 Hz 0.25 pu 4

term of total shed load, the number of involved loads and feeders is summarized in
Tab. 6.7. Tab. 6.7 demonstrates that the normal status of the island following the
severe cascading events is achieved by less shed load, involved loads and feeders in
AUFVLS scheme.

6.3.4 Summary
There are two possible solutions to deal with the fast frequency drop. First, shedding the
selected loads entirely at their first stage in case of high value of ROCOF especially in the
incipient phase of event occurrence, which may cause sharp changes in the frequency
profile and is not recommended at all. Second, disregarding the time delay between
successive stages recommended by relevant IEEE standard. The time delay between
two consecutive stages directly depends on how fast the ROCOF crosses the frequency
threshold of the first stage and reaches the frequency threshold of the second stage. It
means that the higher value of ROCOF yields less time delays, which may violate the
minimum time delay recommended by IEEE standard.
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The intent of this chapter is to summarize the work, which has been done throughout
this Ph.D. project, and to emphasize the main contributions of this project documented
in this thesis - A Power System Emergency Control Scheme in the Presence of High
Wind Power Penetration.

7.1 Summary
In chapter I, the scope of thesis including background, motivation, objectives and, last
but not least, limitations are highlighted. Next, the thesis outline along with the list of
corresponding publications are presented, respectively.

In chapter II, the power system stability states are briefly reviewed with more focus
on emergency control and its countermeasures such as load shedding in the presence of
high share of renewable energy sources, which is the main target of project. Afterward,
the necessity of considering voltage dynamics along with frequency data to achieve co-
ordination of under voltage and under frequency schemes is emphasized.

In chapter III, the recent, relevant and high-ranked literatures regarding the last
research findings in this field are reviewed and classified based on their control strategy
and flexibility, i.e centralized/distributed and adaptivity. Different proposed methods
are compared from distinct aspects and their merits and disadvantages of each category
are highlighted. The main contribution of current thesis in order to improve/advance
the aforementioned state of the art is clarified at th end of chapter.

In chapter IV, the capabilities and ancillary services provided by variable speed wind
turbines such as load-frequency control and reactive power support associated with fre-
quency and voltage regulation following disturbance/s, respectively are studied. The
aforementioned grid supports are improved to be adaptive to the magnitude and lo-
cation of perturbation/s using integration of locally measured voltage drop data into
the existing/conventional schemes, which implicitly indicates the electrical distance to
the event location. Next, the new challenges regarding integration of high share of re-
newable energy sources into power system such as malfunction operation of LVRT grid
code under the islanding condition, which may lead to successive outage of RESs and
therefore, occurrence of cascading events is investigated.

In chapter V, simultaneous use of both voltage and frequency data to achieve co-
ordination of corresponding under voltage and under frequency load shedding schemes,
respectively are fulfilled. Two different methods are suggested to localize the load shed-
ding scheme to be localized as much as possible on the event location using adaptive
tunning of relay settings based on voltage drop data.

In chapter VI, the share of renewable energy sources in the power system is remark-
ably increased. Active power deficit estimation in unknown inertia power systems, i.e.
in the presence of renewable energy sources and/or in case of cascading events including
outage of synchronous machines is proposed. Coordination of proposed load shedding
procedure with plant protection relays are carried out to prevent eventually outage of
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more generation units.

7.2 Main Contributions
This dissertation addresses the decentralized power system emergency control scheme,
using load shedding in the presence of high wind power penetration. The main objectives
and contributions of current thesis are highlighted as below:

1. The impacts of high penetration of renewable energy sources, especially wind
power on the system stability reflected in the key and determinant state variables
such as frequency, voltage and frequency gradient was analyzed, and an overview
of the key issues related with wind power in power system emergency control was
addressed.

2. Reduction of equivalent system inertia, which is a consequence of penetration of re-
newable energy sources into power system and/or outage of synchronous machines
during the cascading events and hence causes inaccurate estimation of actual ac-
tive power deficit was investigated and considered in the proposed methods. A
new method is suggested to approximate and update the actual load-generation
imbalance following each load shedding stage using pre and post-disturbance rate
of frequency change and the shed load amount.

3. The need for revising the tuning strategy of under frequency and voltage load
shedding relays were also emphasized. The necessity of simultaneous considering
frequency, voltage and rate of frequency change indices in designing a coordinated,
integrated and effective load shedding procedure was shown.

4. Decentralized and automatic adjusting of frequency set points and stage time
delays of load shedding relays based on voltage drop data were proposed to make
the scheme adaptive to the magnitude and location of disturbance/s. In addition
to its adaptive feature and easy Plug & Play installation, which handles variant
topology of power system due to intermittent connectivity of RESs, a part of
duty/burden of control center is assigned to the low level of hierarchal control
system, i.e. distributed protection devices against Cyber Security attacks.

5. The voltage drop data were employed to localize the load shedding plan on the
vicinity of event location. It means that the loads closer to the event location
and experience more voltage drop participate more in the load shedding plan than
distant and faraway loads.

6. In order to achieve a preventive approach, the proposed methods were coordinated
with existing plant protection schemes. The frequency versus time characteristic
of plant protection relays were considered in the proposed method to recover the
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frequency to the permissible range in time before their activation, which causes
outage of synchronous machine and therefore occurrence of more cascading events.

7. Distributed, adaptive and localized Load-Frequency Control (LFC) of variable
speed wind turbines were proposed in such a way that the wind turbines with
larger voltage drop at their PCC contribute more to the LFC. Localized LFC
causes locally provision of demanded power as much as possible to avoid power
transfer from distant generation units to the event location, which may overload
transmission lines and hence lead to their outage due to the respective thermal
limit.

8. The performance of LVRT grid code was investigated under the islanding condi-
tion. A much more reliable ancillary service provided by RESs during severe con-
tingencies was proposed by changing the disconnection policy of existing LVRT
grid code. The connectivity of RESs to the grid in case of having voltages close
to the nominal value following the disturbances should be determined based on
being the RES under mechanical or electrical stress, instead of voltage versus time
characteristic of LVRT. Therefore, as far as the RES can support the grid safely
by either active or reactive power, it should be remained connected to the grid.
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Although many issues have been documented in this thesis regarding power system
stability and protection in presence of renewable energy sources, there are still a lot of
possibilities for technology improvement. This chapter presents an outlook of the thesis
topic in order to enrich the future research outcomes. Some issues of high interest for
future investigations are listed below:

1. Due to the dependency of active and reactive power of loads to the voltage, the
reduction of load voltage during the disturbance/s typically decreases the active
and reactive power consumption. Discarding a given amount of load can be done
by either disconnecting a big number of feeders with lower voltage and hence lower
active power consumption than its rated value or by disconnecting a relatively
smaller number of feeders with the voltage close to its nominal value and therefore
rated power. The penalty cost of an interrupted feeder/costumer during load
shedding is independent of its active power quantity during the disturbance. It
means that despite of the fact that most of existing load shedding methods try
to minimize the amount of total shed load in their proposed solution, the total
cost of load shedding is not necessarily minimized by minimizing the total shed
load in MW. In addition to the total shed load, the penalty cost of interrupted
feeder/costumer should also be considered in the final cost function.

2. The grid code LVRT capability of Renewable Energy Sources (RESs), which may
cause improper/early disconnection of them from the grid during islanding con-
dition, should be improved by considering the available/standby/unused spinning
reserve of RES, which is released for voltage regulation/reactive power support, by
reducing the active power set point from MPPT to a operating point with lower
efficiency during disturbances. It means that if the wind turbine still has some
spinning reserve and it is not under any kind of mechanical or electrical stress,
disconnection of wind turbine according to the LVRT characteristic just based
on the voltage sag magnitude and/or its duration time may be an incorrect deci-
sion. Therefore, a revision of existing LVRT characteristic regarding the islanding
condition is necessary.

3. The estimated active power deficit in presence of RESs needs to be examined
with different scenarios including combinational and cascading events and island-
ing under distinct level of load-generation imbalance, wind power penetration on
different power systems.

4. Nowadays, the operating points of transmission lines are close to their thermal
limit due to fast growing energy demand and/or high penetration of dispersed
generation into the distribution feeders. Therefore, the thermal limit of trans-
mission lines connected to the PCC of wind turbine should be considered in the
Load-Frequency Control (LFC) of wind turbines to avoid eventual outage of trans-
mission line, which may further deteriorate the stability management.
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