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SUMMARY

DELAY-DEPENDENT STABILITY ANALYSIS OF LOAD FREQUENCY
CONTROL SYSTEMS WITH ELECTRIC VEHICLES AND ROBUST
CONTROLLER DESIGN

NAVEED, Ausnain
Nigde Omer Halisdemir University
Graduate School of Natural and Applied Sciences

Department of Electrical and Electronics Engineering

Supervisor :Prof. Dr. Saffet AYASUN

April 2021, 143 pages

Electric Vehicles (EVs) have become a promising tool for frequency regulation Load
Frequency Control (LFC) in an interconnected system with one or more independently
controlled areas. This is due to increasing environmental concerns, gradual depletion of
fossils resources and increased penetration of highly variable renewable energy (RE)
power generation. Batteries in EVs can increase or decrease faster power output than
conventional generators. This fast response characteristic enhances dynamic performance
of LFC system. EVs can be used as generators or loads and hence reduce
generation/demand fluctuations, and improve frequency response. The integration of EVs
into LFC system requires a communication network to transcieve information to/from
EVs aggregators. In this respect, an open distributed communication network is usually
used. However, uncertain communication time delays are observed in such a network.
These delays can cause instability in power system despite the fact that EVs have fast-
response characteristics, which can improve the LFC performance. Hence, it is important
to investigate delay-dependent stability of LFC system enhanced by EVs (LFC-EVs) and
to develop robust controller design techniques in the presence of uncertainties in system

parameters and time delays.

Keywords: Communication time delay, Electric vehicles, Kharitonov Theorem, Load frequency control,
Robust PI controller design, Smart grid, Stability delay margin



OZET

ELEKTRIKLI ARAC GRUPLARI ICEREN YUK FREKANS KONTROL
SISTEMLERININ ZAMAN GECIKMESINE BAGLI KARARLILIK ANALIZI VE
GURBUZ DENETLEYICi TASARIMI

NAVEED, Ausnain
Nigde Omer Halisdemir Universitesi
Fen Bilimleri Enstitlisu
Elektrik Elektronik Miihendisligi Anabilim Dal1

Danisman :Prof. Dr. Saffet AYASUN

Nisan 2021, 143 sayfa

Elektrikli Elektrikli araclar (EA) frekans regtilasyonu icin gok bolgeli yiik frekans kontrol
(YFK) sistemi igeren enterkonnekte gug¢ sistemlerinde umut verici dnemli bir Gretim
birimi haline gelmektedir. Bunun temel nedeni ¢evre konusundaki artan endiseler, fosil
yakitlarin hizla tiikkeniyor olmast ve degisken ¢ikis giicii verebilen yenilenebilir enerji
kaynaklarmin (YEK) enerji liretiminde yaygin olarak kullanilmasidir. EA bataryalari
klasik jeneratorlere gore hizli gii¢ ¢ikisina sahip oldugundan dolayi, YFK sistemlerinin
dinamik performansini arttirirlar. Bu siirecte, EA jenerator veya yiik grubu olarak frekans
diizenlenme servisine katkida bulunurlar. YFK sistemlerinde EA gruplarinin EA
toplayicilar1 araciligiyla entegre edilmesi bilgi alis verisi i¢cin bir haberlesme agi
gerektirmektedir. EA gruplarmin gili¢ sebekesi tizerindeki olumlu dinamik etksine
ragmen, haberlesme aglart sistemin dinamik performansini ve kararliligmi olumsuz
etkileyen zaman gecikmelerine neden olur. Dolayisiyla, EA gruplarmin dahil edildigi
YFK sistemlerinin (YFK-EA) gecikmeye bagli kararlilik analizi incelemek ve sistem
parametrleri ile birlikte zaman gecikmelerinde meydana gelen belirsiklerden dolay1

giirbiliz denetleyici parametre tasarim tekniklerini gelistirmek dnemlidir.

Anahtar Sozcukler: Akilli sebeke, Elektrikli araglar, Giirbiiz PI denetleyici tasarimi, Haberlesme agi,
Kararlilik gecikme pay1, Kharitonov Teoremi, Yiik frekans kontrolii, Zaman gecikmesi



ACKNOWLEDGEMENT

All praise and thanks to the Almighty for giving me the strength to achieve this goal. First
and foremost, | am extremely grateful to my supervisor Prof. Dr. Saffet AYASUN for his
invaluable advice, continuous support and patience during my PhD study. His immense
knowledge and plentiful experience have encouraged me in all the time of my academic
research. | extend my heartfelt and sincere gratitude to Assoc. Prof. Dr. Sahin SONMEZ
for his technical support and assistance. |1 would also like to thank members of my PhD
Advisory Committee and/or PhD Thesis Defense Jury, Prof. Muslim Cengiz
TAPLAMACIOGLU, Prof. Dr. Ersan KABALCI, Assoc. Prof. Dr. Emrah ZERDALI and
Assist. Prof. Dr. Kamil Fatih DILAVER for their guidance, insightful comments, and

direction.

My special appreciation goes to Scientific and Technological Research Council of Turkey
(TUBITAK) for providing funds for this study under the Project No. 118E744. | would
like to express my sincere gratitude and appreciation to the Council of Higher Education
of Turkey (YOK) for providing fellowship during my doctoral study and allowing me to
accomplish my dream of obtaining PhD degree. | am grateful to the University of Azad
Jammu & Kashmir (UAJ&K) for granting me a paid leave for a period of five years to

complete my PhD degree.

Finally, 1 would like to express my gratitude to my loving family, particularly my dear
parents and my two beautiful children, Shahveer and Shanzay for always standing by my
side. Without their tremendous understanding and encouragement in the past few years,
it would be impossible for me to complete my study. | am deeply indebted to my wife for
her dedicated and tireless moral support all along my study. Without her presence, | would

have been lost in the abyss of loneliness.

Vi



TABLE OF CONTENTS

SUMMARY ettt et a e e e e nrae e nes v
(74 = OO U TR U URRRRRO Y
LIST OF TABLES. ..ottt ettt sttt iX
LIST OF FIGURES ......ooo ettt ettt e nnt e nn e et e e anne e X
SYMBOLS AND ABBREVIATIONS. ...ttt xiii
CHAPTER I INTRODUCTION ..ottt st anas 1
1.1 AIMS QN0 ODJECLIVES .....cvieiiiiicciecie ettt ettt e be e nne s 9
CHAPTER Il LITERATURE REVIEW ....ccociiiiiiiieieeesesee e 11
CHAPTER Il TIME DELAYED LFC SYSTEM INTEGRATED WITH EVs
AGGREGATORS ...t e s e e e aa e e e ne e e ane e e e neeeannes 17
3.1 Single-Area LFC-EVS SYSIEM ......ooiiiiiiiiiiieees e 19
3.2. Two-Area LFC System Integrated with EVS AgQregators..........ccocevveveieenieseennnn, 21
CHAPTER IV DELAY DEPENDENT STABILITY ANALYSIS OF LFC-EVs
SY ST EM e e et e e et e e e rreearaaeas 25
4.1 Elimination of Exponential Terms by Direct Method .........cccccoocviiiiiiiiiiien 27
4.2 Rekasius Substitution Method ............cccoiiiiiiiiieiee e 32
CHAPTER V METHODS FOR OBTAINING ROBUST STABILITY REGIONS..... 36
5.1 Stability Boundary LOCUS Method ...........ccoiieiiiiiii e 36
5.2 Robust Stability Regions Obtained using Kharitonov Theorem .............ccccceeveennen. 39
CHAPTER VI COMPUTATION OF STABILITY DELAY MARGIN .........cccceeene. 42
6.1 Computation of Stability Margin by Direct Method ............cccccovviiiiiiciiee e, 42
6.1.1 Stability margin computation in single-area LFC-EVs system ............c.c........ 42
6.1.2 Stability margin computation in two-area LFC-EVS system...........c..cccccuenen. 47
6.2 Computation of Stability Margin by Rekasius Substitution Method........................ 52
6.2.1 Stability margin computation in single-area LFC-EVSs system ............ccc........ 53
6.2.2 Stability margin computation in two-area LFC-EVS system..........c.cccceevvennee. 57
6.3 Verification of Theoretical RESUILS...........cooiiiiiiii e, 64
6.3.1 Verification of single-area LFC-EVS SYStEM.........cccceviviiieiie e 64
6.3.2 Verification of two-area LFC-EVS SYStEM ........ccccoviiiviiiiieie e 66
CHAPTER VII COMPUTATION OF ROBUST STABILITY REGIONS.................. 69
7.1 Computation of Stability Regions by Stability Boundary Locus Method................ 69

vii



7.1.1 Stability region computation in single-area LFC-EVS system ...........cccccveuue.e. 69
7.1.2 Verification of stability regions computed for single-area LFC-EVs system . 73
7.1.3 Stability regions in single-area LFC-EVs system with incommensurate

AEIAYS ...t 77
7.1.4 Verification of stability regions computed for incommensurate delays case .. 84
7.1.5 Stability region computation in two-area LFC-EVS system...........c.cccceevennnn. 85
7.1.6 Verification of stability regions computed for two-area LFC-EVs system..... 93
7.2 Computation of Robust Stability Regions by Kharitonov Theorem............cccccovnee. 95
7.2.1 Robust stability region computation in single-area LFC-EVs system............. 95
7.2.2 Verification of robust stability regions computed for single-area LFC-EVs
SYSTRIM ... 99
7.2.3 Robust stability region computation in two-area LFC-EVs system .............. 101
7.2.4 Verification of Robust Stability Regions Computed for Second Area of Two-
ATrea LFC-EVS SYSIEM ..ottt 105
CHAPTER VI CONCLUSIONS ..ottt 107
REFERENGCES ...ttt bbbt sttt 110
APPENDICES ... oottt sttt bbbt e e e e 124
APPENTIX ALttt e e e e neenes 124
APPENTIX A2ttt bbbttt bbb 125
CURRICULUM VITAE ...ttt 140
PUBLICATIONS PRODUCED FROM PhD RESEARCH...........ccccvevviiiiieiie e 141

viii



LIST OF TABLES

Table 6.1. Stability delay margins in single-area LFC-EVs for (2, =0.9, ¢ =0.1) ...... 45
Table 6.2. Stability delay margin in single-area LFC-EVs for (¢, =0.8, ¢4 =0.2) ....... 46
Table 6.3. Stability delay margins in single-area LFC-EVs for (¢ =0.7, ¢, =0.3) .....46

Table 6.4. Stability margins in two-area LFC-EVs for (¢, =, =0.9, g, =, =0.1)

Table 6.5. Stability margins in two-area LFC-EVs for (o =, =0.8, g =, =0.2)

Table 6.6. Stability margins in two-area LFC-EVs for (o, =, =0.7, oq; =, =0.3)

Table 6.7. Stability margins in single-area LFC-EVs system for (o, =0.9, ¢, =0.1) ...56
Table 6.8. Stability margins in single-area LFC-EVs for (¢, =0.8, ¢4 =0.2) ............... 57
Table 6.9. Stability margins in single-area LFC-EVs system for (¢, =0.7, o4 =0.3) ...57

Table 6.10. Stability margins in two-area LFC-EVs for (o, =, =0.9, o, =, =0.1)



Figure 1.1.
Figure 1.2.
Figure 3.1.
Figure 3.2.
Figure 4.1.
Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 6.9.

Figure 7.1.

Figure 7.2.

Figure 7.3.
Figure 7.4.

LIST OF FIGURES

Hierarchal structure of load frequency control............cccccceeviveiiieii e, 3
Functioning of EVs through Aggregator in Smart Grid.............ccooevveienennen. 6
Model of single-area LFC system integrated with EVs aggregator ............. 19
Model of two-area LFC-EVS SYSIEM..........ccccovviiiiieie e 22
Illustration of the roots movement along with the time delay...................... 26
Variation in stability margins against EVs participation factor for

(Kp = 0.3/ K| =0.6) ..ot 47
Variation of stability margin against the EVs participation factors for

(Kp =0.5, K| =0.7) oot 52
Variation of stability margin against the Tie-line Power for

(Kp =0.5,K; =0.7) oot 52
Dominant roots distribution by QPmR algorithm and frequency response for
= O.78560F....... 4. ... 40 . ... . .. 0. 65
Dominant roots distribution by QPmR algorithm and frequency response for
T = 0.8325 S 66
Dominant roots distribution by QPmR algorithm and frequency response for
T =0.875 S e 66
Dominant roots distribution by QPmR algorithm and frequency response for
T=0.7853S ..ttt 67
Dominant roots distribution by QPmR algorithm and frequency response for
TH = 0.8353S ...ttt 68
Dominant roots distribution by QPmR algorithm and frequency response for
T =0.8853S ...t 68
Stability regions for different values of EVs aggregator participation factors
WHEN T =10.53 .. 73
Stability region for different communication delays for ¢, =0.2 ............... 73
Demonstrating the CRB and RRB loci for the region R2 ..........c.ccoovvvenee. 74

Dominant roots distribution inside the stability region and frequency

reSPONSE TOr StADIE CASE.......cuviiieiiecie e 75



Figure 7.5.

Figure 7.6.

Figure 7.7.

Figure 7.8.

Figure 7.9.

Figure 7.10

Figure 7.11

Figure 7.12.
Figure 7.13.
Figure 7.14.
Figure 7.15.

Figure 7.16.

Figure 7.17.
Figure 7.18.

Figure 7.19.
Figure 7.20.
Figure 7.21.
Figure 7.22.

Figure 7.23.
Figure 7.24.

Figure 7.25.

Dominant roots distribution on the CRB locus and frequency response for
marginally Stable CaSe ...........cooiiiiiiii e 75
Dominant roots distribution outside the stability region and frequency
response for unstable CaSe.........ccovviieii i 76

Dominant roots distribution on the RRB locus and the frequency response
TOP SEADIE CASE......vi e 76
Dominant roots distribution below the RRB locus and the frequency
response for unstable CaSe.........cccvvvieeiiiic i 77
Block diagram of a single-area LFC-EVs system with multiple
INCOMMENSUIALE AEIAYS ..o 78
. Changing of 7; and 7, time delay values in a direction ..............c.cccceeuu... 78
. Stability regions for different |z| values at angle =30 ..........ccccevrvrrrnnen. 82
Stability regions for different || values at angle 8=45° ...........cccccuevneene. 83
Stability regions for different || values at angle 6=60°...........c.ccceeenennne. 83
Stability regions for the different values angle @ for |7|=0.5 SeC ............... 83
Dominant roots distribution on the CRB and frequency response for the
marginally Stable CaSE .........cccciiieiiiic e 84
Dominant roots distribution below the RRB boundary and frequency
response fOr UNSEabIe CASE.........cooiiiiiriiie e 85
CRBs and RRB of m; and m, when 7=1.0S ........c.cccecevrnnnnnininininnne, 92
Stability region constituted by the combined CRBs of m, and m, ........... 92
Impact of EVs participation factor on stability regions ...............cccccveeene. 92
Impact of time delay magnitude on stability regions .............ccccoevvvenennnn. 93
Dominant roots distribution and frequency response for stable case......... 94
Dominant roots distribution and frequency response for marginally stable
(07 TP U PP UPRPPPPPPROTY 94
Dominant roots distribution and frequency response for unstable case..... 94
Robust stability region for single-area LFC-EVs system when 7 =0.5s,
0=10% and @y =0.8 .....ccciiiiiiii e 97
Effect of time delay z on robust stability regions when 6 =10% and
0p = 0.8 e 98

Xi



Figure 7.26.

Figure 7.27.

Figure 7.28.
Figure 7.29.

Figure 7.30.
Figure 7.31.

Figure 7.32.

Figure 7.33.

Figure 7.34.

Figure 7.35.

Figure 7.36.

Figure 7.37.

Effect of participation ratios «, and «; on robust stability regions when

T=0.255 ANA G =100 ..ooviiiiieiiieeieee e 98
Effect of parametric uncertainties 6 on robust stability regions when
7=0.255 and 0 = 0.2 ..o 99
Verification of the CRBs of the regions R1, R2and R3............cccoeeneee. 100
Verification of the robust stability region R2 using random parametric
values within the defined INtervals.............ccccovreiiiiiiniince 100
A large load diSturbance SCeNArio ..........ccovrirerinieieiese e, 101
Frequency response of the system for the selected robust controller gains
under large load diSturbance ...........cccveveiieiicie e 101
Robust stability region for second area when 7=0.25s, 6 =10% and
il ... A A A 104
Effect of time delay = on robust stability regions of second area when
0=10% and @y =0.8 ... 104
Effect of participation ratios «, and «; on robust stability regions of
second area when 7=0.255 and & =109 .......ccccorereririireieiineneeenes 105

Effect of parametric uncertainties & on robust stability regions of second

area when 7=0.25s and a, =0.8

Verification of the robust stability region R1 of second area using random

parametric values within the defined intervals .........c.ccccooooviveiivieiienenn, 106
Frequency response of second area for the selected robust controller gains
under large load diSturbance ...........ccccveveiieii e 106

xii



SYMBOLS AND ABBREVIATIONS

Symbols Description

AR, : Load disturbance

Af : Frequency deviation

AX, : Change in valve position

AP, : Mechanical power output

AP, : Generator power output

AP, : EVs aggregator power output

X(t) : State variables

u(t) : Input signal

y(t) : Output signal

M, : Inertia constant of generator in i area

D, : Damping coefficient of generator in i area

T, : Time constant of governor in i area

T, : Time constant of turbine in i" area

T, : Time constant of reheat in i™ area

Foi : Fraction of the total turbine power in i"" area

)i : Frequency bias factor in i area

R; : Speed Regulation in i*" area

ACE : Area Control Error

Ti - Tie-line synchronizing coefficient between i and j"
control areas

7, : Time delay value in i area

Kpi : Proportional controller gain in i area

Kii  Integral controller gain in i area

@, : Root crossing the imaginary axis

Xiii



*

T

KEV,i

TEV J

Abbreviations

LFC
NLDC
ENTSO-E

EPDK

TSO
ISO
TEIAS

EVs
SCADA
AGC
PMU
WAMS
CPU
RAM

PI

RE
LFC-EVs
QPmMR
LMI

PID

RRB
CRB

RT

: Maximum allowable delay / stability delay margin

: Battery coefficient of i"" EV

: Time constant of battery of i'" EV

Descriptions

: Load Frequency Control
: National Load Dispatch Centre

: European Network of Transmission System Operators

for Electricity

: Enerji Piyasasi Diizenleme Kurumu (Energy Market

Regulatory Authority of Turkey)

: Transmission System Operator
: Independent System Operator
: Tiirkiye Elektrik iletim Anonim Sirketi (Turkish

Electricity Transmission Corporation)

: Electric Vehicles

: Supervisory Control And Data Acquisition

: Automatic Generation Control

: Phasor Measurement Units

: Wide Area Monitoring System

: Central Processing Unit

: Random Access Memory

: Proportional-Integral

: Renewable Energy

: Load Frequency Control system with Electric Vehicles
: Quasi Polynomial Mapping based Root finder
: Linear Matrix Inequalities

: Proportional-Integral-Derivative

: Real Root Boundary

: Complex Root Boundary

: Root Tendency

Xiv



CHAPTER |

INTRODUCTION

The Load Frequency Control (LFC) systems have been widely used in the control of
electrical power systems for many years to provide the balance between load demand and
generation in each control region and thus to eliminate changes in system frequency
(Kundur, 1994; Saadat, 1999). The stability and reliability of electrical power systems
may get worse due to unbalance or sudden power changes occurring between power
generation and load demand during the daily operation of the electrical grid. In recent
years, the frequency control problem of the interconnected network has been seen as an
important issue in terms of the stability of the power systems and the studies in this area
are continuously increasing. The imbalance between the power generated and load
demand in the interconnected network directly affects the frequency of the electrical
network and causes a rapid deviation of the nominal frequency value that should be within
a certain range for the stable and reliable operation of the system. For this purpose, LFC
systems system in an interconnected power system consisting of one or more areas are
responsible for maintaining power-sharing at an already planned level between the areas

and thereby controlling the frequency of the power grid.

In general, the balance between the generated power and the load demanded by the user
requires a three-level control process known as primary, secondary and tertiary frequency
control. When load demand rises, the synchronous generator’s rotor slows down resulting
in a drop in grid’s frequency. Nonetheless, the governor comes into action and tries to
retrieve the frequency to the normal value. Such a frequency control by the governor is
known as “primary frequency control”. Governor may control the frequency by providing
more water or steam to the turbine, but, at times this alone is not sufficient and secondary
frequency control is needed. In “secondary frequency control” the loading on various
plants of different areas in the interconnected network is changed as directed by the
National Load Dispatch Centre (NLDC). Tertiary frequency control is a standby manual
service to ensure the continuity of the secondary frequency control. In case the secondary
control is inadequate, the system operator ensures the power balance by switching on the

POWEr reserves.



The frequency stability requirements that are determined by European Network of
Transmission System Operators for Electricity (ENTSO-E, 2009) and the Energy Market
Regulatory Authority of Turkey (EPDK, 2020) must be fulfilled because the electricity
network of Turkey is connected to the Continental Europe synchronous area since 2010.
Both the standards propose utilization of a hierarchical control structure in the form of
primary, secondary and tertiary control levels shown in Figure 1.1.

With the help of a governor, the primary frequency control reserve is locally employed
to provide an additional capacity to eliminate the imbalance between supply and demand
in the grid within a few seconds. Since, the purpose of primary control reserves is to
quickly create a balance between the demand and generation in the power system,
therefore, primary frequency control tries to keeps the frequency at its nominal value.
Primary control should be used in the system until the power deviation is fully zero by
the secondary or tertiary control reserves.

The secondary frequency control is activated by releasing the primary reserves.
Secondary control reserves restore the frequency of the system to the acceptable range
and set active power exchange between control areas to reference value. The secondary
frequency control is activated by the Transmission System Operator (TSO) by changing
the active power set points of the generating units in each relevant control area (Diaz-
Gonzaélez et al., 2014). Different secondary control methods are widely used at present in
the world. Therefore, each country including Turkey that is connected to European
interconnected network has its own Independent System Operator (ISO) (Aziz et al.,
2018).

The purpose of tertiary frequency control is to bring the frequency to its nominal value if
the secondary control is not sufficient. Also, this level is used for economic power
dispatch taking into account system constraints such as current limits of transmission
lines. The tertiary control reserves are activated manually and centrally by the ISO (Diaz-
Gonzélez et al., 2014). The frequency criteria and special cases given in EPDK (2020)

are as follows:

e The nominal frequency of the system (50 Hz) is controlled by Turkish Electricity
Transmission Corporation (TEIAS) in the range of 49.8 - 50.2 Hz.



e Considering the unstable operating conditions of the system frequency of 52.5 Hz
and 47.5 Hz, the frequency ranges provided by interconnected network of Turkey

are given as following:

1) Targeted operating conditions: 49.8 Hz < £ <50.2 Hz

2) Acceptable operating conditions: 49.5 Hz < f <49.8 Hz and 50.2 Hz < f<50.5 Hz
3) Critical operating conditions: 47.5 Hz < f <49.5 Hz and 50.5 Hz < f< 52.5 Hz

4) Unstable operating conditions: f < 47.5 Hz and 52.5 Hz < f

It can be seen from the abovementioned standards that the distributed generation units
must be connected to the system at an operating frequency within 49.5 Hz and 50.5 Hz.
However, if these generation units are outside this frequency range, they must be
disconnected from the network. It should be mentioned here that the operating frequency
range is wider for traditional generation units and should be between 47.5 Hz and 52.5
Hz (Hartmann et al., 2019).

Power Flow Control

Energy Management

minutes ~ hours

Power Quality

Grid Synchronization

seconds ~ minutes

Power Sharing

‘Voltage Control

—— Current Control

milliseconds ~ seconds

Figure 1.1. Hierarchal structure of load frequency control

The use of alternative energy sources that can provide energy to the system in the long
term have gained attention because of the rapid decrease in the reserves of non-renewable
fossil resources and the emerging energy crises. In order to reduce the harmful effects of
the conventional electricity generation plants on the environment and to contribute to the



sustainable economy and make the social life more reliable, renewable energy based
power plants have been intensively incorporated into interconnected power systems; as
they utilize energy sources such as wind, solar and geothermal energy (Datta et al., 2011;
Delille et al., 2012; Hund et al., 2010; Wang et al., 2011; Yang et al., 2008).

Although, renewable power plants have the characteristics of responding rapidly to the
changes in power demand in the interconnected system, the power fluctuations in wind
power and solar energy can negatively affect the dynamic behavior and operational
performance of the system resulting in large load changes and short circuit faults (Ahn et
al., 2011; Falahati et al., 2016; Liu et al., 2016; Luo et al., 2014; Masuta and Yokoyama,
2012; Pillai and Bak-Jensen, 2011; Sekyung et al., 2010). Since, the system frequency
control at the desired level has become more challenging, the need for ancillary services
to improve frequency stability in modern power systems has increased. Another
disadvantage of renewable power plants is the use of converter based devices like
photovoltaic or wind inverters which reduce the total mechanical inertial of the system
(Lietal., 2015).

The collapse of the interconnected system across Turkey on March 31st, 2015 and
recently in Pakistan on January 9th, 2021 has made it clear that the conventional load
frequency control or automatic generation control operations performed only by load
shedding or controlling the power generation are inadequate. For this reason, there is a
need for new tools in load frequency control systems that will ensure system integration

and keep system frequency at desired values.

In order to avoid these shortcomings and increase the stability of the power system,
battery systems in Electric Vehicles (EVs) can be used in smart grids’ LFC systems both
as a load group and a generator. Moreover, EVs are seen as an important solution because
of the mobile energy storage capacity of their batteries and also in terms of reducing the
cost of electric power networks as a replacement for the high cost energy storage devices
(Luo et al., 2014; Masuta and Yokoyama, 2012; Mu et al., 2013; Shimizu et al., 2010).
Thus, EVs in power systems have a significant impact on the operation and planning of
large-scale interconnected power systems network (Green et al., 2011; Li and Zhang,
2012; Richardson et al., 2012). If there is any change in power demand of the electric

grid, the frequency change signal is sent to the EVs aggregator by the LFC system. The



battery banks of the electric vehicles connected to the grid will then participate in the
frequency regulation service. EVs will perform the charging process if they are acting as
a load or they will perform discharging process if they are acting as a generator. This is
ensured by the fact that battery banks will serve as generating unit according to the real-
time price information sent to the EVs’ users at peak times when the power consumption
is high and whenever the power demand decreases, battery banks will carry out the
charging process by serving as a load. Since, charging or discharging in EVs is an
electrical and chemical process, they minimize the constant changes in the power states
of large power plants and assure the power balance in lesser time (Jia et al., 2018; Ko and
Sung, 2017a; Liu et al., 2016). In addition, EVs can provide additional financial benefits

to their owners being a part of Power Balancing Market.

A mechanism is required for aggregating and regulating substantial number of EVs from
different makers to practically participate in frequency regulation market. Therefore, an
entity known EV's Aggregator is used to fulfill the regulation criteria. In many electricity
markets of the world, different energy sources need to have a minimum power generation
capacity that determines their ability to participate in the power balancing market. For
example, the minimum criteria for an energy source to participate in power balancing
market by North-East ISO in the United States is at least 1 MW. This means that if an EV
supplies 2 kW power, the EVs aggregator has to put 500 EVs together to join the Power
Balancing Market. In Turkey, balancing units that can independently receive or deliver at
least 10 MW within 15 minutes can participate in Balancing Power Market. In addition
to the minimum capacity requirement, EVs Aggregators must have an Automatic
Generation Control (AGC) system to increase or decrease the output power of EVs in real

time.
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Figure 1.2. Functioning of EVs through Aggregator in Smart Grid

Figure 1.2 shows the electrical power system including conventional power plants,
Renewable Energy (RE) sources, EVs aggregator and communication network. The
conventional power plants contribute to frequency control with primary and secondary
frequency control. In primary frequency control, all plants with speed regulators respond
to changes in frequency by increasing or decreasing their generation automatically. The
plants that are included in the secondary frequency control contribute to the frequency to
reach the nominal value by making changes in their generation according to the frequency

regulation signal coming from the system operator.

Similarly, based on the control signal received from the control center, the EVs aggregator
controls the output power by decreasing or increasing the power of EVs group. In this
interconnected power system, Supervisory Control And Data Acquisition (SCADA) is
responsible for two main tasks: the first one is to gather the information, such as predicted
load, number of EVs participating, battery status of EVs etc., and the other task is to make
a schedule for the EVs to consume/generate power from/to the electric grid.

Since, EVs require a communication network to communicate with the AGC, wide area
communication networks are preferred because of the large number of control loops and

the complex communication devices. Such a communication network is represented by



dashed lines in Figure 1.2. Wide area communication networks play an important role in
the interconnected power systems by linking the smaller area networks operating at
different points and the central control unit. Since, the control center is at point far from
switchgears, power generation units and users, real-time electrical measurements taken
from the interconnected network must be transmitted to the control center or control
commands from the control center must be transmitted to various network systems to
control electrical devices. In this way, remote protection, control and monitoring tasks in
power systems are performed using this information. In order to perform status
estimation, protection, monitoring and control operations in the interconnected system,
the real-time power data, current and voltage phasor information must be transmitted to
the control center by means of wide area network system using Phasor Measurement
Units (PMUSs) in switchgears and transmission systems (Gungor et al., 2013; Wang et al.,
2011; Yan et al., 2013).

In the electric power system, communication links used by Wide Area Monitoring System
(WAMS) to transmit data from one point to another can be both wired and wireless
networks (Naduvathuparambil et al., 2002). Generally, wired communication networks
allocated for the measurement controls and signals transmission are created separately
from electrical power lines. Since, these dedicated networks are separate from the power
line, they require extra cost of investment for installation. However, it provides higher
communication capacity and lesser communication delays. Another type of
communication networks is wireless network. These networks communicate wirelessly
between devices in the system and do not require any cost of cable installation. However,
these networks cannot be used for long distance communications and the low data
transmission speed is also a significant shortcoming of these networks (Wang et al.,
2011).

In order to maintain the stable operation of the system, the communication infrastructure
should ensure security of the transmitted and received messages between the
communication devices in the electricity grid. For example, excessive delay in response
to control commands can negatively affect the reliability of the system like; a physical
fault in the communication lines, noise in the communication network, cyber-attack or
physical intervention from outside may badly effect the messages to be transmitted in a

timely and successful manner (Wang et al., 2011; Yan et al., 2013). In electrical power



systems, inevitable communication time delays are observed while sending the measured
electrical data to the central control unit using the communication networks. In the same
way, time delays are observed when the control signals are sent to the power plants and
EVs aggregators participating in the frequency control from the central control unit. The
magnitude of these time delays varies depending on; the nature of the communication
network used, the packet size of the information or control signal to be transmitted, the
communication protocol used and the traffic load on the communication network
(Naduvathuparambil et al., 2002).

Transfer of energy to/from the LFC is bidirectional when EVs are integrated into the
system. Therefore, it is necessary to evaluate the control signals transmitted from the
central controller to the EVs and also to take into account the time delays experienced
during the participation of the battery groups in the LFC system. Speed of Central
Processing Unit (CPU), the size of Random Access Memory (RAM) on EV module side,
signal intensity in communication network, activation of necessary algorithms in
charging/discharge processes and loading of data are some of the important factors that
may cause communication delay in the system (Fan et al., 2016; Jia et al., 2018; Zhou et
al., 2016).

Although, the controllable loads within the scope of EVs have the ability to react quickly,
but communication time delays varying within a certain range may cause instability in
electrical power system. For this reason, it is imperative that delays occurring in the
system because of the information signals transmitted should be taken into account for
the modeling of power systems. Likewise, the possible negative effects of these delays
on the system dynamics and frequency control should be analyzed in order to ensure
optimal operation of electrical power systems and to increase their stability and improve
their dynamic performance. In particular, it is important to know the maximum
communication time delay value for given system parameters and Proportional-Integral

(P1) controller gains that the system can tolerate without losing its stability.

Furthermore, electrical power systems can experience many uncertainties because of
system modelling, changes in load and system parameters. Especially, power generation,
transmission and distribution activities carried out by different companies together with

the restructuring of the electricity energy market and lack of coordination in terms of



planning, control and expansion of the system among these companies can further
increase these uncertainties (Bervani, 2014). Another reason for the uncertainty is the
changes in working conditions of the electric power system throughout the day. In power
system with plugged in EVs groups, the transmission of measurement information and
control signals over the open and distributed communication network causes
communication time delays that vary within a certain range. Since, Pl controller gains are
adjustable parameters, a controller can be designed considering the uncertainties of the
system parameters and time delay to achieve the desired dynamic performance and
frequency control for the different operating conditions and load change scenarios of the
power system. However, if the uncertainties in the system parameters and time delay are
taken into account, it is necessary to determine the robust PI controller gain values that

will guarantee the stability of the power system.

1.1 Aims and Objectives

EVs integrated to the LFC system have become a promising tool for frequency regulation
in an interconnected system comprising of one or more independently controlled areas.
This is attributable to the waxed penetration of RE based power generation that is highly
variable. Also, gradual depletion of fossils resources and other environmental concerns
have become the reasons behind finding a way out for stable operation of a power system.
Moreover, the increase or decrease in the power output of the batteries in EVs is faster
than conventional generators. Owing to this fast response characteristic of EVs, the
dynamic performance of LFC system can be enhanced. EVs can be used as loads or
generators and hence improve frequency response by reducing fluctuations in
demand/generation. On the other hand, uncertain time delays can be instigated during the
communication between the EVs aggregators and central controller. These delays can
cause instability of power system against an expectation that EVs having fast-response
characteristics can improve the LFC performance. For that reason, it is essential to
examine delay-dependent stability of LFC-EVs system and to develop robust controller
design techniques in the presence of uncertainties in system parameters and time delays.
This work aims to investigate the delay-dependent stability of single and two-area LFC-
EVs systems and to design robust PI controller. To achieve this goal, the following three

main studies will be conducted:



1) Computation of stability delay margins for given system parameters and Pl
controller gains by using two different frequency-domain exact methods (Direct
and Rekasius Substitution Methods) and investigation of the effect of P1 controller
gains on stability delay margins

2) Computation of robust PI controller gains that assure stability of LFC system
integrated with EVSs in presence of parametric uncertainties and time delays. Such
robust PI controller gains are obtained by using a graphical method known as
Stability Boundary Locus and Complex Kharitonov’s Theorem

3) Verification of theoretical delay margins and robust stability regions by
simulation studies and Quasi Polynomial Mapping based Root finder (QPmMR)

algorithm

The integration of EVs into the classic LFC system and stability analysis are the unique
aspects of this work. With the help of stability delay margin results, it will be possible to
tune PI controller gains properly and to design communication network such that
observed time delays will be less than stability delay margin. Robust stability regions
enable us to design robust Pl controller for stable operation while taking into account

uncertainties in system parameters and time delays.
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CHAPTER II

LITERATURE REVIEW

The LFC systems aim to regulate the frequency, to share the load between the generators
and to keep the scheduled tie-line power exchange in an interconnected power system
with independently controlled multiple areas (Kundur, 1994). Due to the increasing
environmental concerns, gradual depletion of fossils resources and increased penetration
of highly variable RE power generation, the frequency control and stability are becoming
more and more important issue (Bevrani et al., 2010). EVs with a Vehicle-to-Grid
technology have become a promising tool that can mitigate the intermittent effects of the
RE sources and regulate the system frequency. for load frequency regulation (Yang et al.,
2019). This is due to the fact that batteries in EVs can quickly enhance or reduce power
output as compared with the conventional generators. This quick response characteristic
increases the dynamic performance of LFC systems. EVs can be operated as loads or
generators and therefore, they reduce generation/demand fluctuations and improve
frequency response (Guille and Gross, 2009; Kempton and Letendre, 1997; Mu et al.,
2013; Pillai and Bak-Jensen, 2011). In order to practical participate in frequency
regulation market, EVs require an entity known as aggregator. The aggregator aggregates
and controls large number of EVs to fulfill the frequency regulation criteria (Bessa and
Matos, 2010; Bessa et al., 2014; Carreiroa et al., 2017; Han et al., 2010). The main
function of EVs aggregator is to send and receive information regarding the charging
status of EVs and their available electrical power and energy capacities to LFC center and
to rearrange the control signals dispersing EVs in order to adjust their power output using
an AGC.

For the AGC system, EVs aggregator require a dedicated or an open communication
network to transfer control commands to EVs. Owing to its low cost, the latter is
preferred. However, such acommunication network is prone to time delays (Ko and Sung,
2017b; Mak and Holland, 2002; Quinn et al., 2010). These delays can have adverse
effects on the dynamics and stability of the LFC system despite the fact that EVs are
capable of enhancing the dynamic performance of the system (Jia et al., 2018; Khalil and
Peng, 2018; Ko and Sung, 2017a; Naveed et al., 2020). The response time to the
regulation command by 1SO is imperative in frequency regulation service. Normally, ISO
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transmits the commands every 2-6 seconds to the aggregator (Yao et al., 2016). In order
to respond to regulation signals, ISOs usually have their own specific protocols for
allowing maximum communication delay like; ISO of California allows a communication
time delay limit of 4 seconds between EVs and the aggregator (Bilh et al., 2017).
Therefore, it is important to investigate the delay-dependent stability of LFC system
enhanced by EVs which is denoted as LFC-EVs and to compute the stability delay
margins defined as the allowable upper bound on the communication time delay. Besides,
the determination of all stabilizing PI controller parameters is required for guaranteeing

the stability of LFC-EVs in the presence of communication delay.

In the existing literature, numerous approaches are available to determine stability delay
margins of time-delayed dynamical systems. A large share of those studies intended to
compute the stability delay margin for a given set of Pl controller gains where the LFC
system without EVs is marginally stable. These might be categorized into two core
groups: i) Direct methods based on frequency-domain computation and ii) Indirect
methods based on time-domain computation. The former group intends to compute
complex roots of the characteristic polynomial on the imaginary axis. This type of
methods includes Schur-Cohn method (Chen et al., 1995), exclusion of the transcendental
terms of characteristic polynomial (Walton and Marshall, 1987), Matrix pencil method
(Chen et al., 1995; Fu et al., 2006; Gu et al., 2003; Su, 1995), Kronecker product and
basic conversion method (Chen et al.,1995; Louisell, 2001), Rekasius substitution
(Fazelinia, 2007; Naveed et al., 2019; Olga¢ and Sipahi, 2002; Olga¢ and Sipahi, 2004;
Rekasius, 1980; Sipahi and Olga¢, 2005; S6nmez et al., 2014; Yuan et al., 2020), delay
space re-scaling approach (Dong et al., 2017), the argument principle or contour integral
method (Xu et al., 2016) and frequency sweeping test (Chen and Latchman, 1995; Gu et
al., 2017). The direct methods based on frequency domain computation are capable of
exact calculation of delay margins with great accuracy. But, the drawback of such
methods is that these can only be utilized for the determination of time-constant delays.
A thorough study on the approaches for delay margin estimation of continuous linear
time-invariant systems experiencing constant communication delays is conferred in
(Pekat and Gao, 2018). Among these methods, the direct method based on the removal
of transcendental terms (Walton and Marshall, 1987) has been effectively used by
computing single and two area LFC systems delay margins (S6nmez et al., 2016).

Likewise, the same method is used for computing delay margins of micro-grid frequency
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control systems in (Gundiz et al., 2017). Delay margins for a single-area LFC system are
computed by Rekasius substitution in (Sénmez et al., 2014). The delay space re-scaling
method has been proposed for estimating the stability margin of hybrid energy storage
system having hierarchical control in DC micro-grids and undergoing more than one
delay (Dong et al., 2017). Finally, the frequency sweeping test is employed to compute
the delay margin of single-area LFC system in (Khalil and Peng, 2018).

The other group of methods uses Linear Matrix Inequalities (LMIs) alongside Lyapunov
stability theory for stability studies. These methods have been used in calculation of delay
margin for LFC systems (Jiang et al., 2012; Jin et al., 2019; Zhang et al., 2013) and micro-
grids not including EVs aggregator (Thangaiah and Parthasarathy, 2016). Numerous
inequalities have been proposed in recent years such as; free-matrix based inequality
(Zeng et al., 2019) and Bessel-Legendre inequality (Seuret and Gouaisbaut, 2015).
Indirect methods can be employed for time-varying as well as time-constant delay
scenarios. However, this group of methods can only determine the sufficient conditions
for the system stability and there exist various studies focusing on the reduction of the
conservativeness (Liu et al., 2019; Zeng et al., 2020; Zhang et al., 2015; Zhang et al.,
2020).

Even though the EVs are becoming widely used technologies in the future smart power
system grid, the reported research work that studies the impact of both the communication
delay and the integration of EVs on the frequency regulation is very limited. For example,
in (Ko and Sung, 2017a), a direct method based on Lyapunov stability theory with LMIs
has been implemented to calculate stability margins in a single-area LFC-EVs. In (Khalil
and Peng, 2018), a combination of the frequency sweeping test and the binary iteration
algorithm is used to compute the delay margins of single-area LFC-EVs system for
different load sharing scenarios between the conventional generator and EV's aggregator.
In (Jia et al., 2018), the particle swarm optimization and the LMIs techniques have been
utilized to design a robust PI controller so as to handle the inertia uncertainty and the
communication delay for the LFC system with multiple EVs aggregators. Last but not the
least, for the LFC system in micro-grid dominated by EVs, stability delay margin

computation using the time-domain method has been reported in (Khalil et al., 2017).
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The stability delay margins can be efficiently computed for any chosen PI controller gains
of LFC-EVs system by both frequency and time-domain methods. However, the actual
limitation of these methods is that stability needs to be determined every time by
computing the delay margin when the controller gains are re-tuned or changed. This
causes arduous stability checks. Therefore, computation of all possible controller gains
for a given finite time delay is required to ensure the stable operation of LFC-EVs

systems.

Since, delay-dependent stability analysis and controller design to assure stability of the
LFC-EVs system are the unique aspects of this work, it is necessary to present an efficient
analytical method for identifying stability regions that comprise of all stabilizing Pl
controller gains. Soylemez et al. (2003) proposed a technique that relies on the stability
boundary locus which can be obtained by equating imaginary and real parts of the
characteristic equation of the LFC-EVs system to zero. The method has been effectively
applied to single and two-area LFC system containing single delay without having EVs
in (Sénmez and Ayasun, 2016; Sonmez and Ayasun, 2018), also to the traditional Pl
controller design (Hamamci and Tan, 2006), the fractional-order proportional-derivative
controller (Hamamci1 and Koksal, 2010), fractional-order controllers (Alomoush, 2010),
Pl controller synthesis of large wind turbine systems (Wang et al., 2011) and isolated
microgrid integrated with EVs (Khalil et al., 2017). With the help of stability regions, one
can easily adjust The controller can be easily tuned using the stability regions that
comprise of PI controller gains which assure the stability of LFC-EVs system and reduce
the adverse effect of time delays on frequency regulation. Time-domain simulations
(Simulink, 2000) along with QPmR algorithm presented in (Vyhlidal and Zitek, 2009)
can be used to validate the accuracy of the boundaries of stability regions and the stability
delay margins obtained by the proposed methods. This root finder algorithm is a
mathematical approach for calculating the spectrum of zeros of quasi-polynomials along

the complex plane.

Today’s rapidly modernizing world is continuously posing a great demand for electric
power. It is necessary to have an efficient LFC system that has a capability of disturbance
rejection even working under uncertain conditions (Sondhi & Hote, 2016). Changes in
power system parameters include many parametric uncertainties due to various reasons.

It is obvious that the mathematical representation of the system dynamics may suffer from
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uncertainties due to modelling errors, nonlinearities, manufacturing tolerances and
operating conditions (Tan et al., 2009). Moreover, lack of coordination in terms of the
functioning of power generation, transmission and distribution by different companies
and the planning, control and expansion of the system among these firms could also be a
reason for the increase in these uncertainties (Bervani, 2014). Therefore, the parametric
robust control is very important for the stability analysis and design of real control

systems.

In classic control systems, Pl or Proportinal-Integral-Derivative (PID) controllers are
widely used in frequency control because of their robust operation and practical design.
There are many studies in the literature that provide robust Pl design methods for LFC
systems encompassing the uncertainties in system parameters because the PI controllers
designed according to nominal system parameters are not sufficient to provide the desired
system frequency performance. Yazdizadeh et al. (2012) proposed a robust controller
design method using the eigenvalues of the system matrix. Golshannavaz et al. (2018)
presented a two-stage robust-intelligent controller design for frequency regulation based
on Kharitonov theorem and fuzzy logic. Tan et al. (2012) proposed an integrated model
control method with two degrees of freedom, which allows optimum adjustment of PlI
controller gains. Khodabakhshian et al. (2012) performed robust Pl design using
sequential quadratic programming. Toulabi et al. (2014) presented a graphical method
using Kharitonov Theorem (Kharitonov, 1978a, 1978b) for calculating the maximum
uncertainty limit of the system parameters that would guarantee the stability of multi area
LFC system. In a similar study, Saxena and Hote (2016) determined a set of controller
gains in the PI controller parametric space ensuring the robust operation of the system
despite the uncertainties in the system parameters. Though, none of the aforementioned
studies considered the time delays because of EVs aggregator and communication
network in robust PI controller design despite the fact that they are important frequency
regulation tools of today's smart grids. However, robust PI design techniques have been
presented in some recent studies for LFC systems addressing these problems. Krishnan
et al. (2017) conducted robust stability analysis for a two area LFC system with
communication time delay using Lyapunov-Krasovskii functional approach. Jia et al.
(2018) proposed a coordinated control method between EVs groups and power plants for
LFC system by taking into account the communication time delay caused by the EVs

groups.
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The robust stability analysis problem for a system having parametric uncertainties is to
determine whether the characteristic polynomial of the system remains stable or not when
the coefficients of the system are subjected to some perturbations. A significant
achievement in the field of robust stability of systems with parametric uncertainty is the
Kharitonov’s theorem (Kharitonov, 1978a; Kharitonov, 1978b). According to the
theorem, an interval polynomial family having an infinite number of members, is Hurwitz
stable if and only if a finite small subset of vertex polynomials known as the Kharitonov
polynomials of the family are Hurwitz stable. The method can be used to analyze the
stability of a system whose real or complex coefficients vary within a certain range,
known as interval polynomials in the literature (Rigatos and Siano, 2011; Xu et al., 1993).
The theorem states that four vertex polynomials are obtained from an interval polynomial
whose real coefficients vary within a certain range by making use of the lower and upper
bounds of the given parametric intervals (Bhattacharyya et al., 1995; Lamba et al., 2019;
Nazari et al., 2018; Tan et al., 2009). However, the complex coefficients interval
polynomial whose coefficients vary within a specific range requires eight vertex
polynomials to check the stability of the system (Bhattacharyya et al., 1995; Ho et al.,
1998; Wang, 2011). The coefficients of the vertex polynomial have linear dependencies
on the uncertain parameters and the adjustable Pl controller gains. These parametric
uncertainties are not adjustable but independently vary within known intervals. However,
the PI controller can be designed according to the robustness considerations. Since,
uncertain parameters, communication time delay and adjustable P1 controller gains form
the coefficients of the vertex polynomials, therefore, the aim of this technique is to
identify all the P1 controller gains that will stabilize all the vertex polynomials at the same
time (Kumar & Shreesha, 2016; Liang et al., 2013; Wang, 2011). Stability Boundary
Locus method can be used to achieve this goal (S6ylemez et al., 2003; Tan et al., 2006).
The stability regions in the parameter space of all stabilizing PI controller gains for each
vertex polynomial can be calculated with the help of Stability Boundary Locus method
and the intersection of these regions will represent the robust stability region of the LFC
system integrated with EVs. This robust stability region yields all the controller gains for
the stable operation of the system, thereby, significantly contributing in the controller

design specification.

16



CHAPTER 11
TIME DELAYED LFC SYSTEM INTEGRATED WITH EVs AGGREGATORS

The dynamics of LFC systems experiencing any communication delays are usually
described by nonlinear differential or/and differential-algebraic equations (Ayasun, 2009;
Jia et al., 2008). Those nonlinear equations are linearized around an equilibrium point
when the LFC system is subjected to a small disturbance. This linearization of those
nonlinear equations then yields a linear state-space equation model, which helps to
analyze the small-signal or steady-state stability of the system (Jiang et al., 2012; Kundur,
1994; Yu and Tomsovic, 2004). As explained in the previous sections, EVs are integrated
into the LFC system due to their fast response characteristic that helps in improving the
dynamic performance of the LFC system. However, this integration of EVs into the LFC
requires a communication network for the frequency regulation services. Usually,
preference is given to open communication networks because of their low cost but those

are susceptible to communication delays.

A fleet of EVs is required to be plugged into the power grid so that they can be utilized
in frequency regulation. The control center of these EVs is the aggregator that manages
the charging and discharging of each EV integrated into the grid. The dynamic model of
the i"" EV in the EVs aggregator can be presented by the following first-order transfer
function (Fan et al., 2016; Ko and Sung, 2017a; Zhou et al., 2020):

3.1)

In general, a transfer function of e*% is used to lump and model the communication

delay from the EVs aggregator to the EVs and the scheduling delay in the EVs aggregator.
It should be mentioned here that z; is the delay time taken by the EVs aggregator of it"
area to send the control signals. The time constants T, ; and the delay z; for all EVs are

assumed to be equal in an average sense. With this assumption, an aggregated model of
several EVs comprising of single delay function along with EV dynamics is obtained.
The use of an aggregated model of EVs fleet appears to be reasonable as a cluster of
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numerous EVs as well as conventional generation sources are controlled together for

changing their power injection to follow the load disturbances (Ko and Sung, 2017a).

It should be mentioned here that multiple time-varying or constant delays can occur in
multi-area LFC systems. These delays can arise during: 1) transmitting ACE signals from
the central controller to the generation units and 2) transmitting the telemetry signals to
the controller (Bhowmik et al., 2004; S6nmez et al., 2016; Yu and Tomsovic, 2004). Each
delay case can be analyzed in a similar fashion if it is assumed that the controller waits
until all telemetered values are received. Consequently, all the delays can be aggregated

as single time-varying or constant delay (S6nmez et al., 2016).

However, most of the recent studies involving the integration of EVs into the LFC system
considered only the communication delays from EVs aggregators to EVs only because
the delays observed in the transmission of regulation signal from 1SO to the conventional
generators are less significant (Khalil and Peng, 2018; Ko and Sung, 2017a; Ko and Sung,
2017b; Naveed et al.,2019; Zhou et al., 2020). The primary reason for this assumption is
that ISOs usually deploy the communication link between conventional generators and
ISOs, independently. Also, communication delay requirements of the link are ensured by
the ISOs themselves. The other reason is the utilization of open communication links
between EVs aggregator and EVs. Depending on the geographical distribution of EVs,
these links can be wireless mobile communication networks, internet, WiFi, power line
communication (PLC) or ZigBee. Such communication networks cause relatively more
significant delays than those observed between power plants and ISOs. Moreover, there
exist scheduling delays since EVs aggregators have to control both charging and
regulation of EVs fleet (Ko and Sung, 2017b). Additionally, Ko and Sung (2017a) showed
that the participation of fast-response resources such as EVs with communication delays
in frequency regulation service severely affects the stability and frequency regulation of

LFC systems when compared with conventional generators.
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Figure 3.1. Model of single-area LFC system integrated with EV's aggregator

3.1 Single-Area LFC-EVs System

The model of time delayed single-area LFC-EVs system is illustrated in Figure 3.1. It
should be observed that a Pl controller is adopted as the load frequency controller that is
commonly used in the industry. Also, all the delays in EVs are lumped as single constant
delay. With the integration of the EVs aggregators into the single-area LFC system, the
required control effort called Q is shared between EVs and the conventional generators
in each control area as following (Ko and Sung, 2017a):

APy (s) = 2pQ2

AP, (5) = Q) (3.2)

It should be noted that the sum of power-sharing factor of the conventional generator ¢,

and EVs aggregator ¢; should be equal to one. The state-space equation model describing

the dynamics of time delayed single-area LFC-EVs system is given as following:

X(t) = Ax(t) + AyX(t—7)+ FAR.

3.3
y(t) = Cx(t) (33)

where
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xt)=[Af AP, AP, AX, APy,
y(t) = ACE,
C=[1 0 00 0 0]
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In case of any sudden changes in load demand, PI controller receives ACE as a control
signal after which the output signal from the controller is transmitted to the EVs
aggregator and the reheat steam turbine based on their power sharing factors. The ACE
of single-area LFC-EVs system is the product of frequency deviation and the bias factor

that can be shown as follows:
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ACE = pAf (3.4)

Whereas, the characteristic equation of the time delayed single-area LFC-EVs system can
simply be obtained from Equation (3.3) as:

A(s,7) = det[sl -A - Ade‘fs] =0
A(s,7) =a4(s)+a(s)e ™ =0

(3.5)

The degrees of a,(s) and a,(s) polynomials are 6 and 4, respectively. The coefficients

of these polynomials completely rely on LFC-EVs system parameters. Those coefficients

in terms of system parameters are presented in Appendix Al.

3.2. Two-Area LFC System Integrated with EVs Aggregators

The block diagram of a time delayed two-area LFC-EVs system is shown in Figure 3.2.
Similar to single-area LFC-EVs system, a PI controller is adopted as the load frequency
controller. Moreover, generation units are assumed to be equivalent in each control area,

The tie-line synchronization coefficient shown as T,, in Figure 3.2 is responsible for the

schedule power exchange between both the control areas. Whereas, the ACE signal for
each control area is the sum of frequency deviation weighted by a bias factor and the tie-
line power exchange between the areas. The ACE of two-area LFC-EVs system is given
as:

tie—i

(3.6)

Where, i=1,2 and the sum of the net tie-line power exchange between all control areas

should be zero.
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Figure 3.2. Model of two-area LFC-EVs system

Like single-area LFC-EVs system, ACE, as a control signal is sent to the PI controller as

a result of any sudden changes in load demand in the i-th control area. The PI controller’s
output signal is then sent to the reheat steam turbine and the EVs aggregator depending
upon their load-sharing factors «,; and «; so that the system frequency can be regulated.
The control signals sent through a communication network to the EVs aggregator enables
the EVs fleet to participate in frequency regulation service. The power-sharing factors of
conventional generators and EVs aggregators for both areas are assumed to be equal,
Ay = Ay =y aNd o, = o, = oy, respectively (Ko and Sung, 2017a). The closed-loop
state-space model of the two-area LFC-EVs system with time delays in Figure 3.2 can also
be expressed using Equation (3.3) where the state and output variables, inputs and outputs

are defined as follows:

x(t)=[Af, AP, AP, AXy; AP, JACE],
y,()=[ACE, [ACE], i=12

xO=[4® KO ap,].

=) o],

AP =[AR, AP,]".

The system, input and output matrices, A,,A;,F, and C for i=12 are presented as
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following:
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The characteristic equation of the two-area LFC-EVs system can simply be obtained from

Equation (3.3) as:

A(s,) = det[ sl - A, Aje™ [=0

(3.7)
A(s,7) = a,(s) +a,(s)e ™ +a,(s)e > =0

The degree of a,(s) polynomial is 13. Whereas, the degrees of a(s) and a,(s)

polynomials are 11 and 9, respectively. The coefficients of these polynomials completely
rely on LFC-EVs system parameters and they are presented in terms of system parameters
in Appendix A2.

Likewise, the characteristic equation of a multi-area LFV-EVs system having n control
areas with equal communication delays in each area will have a similar structure to

Equation (3.7) as given in the following:

A(s,7) = éo a (s)e ™ ™ =0 (3.8)

Where, a,(s), k=0,1,...,n are polynomials in s having real coefficients and these

coefficients totally depend upon system parameters. Also, the characteristic equation
given in Equation (3.8) contains ‘n’ exponential terms representing ‘n’ commensurate

time delays.
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CHAPTER IV
DELAY DEPENDENT STABILITY ANALYSIS OF LFC-EVs SYSTEM

One of the main purpose of this work is to perform a stability analysis for a time delayed
single and two-area LFC-EVs systems. The prime objective of the stability analysis is to
analytically calculate maximum time delay margin values for given parameters of the
LFC system and the PI controller at which the system is marginally stable. In order to
perform the stability analysis of single or two-area LFC-EVs system, a more generic form
of characteristic equation (3.8) for multi-area LFC-EVs system having n control areas can
be utilized. The stability analysis can be performed by determining the change in location
of the roots of the characteristic equation (3.8) due to the time delay. However, the

identification of roots’ location is quite complicated because of the exponential terms
(e""s) in the characteristic equation due to the time delay. The existence of those
exponential term results in infinite number of roots in the characteristic equation. Thus,
it is difficult to evaluate those infinite many roots and the change in their location when

the time delay value (z) changes. Though, it is not essential to determine all roots for

the stability analysis. Identifying the roots changing their location because of the time
delay and determining the location of those roots is sufficient for the analysis. All the
roots should reside in the left half of the complex plane for stable operation of the LFC-

EVs system.

In time-delayed systems, identification of delay conditions for any given set of system
parameters and the maximum delay margin value that will guarantee the stability of the

system is the paramount of stability studies. The position of some of the roots may change

with the change in the total time delay (7). Figure 4.1 shows that how the roots can

change with respect to the time delay and how a stable system can become unstable due

to increase in the time delay value (7). It can be observed from Figure 4.1 that initially

the roots are in the stable left half of the complex plane when there is no time delay in the

system (7 =0). However, a pair of complex roots begins to move from the stable left

half plane to the unstable right half plane when the time delay (r) IS getting increased.
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Figure 4.1. lllustration of the roots movement along with the time delay

The roots can pass to the right half of the complex plane by cutting the points s =+ ja,

on imaginary axis at a finite time delay (r = r*) . The system is stable up to the points at

which the roots crossed the imaginary axis for a given time delay value (r*) . Therefore,

in order to perform the stability analysis, it is sufficient to determine the time delay value
at which the roots of the characteristic polynomial will be on the imaginary axis. This
time delay value is defined as the maximum time delay (Stability Delay Margin) that the
system can tolerate without losing its stability and represents the stability limit for the
time delay of the system.

Two different stability conditions may occur for the characteristic equation (3.8)

depending on the operating conditions and parameters of the LFC-EVs system:

1) Delay-independent Stability: For all finite time delay values, the LFC-EVs
system will always remain stable independent of the time delay if the roots of the

characteristic equation (3.8) does not move from the stable left half plane to the

unstable right half plane with an increase in the time delay (r) .

2) Delay-dependent Stability: If the roots of the characteristic equation (3.8) move
from the stable left half plane to the unstable right half plane with the increase in

time delay and at least one pair of complex conjugate (s == ja)c) roots will be

present on the imaginary axis at a finite time delay value z = z*. The stability of
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the LFC-EVs system varies depending on the time delay and the system will be
marginally stable at the maximum time delay value z = z*. However, if z >z *

the system will become unstable.

As already explained in the previous sections, there are several methods in the literature
that have been used for calculating the maximum time delay in time-delayed LFC
systems. However, this work includes frequency domain methods; 1) Elimination of
exponential terms by an exact method and 2) Rekasius substitution method for the delay-
dependent stability analysis of single and two-area LFC-EVs systems. These methods
calculate the maximum delay margin value for which the LFC-EVs system will be
marginally stable. The main reason for using these methods is that these methods have
been used effectively in the previous studies for the stability analysis of single and two
area LFC systems without EVs aggregators (Sénmez et al., 2014; S6nmez et al., 2016),
micro-grid systems (Gilindiz et al., 2017) and generator excitation control systems
(Ayasun, 2009; S6nmez et al., 2015). Besides, these methods give quite accurate results
when compared with the results obtained from the simulation studies.

4.1 Elimination of Exponential Terms by Direct Method

The direct method analytically calculates the maximum time delay value for which the
system is marginally stable. The method removes the exponential terms present in the
characteristic equation (3.8) of the LFC-EVs system without any approximation (Ayasun,
2009; S6nmez et al., 2016; Walton and Marshall, 1987). The method converts the
characteristic polynomial (4.8) into a regular polynomial which does not contain any
exponential terms representing the commensurate time delays. With help of the new
polynomial, it is determined that whether the stability of the system depends on the time
delay or not. If stability of the system is delay dependent, then the maximum time delay
value at which the system is marginally stable is analytically calculated. The method
computes the maximum time delay value ¢ at which the roots of the characteristic

polynomial lie on the imaginary axis (s = je, ). Since, the complex roots will be present

in the form of conjugates at 7 = 7", therefore, both s = jw, and s = — jo, roots will yield
the characteristic equation (3.8). In other words, the s = j, root will also be a root of

the equation A(-s,7)=0,i.e;
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A(-s,7) = éo a, (-s)e*™ (4.1)

In order to eliminate the n™" exponential term e ™™ in the characteristic equation (3.8), a

new characteristic equation can be defined as;

AD(s,7) = ag(—5)A(s,7) —a, (5)e "™ A(—5,7) = :gz[ao(—S)ak (5) —a,(5)a,_ ()] "

(4.2)

A (=5.7) = 2 A(=5.7) =y (~S)6™A(5,7) = X [0 E)a(~9) =y (=) 4 (S)le"”

(4.3)

It can be observed from Equation (4.2) and Equation (4.3) that the root s= jo, of

Equation (3.8) and Equation (4.1) is also a root of the following new characteristic

equations;

AW (s,7) = zl a® (s)e7 =0 (4.4)
AW (=s,7) = :i: a® (-s)e"* =0 (4.5)
where,

al (s) = g (—s)ay (5) — @, (5)a_y (—S)

When compared with the characteristic equation (3.8), it can be observed from Equation

(4.4) and Equation (4.5) that the degree of commensuracy is reduced from n to n-1. In

—Nrs

other words, the term e in Equation (3.8) is eliminated and the new characteristic

equation given in (4.2) or (4.4) contains the exponential term e "D The
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aforementioned iterative method of eliminating the exponential term can be easily used
to eliminate exponential terms with the help of the new characteristic polynomial

equation described below:
al ™ (s)=af’ (~s)ag” (5) -2l (S)a, i (~ ) (4.6)
or given in a more compact form as:

A (s)='3 alD(s)e™ =0 (4.7)
k=0

If this elimination of exponential terms is repeated for n times, then starting from the term

—-Nzs

e, all exponential terms given in Equation (3.8) can be removed. Therefore, the

characteristic equation (3.8) will be converted into a real polynomial without any
exponential terms having the following real coefficients (Walton and Marshall, 1987;
Ayasun, 2009; Sénmez et al., 2016);

A" (s)=al"(s) =al™ (-s)al ™ (s)-al" ™ (s)af" P (-5) =0 (4.8)

It should be noticed that the roots of Equation (3.8) for some 7 are also roots of Equation
(4.8) because the elimination procedure preserves the imaginary roots of the original

characteristic equation (3.8). The substitution of s= jew, into Equation (4.8) yields the

following polynomial in @,?;
W (a)cz) = a(()n_l) ( - ja)c)a(()n_l) (Ja)c) - a1(n_l) (ja)c)al(n_l) ( - Ja)c) =0 (49)

The positive real roots (a)c> O) of the regular polynomial Equation (4.9) exactly
correspond to the magnitude of purely imaginary roots (s==jw,) of the original

characteristic equation (3.8). The calculation of positive real roots of Equation (4.9) is
much simpler than that of purely imaginary roots of Equation (3.8). Subjected to the
nature of the roots of Equation (3.8), the following two different stability phenomena may
be observed (Walton and Marshall, 1987; Sonmez et al., 2016):
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1) The LFC-EVs system is delay-independent stable if the augmented characteristic
equation of (4.9) does not have any positive real roots for all finite delays 7>0.
The non-existence of such roots implies that the roots of Equation (3.8) remain in
the stable left-half of complex plane for all finite delays 7>0.

2) The LFC-EVs system is delay-dependent stable if the augmented characteristic
equation of (4.9) has at least one positive real root. The existence of such roots

implies that the roots of (3.8) have crossed the imaginary axis at s =+ je, for a

finite delay 7*.

The maximum time delay value 7 =1", corresponding to each positive real root of the
characteristic equation (4.9) can be calculated by the following equation (Walton and
Marshall, 1987; Ayasun, 2009; Sénmez et al., 2016);

| {aé"‘”dwc)}
(n-1) ¢;
£ = = Tan™ a (nlfjc.o(:) Zkﬁ; k=0,12,...,00 (4.10)
a)C Re aO (Ja)C) C()C
"™ (jo,)

Where, Im(e) and Re(e) refer to the imaginary and real parts of (4.10). For a positive

root of (4.9), the crossing of roots of Equation (3.8) through the imaginary axis at

s == jw, with respect to increase in 7 needs to be investigated. This can be done by

identifying the roots which cross the imaginary axis with non-zero velocity. The

necessary condition for such a roots-crossing can be show as follows:

dr

Re[ﬁ} #0 (4.11)
S=jay

The real part of a complex variable is shown by Re(e)in (4.11). The sign of root

sensitivity is defined as Root Tendency (RT) (Walton and Marshall, 1987; Ayasun, 2009);

RT|s=ij = sgn{Re{ﬁ} . }: RT|s=ij = sgn[awr(wcz)] (4.12)
S=ja

dr
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Where, « is given as:
a =al(s)a® (S)ma(()nfl)(s)‘s:jw (4.13)

Also, the prime W'(w?) denotes the derivative of Equation (4.9) with respect to »?. One

of the most prominent features of this method is that not only it can determine the change
of the roots across the imaginary axis with respect to the change in time delay, but it can
also give the direction of their movement in a simple expression given in Equation (4.12).
Therefore, it can be observed from Figure 4.1 that the "RT " expression given in Equation

(4.12) provides a practical tool to evaluate the direction of transition of the roots at
s= jw, when 7 increases from 7, =7"—Az to 7,=7"+Ar, 0<Azr<<1. The root
s = jw, crosses the imaginary axis either to unstable right half plane when RT =+1, or

to stable left half plane when RT =-1. The polynomial given in Equation (4.9) can have
more than one positive real roots. The set of positive real roots having ‘q” number of

roots, can be defined as follows:

{wc}:{a)cllwczw"a)cq} (4.14)

For each of the positive real roots, the corresponding maximum time delay value can be
easily calculated using the analytical expression given in Equation (4.10) and the
expression for the root tendency given in Equation (4.12). These delay values are defined

by the set given below;

{r;}={T:;l,r;z,...,r:m},m=1,2,...,q (4.15)

Where, 7,1 — Tk = % is defined as the repetition period of the maximum time delay.
C

The maximum delay margin value for the system to be marginally stable should be the
smallest value among the set of maximum time delay values given in Equation (4.15).
The maximum delay margin value of the LFC-EVs system using Direct Method is shown

as following:
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7" =min () (4.16)

4.2 Rekasius Substitution Method

The method first converts the characteristic equation (3.8) containing commensurate
exponential terms into a regular polynomial having no exponential terms with the help of
Rekasius Substitution without using any approximation. Then, the roots of the new
polynomial on the imaginary axis and their corresponding maximum time delay values
are calculated by the Routh-Hurwitz method that is commonly used in the stability
analysis of control systems (Rekasius, 1980; Olgac and Sipahi, 2002). Rekasius proposed
an exact substitution to eliminate the exponential terms present in the characteristic

equation (3.8). The substitution is given as follows (Rekasius, 1980);

o _ 1-Ts
1+Ts

TeR", TeR (4.17)

This substitution is valid only for s = jeo, and does not use any approximation for the

case of roots on the imaginary axis. Substituting the expression given in Equation (4.17)

into the characteristic equation (3.8) yields a new characteristic equation that is given as;

p 1-Ts )

Where, p refers to the degree of commensurability of time delay term. When both sides
of this equation are multiplied by the expression (1+Ts)P and the terms are arranged

according to the degree of s, the following equations are obtained,;

AG,T) = éo 8, (S)(L+Ts)P K (L-Ts)* = m:gpbk (T)s* =0

A(s,T)=hb (T)s™ +b, ,(T)s™ +b. ,(T)s" 2 +...+b,(T)s* +b,(T)s+hy(T) =0

(4.19)

Where, n is the highest order of the polynomial among &, (s) polynomials that are

dependent on s given by Equation (4.18). The ag(s) polynomial has the highest (n)
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order among ay (s) polynomials. It is clear from Equation (4.19) that the characteristic
equation (3.8) is now converted into a regular polynomial having the parameterized
coefficients b, (T) only and this new polynomial does not contain any delay terms. The
new parameter T R can be positive or negative. It is to be observed from Equation
(4.19) that the n™order characteristic polynomial (3.8) having delay terms is now
transformed into (m=n+ p)™ order regular polynomial (4.19) without any delay terms.
Both A(s,z) and A(s,T) have exactly similar roots that are purely imaginary whereas

the remaining roots are not of any concern. Therefore, instead of calculating the roots

(s =+ jm, ) and the corresponding maximum time delay value (r = r*) on the imaginary

axis of A(s,z) =0 characteristic equation, it is easier to calculate the time delay value of
A(s,T) =0 given in Equation (4.19) for the roots located on the virtual axis and the
corresponding T R parameters. The prime objective here is to determine all T eR
values that result in imaginary roots of A(s,T)=0. Such T R values can be easily
calculated by Routh-Hurwitz criterion. For this reason, the following Routh’s Array is

required to be created for the new characteristic equation (4.19);

s" bm(r) bm—z(T) bO
Sm_l bm—l(T) bm—3(T)

RAM)= ' ' (4.20)
S Ryt(T)  Rx(T)
s Ry(T)
s Ry(T)
Elements of the Routh’s Array can be determined as following:
. . RAGI -1, j +1)RA(i —2,2)
RA(G, j)=RA(I—-2, j+1) — (4.21)

RA(i —1,1)

Where, RA(i, j) denotes the ij" element of Routh’s Array. The total number of sign
changes in the first column shows the number of unstable roots. It should be noticed that

all the b, (T) coefficients of Equation (4.19) and the elements in first column of Routh’s

table are all rational functions of T. The values of T that cause imaginary roots of Equation
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(4.19) can be determined from a polynomial of T which is obtained by equating the only

non-zero term in S1 row to zero:
R, (T)=0 (4.22)

The polynomial in equation (4.22) has degree of n.p and only the determination of its

real roots is required (Olgag and Sipahi, 2002; Rekasius, 1980). Once those real roots are

calculated, the corresponding imaginary roots representing the crossing frequencies can

be computed by the auxiliary equation obtain from s® row as:

Ry (T)s? +Ry(T)=0=s=*ja, =%]j FRQZZ—g; (4.23)
21

It should be noticed that the auxiliary equation (4.23) consists of the coefficients R,,(T)
and R,,(T) that depend upon the T parameter. These two coefficients must have the same
signs R, (T)R,,(T) >0 for (4.23) to have roots on the imaginary axis. In other words,

while determining the roots on the imaginary axis, the only T values from the real roots
of (4.22) which meet R,,(T)R,,(T)>0 criteria should be taken into account. If it is

assumed that there are ‘q’ such T values which satisfy this criteria, then the following
expression can be obtained:

(M= (T T (4.24)

With the help of Equation (4.23), the roots (s=+jw,) of the auxiliary equation and the
characteristic equation (3.8) on the imaginary axis can be calculated for each value of this

{T} set. The roots are given as:

{S:J_rja)c}:{ija)cl,ija)cz,---,ija)cq} (4.25)

For each {T,w.} given in Equation (4.24) and Equation (4.25), if the maximum time

delay values given that Equation (3.8) will have roots on the imaginary axis are written
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instead of s= jw, in Equation (4.17), the following analytical expression can be

obtained:

* = i[Tan-l(a)cT) + m], (=012,... (4.26)
a,

C

Similar to Equation (4.16), the minimum of those calculated time delays will be the

maximum delay margin value at which the LFC-EVs system is marginally stable.
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CHAPTER V

METHODS FOR OBTAINING ROBUST STABILITY REGIONS

The methods used for the analysis of delay-dependent stability require difficult stability
checks every time the PI controller gains are changed. Therefore, all the possible Pl
controller gains that assure stable operation of the LFC-EVs system in presence of finite
time delays are required to be identified. However, knowing the all stabilizing controller
parameters will not always guarantee the desired dynamical performance and the stability
of LFC-EVs system due to variations in RE source, communication delays and
particularly parametric uncertainties. In order to overcome these stability concerns,
computation of robust stability regions using Stability Boundary Locus method and

Kharitonov Theorem is required.

5.1 Stability Boundary Locus Method

As explained in the reviewed literature, Pl controller gain values that assure stable
operation of the LFC-EVs system are defined as the stability region in the PI controller
parameter space ((Kp, K;)—plane). In order to compute these regions, it is necessary to
obtain the characteristic equation of time-delayed LFC-EVs system in the form of

Equation (3.8). The coefficients of a, (s) polynomials in Equation (3.8) depend upon the

system parameters.

The stability regions are then obtained by using a graphical method based on stability
boundary locus proposed by (S6ylemez et al., 2003; Tan et al., 2006). This method
calculates the PI controller parameter values in (Kp, K, ) — plane in the smallest possible
frequency range for any specified time delay value of the system. This can be easily
achieved by equalizing the real and imaginary parts of the system's characteristic equation

to zero. In order to determine the (Kp, K,) values for which the LFC-EVs system is
marginally stable, the following equation is obtained by substituting s= jeo, and

e 1% — cos(w.kz) - jsin(emkz) in A(s,7) =0 of the characteristic equation (3.8):
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A(ja)c ,T) = éb ak(ja)c)e_ijkT = é:o A (Ja)c) [COS(a)Ckz') - jSin(a)ckT)] =0 (5.1)

Then, the new characteristic equation (5.1) is rearranged so that it can be divided into real

and imaginary parts. This new form is expressed in the following equation in terms of

Ky and K, parameters:

Ajo,,7) = i Re(jm,)cos(wkz)— j 3 1, (jo,)sin(wkz) = Ry + jI, =0
k=0
A( Ja)C,T)— [K Ri (@) + K, Re (@,) + Ri'(, )| cos(wkr) (5.2)

-] Z [KPII;((OC) +K, Il;'(wc) + Ili"(wc)]sm(wckr) =0
k=0

It should be noted that R; (@) and I} (@) coefficients corresponds to the terms of R, (@)
and 1, (w,) after Ky being extracted from them while R (@,) and 17 («@,) coefficients
corresponds to the terms of R, (w,) and I, (w,) after K, being extracted from them. Also,

R{(®w,) and 1(w,) coefficients corresponds to the terms of R, (w.) and I, (®,) that

neither contain Ky nor K, controller gains.

For Equation (3.8) and Equation (5.2) to have s =+ jo, roots on the imaginary axis at
any given time delay value 7, the real and imaginary parts of Equation (5.3) must be

equal to zero. This can be shown as follows:

i Ri (@,) cos(mw k7) + K, Z R¢ (@,) cos(w k7) + Z R (®,) cos(w k) =0
- (5.3)

i 1} (,)sin(w.kz) + K, z 1! (e,) sin(e, kf)+z 1(e,) sin(w,kz) = 0

Rearranging Equation (5.3) yields the following expression in terms of K, K, and a,:

KPAl(a)c)+KIBl(a)c)+Cl(a)c):0 (5.4)
Ko Ay (@,)+ K, By(2,) + Cy(,) =0 '
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Where,

S

Al(w,) = Z v (@) cos(akr); B (@) = Z R¢ (@,) cos(w k7);

]

C,(@,) = 3 RI'(@,)cos(w.kz); A, (@,) = z 1} (e2,) Sin(@,k7); (5.5)

k=0

B,(®,) = Z I (@,)sin(wk7); Cy(w,) = Z I¢ (@) sin(w k7);

>

For any selected w, # 0, the roots of Equation (5.3) on imaginary axis can be calculated

by solving for Ky and K, gains given in Equation (5.4) as:

_B(@)C(@) ~By(@)Cy(@) _ A@)Cy(@) ~ A(@)C,(@,) 56)
" A(@)By (@) -B@)A@) ' Ae)By(a,)-B(a)A@,)

For a selected range of o, values, the K, and K, gains can be calculated by Equation

(5.6). Using this proportional-integral gains set, the stability boundary locus
((Kp, K, @) inthe (Kp, K,)—plane can be identified. The stability boundary locus on

the stability region ((Kp, K, , @,) obtained from Equation (5.6) is defined as the Complex
Root Boundary (CRB). It should be noticed that the real roots of A(s,z7)=0 when s=0
or in other words @, =0 may cross the imaginary axis at origin together with the complex
roots. By substituting the @, =0 value in Equation (5.4), following relationship between

Kp and K, can be obtained:

K = KeA (@) +Ci(e,)] 5.7)
Bi(@) s

Equation (5.7) can be defined as the Real Root Boundary (RRB) of the stability region.
In this way, the CRB locus ((Kp,K,,®,) computed from Equation (5.6) and the RRB

locus obtained from Equation (5.7) divide the (Kp, K,)—plane into stable and unstable

regions (SOylemez et al., 2003; Tan et al., 2006). In order to compute the K, and K,
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parameters at which the LFC-EVs system is stable, the test points (Kp,K,) can be

selected from inside the obtained stability regions.

5.2 Robust Stability Regions Obtained using Kharitonov Theorem

The characteristic polynomial having perturbed coefficients described as an interval
polynomial can be represented in general form as shown in Equation (3.8). The

coefficients of the characteristic equation (3.8) are originally real in nature. However,
substituting e = cos(wr) — jsin(wr) for each s= jw in the characteristic polynomial

given in Equation (3.8) yields the following equations:

A 7)= 3 3 (s)e ™ =ay(s) +ay(s)e 7 +a,(s)e 2" +...+a,(s)e " =0
k=0

A(s,7) = é a (s)[cos(kzw) — jsin(kzw)] = a,(s) + &,(s)[cos(zw) — jsin(zw) |+ (5.8)

a,(s)[cos(27w) — jsin(2rw)]+...+a,(s)[cos( prw) — jsin(nzw)] =0

After some algebraic operations performed on this equation and by separating the real

and imaginary parts of the coefficients, a new characteristic polynomial is obtained as:
0 . 0
A(S’avﬂ)zfgo(aé + Jﬁ[)s =0 (59)

Where, a, € R, and S, € ‘R show the real and imaginary parts of s, respectively. Given

boxes Q and R as the uncertain bounding sets for « and S, respectively,
r= {A(s, a,,B)|a eQ;pe R} represents the coefficients of interval polynomial. This can

be shown as follows:

Qé{a:[ao o a, ... an]T;g[Sa[é&[;ﬂzo,l,Z,...,n}
T _ (5.10)
R2(p=[f A B - BB <P <Fit=012 .0}
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The coefficients ¢, and &, given in Equation (5.10) represent the minimum and
maximum values (lower and upper limits of the range) of /" component of the vector «.

Whereas, S, and B, coefficients represent the minimum and maximum values of the ("

component of the vector 3. Limit values ¢,, &,, S, and B, are the functions of the

system parameters, Pl controller gains (Kp, Kl) and time delay z. Using Equation

(5.10), the new characteristic polynomial given in Equation (5.9) can be expressed as the
following interval polynomial:

Asa )= (e @l+i[p B ])s =0 (5.10)

According to the Kharitonov’s Theorem, stability analysis of the four vertex Kharitonov
polynomials given in Equation (5.12) is required to be done in order to do the stability
analysis of the A(s,a,f)c " interval polynomial given in Equation (5.11)

(Bhattacharyya et al., 1995):

A(S)=ay+0yS+a,s* +@S° +a,S" +aS° +..+
H 7 2 7 3 4 5
J(Bo+Bis+ Py + 38"+ ByS" + B8 +.)

A,(S) =y + 0 S+a,S° + QS + @y S" + @S +...+
37 2 3,34, 735
J(Bo+Brs+ Bos™ + P3S™ + ByS" + BsS +...) (5.12)

As(S) =0y + 0y S+ayS* + @ S° + @, S" + S’ ..+
) 2 n o3 n o4 5
J(Bo+Bis+Bos" + B3S" + ByS" + 587 +..)

Ay(S) =y +0 S+@,S° +ayS° + 8" +8,8° +..+

)

J(Bo+ Bus+PoS? + B3° + By’ + By s® +..

The necessary and sufficient condition for stability of the interval polynomial given in
Equation (5.11) is that all the four vertex polynomials given in Equation (5.12) are stable.
It should be noticed that the coefficients of the four vertex polynomials given in Equation
(5.12) depend upon system parameters, communication time delays and adjustable Pl
controller gains. Therefore, the Pl controller gains that will make these vertex

polynomials stable are required to be determined using Stability Boundary Locus method.
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Implementing the Stability Boundary Locus method presented in section 5.1 to each

vertex polynomial 7=1,2,3,4 will yield four different stability regions defined by
A,(s=joap) and G, (s= jo,Ky,K;). The intersection of these four stability
regions will be the robust stability region G, (v, Kp,K,) :ﬂﬁzchﬂ (0,Kp, K, ) inthe

parameter space of PI controller gains that ensure the stability of the system in spite of

the parametric uncertainties and communication time delay.
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CHAPTER VI
COMPUTATION OF STABILITY DELAY MARGIN

In this chapter, stability delay margin computations are presented for single and two-area
LFC-EVs systems using removal of exponential terms by direct method and Rekasius
substitution method. The system parameters used by Ko and Sung (2017a) are adopted for
the computations. For a given set of PI controller gains, participation factor of EVs and
system parameters, maximum allowable time delay is computed by the proposed methods
and the obtained results are compared for the validation. Moreover, those obtained results
are then verified by an independent technique known as QPmR algorithm along with

simulation studies using Matlab/Simulink program.
6.1 Computation of Stability Margin by Direct Method

A general recursive procedure used for eliminating the exponential terms from the
characteristic equation has been presented in section 4.1. However, the computation of
stability margin in both single and two-area LFC-EVs system for given system parameters,

PI controller gains and participation factors are presented in this section.

6.1.1 Stability margin computation in single-area LFC-EVs system

A step-by-step implementation of the proposed method for identifying the maximum
allowable time delay or stability delay margin in single-area LFC-EVs system is given

below:
Step 1: In order to identify the stability margin, it is necessary to obtain the characteristic
equation of single-area LFC-EVs system. The characteristic equation given in the form of

Equation (3.5) can be easily obtained from the system model shown in Figure 3.1.

Step 2: The characteristic equation of the system for the given parameters (M =8.8,

D=1 T,=02s, T,=03s, T =125, F,=1/6, R=111, f=21 Kg =1
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Tey =0.1s), PI controller gains (K, =0.3, K, =0.6) “and nparticipation factors

(g =0.8, 4y =0.2) isas follows:

0.0576s® +1.0673s® +5.9685s* +11.0362s° +

5.1909s2 + 3.4735s + 0.9162

+(0.O82534 +0.8591s% + 2.8201s° + 2.9782s + 0.2291) e =0
(6.1)

A(s,7)=ay(s)+a(s)e™ =£

Step 3: Using Equations (4.2) - (4.9), the exponential term in Equation (6.1) has been

eliminated as given below:

Aja,7)=8g(jw,) +a(jo,)e 1 =0

. . gy (6.2)
A(_Ja)c’r): aO(_Ja)c)'l'al(_ch)eleT =0
W (02) = g (- j,) - 2y (- ;) :0‘(‘1‘;)) ~0 (63)
W(a)cz) = aO(ja)c)aO (_ja)c) _al(jwc)al(_ja)c): 0 (64)

The two positive real roots of the system crossing the imaginary axis are calculated as

@y =0.7964 rad /s and @,, =0.3071rad /s by the solution of the following Equation
(6.5):

W (@?) = 0.00330," +0.45160,"° +12.65590,° + 66.8693,”

(6.5)
—41.6568a,"* —5.0261m,” +0.7872=0

Step 4: Using Equation (4.10), the corresponding time delay values for both the real
positive roots @, =0.7964 rad /s and @,, =0.3071rad /s can simply be obtained as

following:
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I S 0.03850; +1.3789a.: +9.41930, + 2348403 —1.9334w,
~0.00480 —0.26230 —4.61340%, —21.1373w;; +6.5711w]; +0.2099

(6.6)

Where, 1=12 and the corresponding time delay values are 7, =0.8325s and

7, =12.2167s, respectively.

Step 5: Using Equation (4.12), the root tendencies of the positive real roots are obtained
by substituting @, =0.7964 rad /s and @, =0.3071rad/s for i=12 in Equation
(6.7):

W'(@f) = 0.01990,;"° + 2.2582a,® +50.6236,,°
+200.6078a,* —83.3137w,” —5.0261=0

(6.7)
The root crossing of @, =0.7964 rad /s yields RT =+1 inferring that the complex
conjugate roots move from the stable left half-plane to the unstable right half-plane cutting
the imaginary axis at 7; =0.8325s. Whereas, the root crossing of @,, =0.3071rad /s
yields RT =-1 showing that the complex conjugate roots move back from the unstable
right half-plane to the stable left half-plane cutting the imaginary axis at z, =12.2167s.
Since, the system is getting unstable right after z; =0.8325s, therefore, the maximum
allowable delay or the stability margin in the single-area LFC-EVs system is computed

as 7, =7 =0.8325s.

Stability delay margins are computed for a wide range of Pl controller gains. The
theoretical delay margins are presented in Table 6.1, Table 6.2 and Table 6.3 for the EVs

participation factor of &g =0.1, 0.2 and 0.3, respectively. Results in all these three tables
indicate that for a fixed value of K, the stability delay margin decreases when K, is

increased inferring a less stable system. It is should be observed that the delay margins

are not computed for the values of K and K, such that the delay-free system (z =0) is

not stable. The corresponding locations are marked by (*) in Table.1. However, the
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system is observed to be delay-independent stable for the K, and K, values marked by
(o) in Table 6.1, Table 6.2 and Table 6.3. Moreover, the stability delay margin increases
with increasing Ky for nearly all values of K, . The impact of EVs participation factor
on the stability delay margin is also investigated for different values of K, and K,. As

shown in Figure 6.1, stability margins decrease with an increase in the EVs participation

factor a; when Ky, =0.3 and K, =0.6.

Table 6.1. Stability delay margins in single-area LFC-EVs for (¢, =0.9, o, =0.1)

T Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 0 o0 2.0473 | 1.0325 | 0.5308 | 0.2264 | 0.0216 * * *
0.2 0 o 3.0999 | 1.6598 | 1.0155 | 0.6299 | 0.3707 | 0.1841 | 0.0432 *
0.3 0 o0 el 2.2690 | 1.4712 | 1.0077 | 0.6977 | 0.4743 | 0.3051 | 0.1725
0.4 0 o 0 2.8813 | 1.8952 | 1.3560 | 0.9997 | 0.7432 | 0.5488 | 0.3959
0.5 0 o 0 3.5966 | 2.2905 | 1.6732 | 1.2745 | 0.9891 | 0.7726 | 0.6020
0.6 0 o) © 0 2.6691 | 1.9606 | 1.5217 | 1.2108 | 0.9756 | 0.7901
0.7 0 o) © 0 3.0597 | 2.2221 | 1.7422 | 1.4085 | 1.1574 | 0.9597
0.8 0 0 0 0 3.5589 | 2.4646 | 1.9382 | 1.5831 | 1.3185 | 1.1107
0.9 0 0 © 0 © 2.6988 | 2.1129 | 1.7362 | 1.4596 | 1.2436
1.0 0 00 © o el 2.9439 | 2.2702 | 1.8697 | 1.5822 | 1.3594
15 0 0 © 0 0 0 3.0656 | 2.3177 | 1.9652 | 1.7190
2.0 0 o0 0 0 0 00 o0 25729 | 2.0572 | 1.7978
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Table 6.2. Stability delay margin in single-area LFC-EVs for (o, =0.8, &g =0.2)

T* Ki
Ko | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 o | 27435 | 1.3678 | 0.8269 | 0.5333 | 0.3494 | 0.2241 | 0.1338 | 0.0658 | 0.0131
0.2 o | 3.5876 | 1.8631 | 1.2000 | 0.8341 | 0.6015 | 0.4410 | 0.3239 | 0.2349 | 0.1653
0.3 o | 42535 | 2.2633 | 1.5212 | 1.1030 | 0.8325 | 0.6429 | 0.5031 | 0.3958 | 0.3111
0.4 o | 4.6984 | 2.5513 | 1.7766 | 1.3297 | 1.0342 | 0.8238 | 0.6665 | 0.5445 | 0.4474
0.5 o | 4.8590 | 2.7273 | 1.9627 | 1.5088 | 1.2018 | 0.9793 | 0.8104 | 0.6779 | 0.5713
0.6 o | 4.6807 | 2.8033 | 2.0821 | 1.6398 | 1.3332 | 1.1068 | 0.9322 | 0.7936 | 0.6808
0.7 o | 43114 | 2.7976 | 2.1423 | 1.7255 | 1.4292 | 1.2060 | 1.0311 | 0.8904 | 0.7746
0.8 o | 39029 | 2.7309 | 2.1533 | 1.7713 | 1.4926 | 1.2780 | 1.1074 | 0.9680 | 0.8522
0.9 o | 35170 | 2.6227 | 2.1258 | 1.7834 | 1.5266 | 1.3252 | 1.1621 | 1.0272 | 0.9137
1.0 o | 3.1714 | 2.4897 | 2.0700 | 1.7685 | 1.5363 | 1.3504 | 1.1974 | 1.0692 | 0.9600
1.5 | 2.2180 | 1.9741 | 1.7801 | 1.6193 | 1.4826 | 1.3642 | 1.2603 | 1.1682 | 1.0859 | 1.0118
2.0 | 1.4071 | 1.3332 | 1.2651 | 1.2020 | 1.1435 | 1.0889 | 1.0379 | 0.9901 | 0.9451 | 0.9029
Table 6.3. Stability delay margins in single-area LFC-EVs for (o, =0.7, ¢4 =0.3)
T* Ki
Ko | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 oo | 1.9963 | 1.1029 | 0.7100 | 0.4887 | 0.3473 | 0.2495 | 0.1782 | 0.1240 | 0.0816
0.2 o | 24989 | 1.4766 | 1.0043 | 0.7302 | 0.5514 | 0.4259 | 0.3333 | 0.2623 | 0.2063
0.3 o | 27733 | 1.7519 | 1.2449 | 0.9385 | 0.7334 | 0.5868 | 0.4771 | 0.3920 | 0.3243
0.4 o | 2.8374 | 1.9189 | 1.4207 | 1.1046 | 0.8862 | 0.7264 | 0.6048 | 0.5093 | 0.4325
0.5 | 45639 | 2.7512 | 1.9872 | 1.5306 | 1.2246 | 1.0053 | 0.8408 | 0.7131 | 0.6112 | 0.5283
0.6 | 3.6590 | 2.5810 | 1.9776 | 1.5809 | 1.2996 | 1.0900 | 0.9282 | 0.7999 | 0.6958 | 0.6098
0.7 | 3.0680 | 2.3769 | 1.9146 | 1.5831 | 1.3346 | 1.1421 | 0.9891 | 0.8649 | 0.7623 | 0.6762
0.8 | 2.6330 | 2.1692 | 1.8196 | 1.5499 | 1.3370 | 1.1658 | 1.0256 | 0.9090 | 0.8109 | 0.7273
0.9 | 2.2956 | 1.9730 | 1.7092 | 1.4931 | 1.3148 | 1.1661 | 1.0409 | 0.9344 | 0.8429 | 0.7637
1.0 | 2.0257 | 1.7944 | 1.5943 | 1.4226 | 1.2753 | 1.1485 | 1.0389 | 0.9436 | 0.8602 | 0.7868
1.5 | 1.2253 | 1.1646 | 1.1056 | 1.0489 | 0.9947 | 0.9431 | 0.8943 | 0.8481 | 0.8046 | 0.7637
2.0 | 0.8497 | 0.8266 | 0.8036 | 0.7808 | 0.7582 | 0.7360 | 0.7141 | 0.6926 | 0.6715 | 0.6510
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Figure 6.1. Variation in stability margins against EVs participation factor for
(Kp =0.3,K, =0.6)

6.1.2 Stability margin computation in two-area LFC-EVs system

The procedure for stability margin computation in two-area LFC-EVs system is based on

the following steps:

Step 1: Primarily, the characteristic equation of two-area LFC-EVs system is required to
be obtained for identifying the stability margin. The characteristic equation given in the

form of Equation (3.7) can be easily obtained from the system model shown in Figure 3.2.

Step 2: The characteristic equation of the system for the given parameters

(M;=M,=88 D =D,=1 T,=T,=02s T,=T,=03, T,=T,=12s,
T =01 Fpy=Fp, =1/6, R =R, =111, B =5=21 Kevi = Keyo =1,
Tev: =Tev, =0.1s), Pl controller gains (Kp =0.6, K, =0.7) and participation factors
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A(s,7)=ag(s)+ay(s)e ™ +a,(s)e ™

0.003s™® +0.123s" +1.83s™ +14.04s' +60.27s° +
147.62s® +210.73s” +199.31s° +156.38s° +
82.44s* +34.998s° +10.08s? +1.353s +0.0524

0.0285s' +0.8022s™° +8.816s° +49.092s% + (6.8)
+]149.43s” +251.965° + 239.595s° +150.92s* + |e77
73.144s° +17.363s2 +1.5543s +0.0449

. 0.0612s° +1.177s® +9.02s” +35.076s° +72.885s° + o2 _g
78.16s" +38.49s° +6.33s% +0.418s + 0.0096

Step 3: Using Equations (4.2) - (4.9), the exponential terms in Equation (6.8) has been

eliminated as given below:

AP (s,7) = a,(—S)A(s, 7) —a,(s)e 2 A(-s, 7)

1 —kzs (69)
= Eo [29(=s)a (5) —a,(s)a,  (~5)
AD (=s,7) = a,(S)A(=s,7) — a, (-5)e*™A(s, 7)

1 e (6.10)
= kgo [29(s)ay (—s) —a,(s)a,  (-s)
AD(s,z)=al" (s)+al (s)e™ =0 (6.11)
AP (s)=alP(s)=0 (6.12)
as” (s) =g’ (-)ay” () -’ ()" (=) (6.13)
W (f) =a§" (- jg)ad? (ja) -al” (ja)al? (- jeog) =0 (6.14)

The four positive real roots of the system crossing the imaginary axis are calculated as
0y =1.1165rad /s, w,,=1.0324rad /s, w,;=0.2257rad/s and @, =0.1827rad /s

by the solution of the following Equation (6.15):
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W (@f) =1.21x10 °@* +6.59x10 8 ° +....

_ 722 2 -6 _ (6.15)
4.83x10"@w;" +...+0.00150; +3.34x10™ =0

Step 4: Using Equation (4.10), the corresponding time delay values for all the four real
positive roots @y =1.1165rad/s, @,,=1.0324rad/s, w5=0.2257rad/s and

@,, =0.1827 rad /s are obtained as 7; =0.8353s, 7,=0.9282s, 7;=16.1359s and

7, = 20.9243s respectively.

Step 5: Using Equation (4.12), the root tendencies of the positive real roots are obtained
for 0y =1.1165rad /s, @, =1.0324 rad / s, @3 =0.2257 rad / s and

@,, =0.1827 rad / s.

The root crossing of w, =1.1165rad/s and ., =1.0324rad/s yields RT =+1

inferring that the complex conjugate roots move from the stable left half-plane to the

unstable right half-plane cutting the imaginary axis at z; =0.8353s, and 7, =0.9282s,

respectively. However, the root crossing of @, =0.2257 rad /s and o, =0.1827 rad / s

yields RT =-1 showing that the complex conjugate roots move back from the unstable

right half-plane to the stable left half-plane cutting the imaginary axis at r; =16.1359s
and 7, =20.9243s, respectively. Since, the system is getting unstable right after

7, = 0.8353s, therefore, the maximum allowable delay or the stability margin in the two-

area LFC-EVs system is computed as 7, =7~ = 0.8353s.

Stability delay margins are computed for a wide range of Pl controller gains. The

theoretical delay margins are presented in Table 6.4, Table 6.5 and Table 6.6 for the EVs
participation factor of oy =4, =0.1 0.2 and 0.3, respectively. Results in all these three
tables indicate that for a fixed value of Kp, the stability delay margin decreases when K,

is increased inferring a less stable system. Similar to the single-area LFC-EVs system,

the stability margins are not computed for the values of K, and K, such that the delay-

free system (7 =0) is not stable. The corresponding locations are denoted as (*) in Table

6.4 and Table 6.5. However, the system is observed to be delay-independent stable for
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some K, and K, values. For such a scenario, the stability margin is marked as () in
Table 6.4, Table 6.5 and Table 6.6. Moreover, the stability margin increases with
increasing K, for almost all values of K, . The effect of EVs participation factor on
stability margin is also investigated for different values of K, and K, values. As shown
in Figure 6.2, stability margin decreases with an increase in the EVs participation factors
oy, and oy, for (Kp =0.5, K| =0.7). Also, it is imperative to study the impact of tie-lie

power exchange between the two areas on stability delay margins. As shown in Figure

6.3, the stability delay margins decrease with an increase in the tie-lie power coefficient

Table 6.4. Stability margins in two-area LFC-EVs for (o =y, =0.9, oy, =4, =0.1)

* | K

Kp |01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
01 | 0 2.0473 | 1.0325 | 0.5308 | 0.2264 | 0.0216 | * * *

02 | © 3.0999 | 1.6598 | 1.0155 | 0.6192 | 0.3479 | 0.1538 | 0.0077 | *

03 | el © 2.2691 | 1.4466 | 0.9624 | 0.6476 | 0.4225 | 0.2524 | 0.1190
04 | 0 0 2.8813 | 1.8274 | 1.2737 | 0.9211 | 0.6695 | 0.4788 | 0.3288
05 | 0 0 3.5966 | 2.1788 | 1.5504 | 1.1655 | 0.8922 | 0.6848 | 0.5209
06 | © o o 2.5190 | 1.7934 | 1.3797 | 1.0892 | 0.8689 | 0.6943
0.7 | o © 0 0 2.9106 | 2.0062 | 1.5648 | 1.2607 | 1.0308 | 0.8484
08 | 0 0 cel 3.5589 | 2.1939 | 1.7228 | 1.4077 | 1.1710 | 0.9832
09 | 0 0 0 © 2.3636 | 1.8564 | 1.5319 | 1.2906 | 1.0995
10 | © 0 0 © 2.5248 | 1.9683 | 1.6352 | 1.3909 | 1.1982
15 | o © el cel el o 2.2814 | 1.9015 | 1.6585 | 1.4743
20 | o 0 0 0 el o0 2.2302 | 1.8549 | 1.6448 | 1.4901
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Table 6.5. Stability margins in two-area LFC-EVs for (o =g, =0.8, o, =4, =0.2)

> | K

Ko |01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

01 | 2.7426 | 1.3615 | 0.7779 | 0.4760 | 0.2907 | 0.1659 | 0.0769 | 0.0106 | *

02 | 3.5866 | 1.8058 | 1.1214 | 0.7586 | 0.5307 | 0.3743 | 0.2607 | 0.1750 | 0.1082
03 | 42528 | 2.1240 | 1.4014 | 1.0037 | 0.7463 | 0.5659 | 0.4326 | 0.3305 | 0.2500
04 | x© 46976 | 2.3116 | 1.6084 | 1.2019 | 0.9300 | 0.7346 | 0.5875 | 0.4730 | 0.3816
05 | 48539 | 2.3884 | 1.7443 | 1.3506 | 1.0777 | 0.8764 | 0.7217 | 0.5993 | 0.5003
06 | 3.9200 | 2.3840 | 1.8190 | 1.4526 | 1.1894 | 0.9899 | 0.8334 | 0.7074 | 0.6041
0.7 | © 3.2397 | 2.3268 | 1.8447 | 1.5137 | 1.2674 | 1.0757 | 0.9222 | 0.7966 | 0.6920
08 | © 2.8917 | 2.2383 | 1.8338 | 1.5411 | 1.3158 | 1.1361 | 0.9893 | 0.8671 | 0.7639
09 | x© 2.6220 | 2.1332 | 1.7969 | 1.5420 | 1.3395 | 1.1742 | 1.0365 | 0.9200 | 0.8203
1.0 | o 2.3963 | 2.0210 | 1.7426 | 1.5228 | 1.3433 | 1.1934 | 1.0663 | 0.9571 | 0.8624
15 | 1.7583 | 1.6180 | 1.4942 | 1.3840 | 1.2850 | 1.1957 | 1.1146 | 1.0408 | 0.9733 | 0.9113
2.0 | 12158 | 1.1628 | 1.1124 | 1.0645 | 1.0190 | 0.9757 | 0.9345 | 0.8953 | 0.8579 | 0.8223

Table 6.6. Stability margins

Ki

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.9830

1.0194

0.6299

0.4153

0.2801

0.1876

0.1208

0.0706

0.0316

2.3553

1.3531

0.9057

0.6465

0.4779

0.3599

0.2731

0.2068

0.1548

2.4588

1.5732

1.1202

0.8406

0.6514

0.5153

0.4132

0.3340

0.2709

2.3986

1.6862

1.2672

0.9899

0.7936

0.6481

0.5363

0.4481

0.3768

3.2164

2.2643

1.7161

1.3517

1.0933

0.9018

0.7550

0.6394

0.5463

0.4700

2.6931

2.1048

1.6895

1.3851

1.1550

0.9767

0.8353

0.7210

0.6270

0.5487

2.3407

1.9431

1.6288

1.3803

1.1820

1.0217

0.8903

0.7814

0.6899

0.6123

2.0713

1.7891

1.5499

1.3495

1.1821

1.0416

0.9231

0.8222

0.7358

0.6611

1.8539

1.6470

1.4630

1.3022

1.1627

1.0419

0.9371

0.8459

0.7661

0.6960

1.6734

1.5176

1.3747

1.2456

1.1302

1.0276

0.9363

0.8552

0.7829

0.7184

1.0916

1.0430

0.9952

0.9487

0.9036

0.8602

0.8187

0.7790

0.7411

0.7052

0.7869

0.7666

0.7464

0.7263

0.7063

0.6865

0.6669

0.6477

0.6288

0.6102
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6.2 Computation of Stability Margin by Rekasius Substitution Method

The characteristic equation of a time delayed LFC-EVs system has exponential
transcendentality feature. This results in infinitely many finite roots, which makes the
determination of the roots and delay margin a difficult task. However, this problem can
be easily overcome by using Rekasius substitution for the transcendental term shown in
Equation (4.17). This substitution is defined only for the roots on the imaginary axis,

S==]jw,. It should be mentioned here that the Equation (4.17) is not an approximation

but an exact substitution when the characteristic equation of the system has roots on the

imaginary axis.
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6.2.1 Stability margin computation in single-area LFC-EVs system

A step-by-step implementation of the proposed method for identifying the maximum
allowable time delay or stability delay margin in single-area LFC-EVs system is given

below:

Step 1: The characteristic equation of single-area LFC-EVs system given in the form of
Equation (3.5) can be easily obtained from the system model shown in Figure 3.1.

Step 2: The characteristic equation of the system for the given parameters (M =8.8,
D=1 T,=02s, T,=03s, T, =125, F, =16, R=V11, p=21, Kg =1
Tey =0.1s), Pl controller gains (K, =0.4, K, =0.9) and participation factors

(g =0.9, o4 =0.1) isas follows:

. [0.0576s°+1.0674s° +5.9686s" +11.082s> +
A(s,7)=ay(s)+a(s)e™ =

5.798s2 +5.0256s +1.5464

+ (0.0549834 +0.587s% +1.99652 +2.224s + 0.1718)e-8f =0
(6.16)

Step 3: Using Equations (4.17), the exponential term in Equation (6.16) has been

eliminated as given below:

A(s,7) = ao(s)+a1(s)G:z) -0 (6.17)

After some simplifications, the augmented characteristic equation is obtained in a simpler

form as:
A(s,T) =b,s” +bys® +bgs® +b,s" +bys® +b,s? + s+, =0 (6.18)

where,
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b, =0.0576T, by, =1.0674T +0.0576, b, =5.9136T +1.0674,
b, =10.496T +6.024, b, =3.802T +11.6685, b, = 2.802T +7.7938,
b, =1.3746T +7.2496, b, =1.7182.

Step 4: It is necessary to determine the roots of the system that cross the imaginary axis
by calculating the values of augmented polynomial T obtained in Equation (6.18).
Therefore, using Equations (4.20) and (4.21) along with Equation (6.18), the Routh array

is obtained as follows:

N
g F
OU i)

(6.19)

w
w
e
%
=
39
N
o
o O o o o

Where, the elements of Routh table are given as:

Ry (T) = 25208 | Ry () = e R ) = WL,
6 6 6

Rs,b, —bR R:,b, —b;R
51~ %62 R, (T)=—SL2 2675
51 51

Ru(T) = , Rya(T) =h, =1.7182;

R4Rs, — R R R4Res — R, R
Ry (T) =412 61742 - g (T) = 41753 — 51743

41 R41

R42 R31 — R41R32 ’ R22(T) _ bO :17182, Rll(T) _ R32 RZl — R31R22 .

R (M=
Rs1 Ro1
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Step 5: An 18" order T polynomial given in the form of Equation (6.20) is obtained by

setting R;,(T) in the s' row to zero:
Ry (T) =tig T8+ 4+t T+t T+, 4+t T +t, =0 (6.20)

The polynomial shown in Equation (51) has 12 real roots; T, =-3.474, T, =-0.054,
T,=-0.105 T,=-0.209, T;=-0.3995 T,=-0.394, T,=-0.192, T;=-0.189,
T, =-5.306, T,, =-0.282, T, =—4.270 and T, =0.2793.

Step 6: For each real root T; €T, (i=12,...,12),, the corresponding crossing frequencies

S== jw, can be obtained using the auxiliary equation from the s? row of the Routh’s

array that is given in the form of Equation (4.23). It must be mentioned here that the
following additional sign agreement condition given in Equation (6.21) must be satisfied

for Equation (4.23) to yield imaginary roots s == ja,:
Ry1 (TR, (Ti) >0 (6.21)

It should be noticed that the coefficient R, is a function of T, eT, (i=12,...,12).
Whereas, R,, is a positive constant given as R,,(T)=1.7182. For this reason, the
auxiliary equation will yield imaginary roots for positive R,,(T) only. The crossing
frequencies for each T, €T, (i=12,...,12). roots are obtained from Equation (6.22) as

following:

o, = /—R22 () (6.22)
R21(Ti)

12 different crossing frequencies {@., @, ..., } correspondingto T, ={T,,T,,...., T;»}

are determined. However, only T,=0.2793 with s=zxj@, =+j0.8399 as the

corresponding root crossing the imaginary axis, satisfy the sign agreement condition show
in Equation (6.21).
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Step 7: Substituting e, =0.8399 rad /s and T =T, =0.2793 into the Equation (4.26),
the corresponding stability margin for the given system parameters, P1 controller gains

and participation factors is obtained as 7 =7~ =0.5487s.

Stability margins are computed for an extensive range of Pl controller gains. These results
are exactly the same as obtained by Time Domain Direct Method. The theoretical delay

margin values are presented in Table 6.7, Table 6.8 and Table 6.9 for the EVs
participation factor of oy =0.1, 0.2 and 0.3, respectively. Results in all these three tables
indicate that for a fixed value of Kp, the stability delay margin decreases when K, is
increased inferring a less stable system. It is to be observed that the delay margins are not
computed for the values of K, and K, such that the delay-free system (z=0) is not
stable. The corresponding locations are marked by (*) in Table 6.7. However, the system

is observed to be delay-independent stable for the K, and K, values marked by () in

Table 6.7, Table 6.8 and Table 6.9. Moreover, the stability delay margin increases with

an increase in Ky for almost all values of K, .

Table 6.7. Stability margins in single-area LFC-EVs system for (o, =0.9, o, =0.1)

T* Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.1 o 0 2.0473 | 1.0325 | 0.5308 | 0.2264 | 0.0216 * * *
0.2 o 0 3.0999 | 1.6598 | 1.0155 | 0.6299 | 0.3707 | 0.1841 | 0.0432 *
0.3 o0 0 0 2.2690 | 1.4712 | 1.0077 | 0.6977 | 0.4743 | 0.3051 | 0.1725
0.4 o0 0 0 2.8813 | 1.8952 | 1.3560 | 0.9997 | 0.7432 | 0.5488 | 0.3959
0.5 o 0 0 3.5966 | 2.2905 | 1.6732 | 1.2745 | 0.9891 | 0.7726 | 0.6020
0.6 0 0 0 o 2.6691 | 1.9606 | 1.5217 | 1.2108 | 0.9756 | 0.7901
0.7 0 0 0 o 3.0597 | 2.2221 | 1.7422 | 1.4085 | 1.1574 | 0.9597
0.8 0 el 0 ) 3.5589 | 2.4646 | 1.9382 | 1.5831 | 1.3185 | 1.1107
0.9 0 © © ) 0 2.6988 | 2.1129 | 1.7362 | 1.4596 | 1.2436
1.0 © © © ) 0 2.9439 | 2.2702 | 1.8697 | 1.5822 | 1.3594
15 o0 0 © 0 0 © 3.0656 | 2.3177 | 1.9652 | 1.7190
2.0 o0 0 0 o0 0 0 0 25729 | 2.0572 | 1.7978
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Table 6.8. Stability margins in single-area LFC-EVs for (o, =0.8, g =0.2)

T* Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.1 0 2.7435 | 1.3678 | 0.8269 | 0.5333 | 0.3494 | 0.2241 | 0.1338 | 0.0658 | 0.0131

0.2 © 3.5876 | 1.8631 | 1.2000 | 0.8341 | 0.6015 | 0.4410 | 0.3239 | 0.2349 | 0.1653

0.3 o0 4.2535 | 2.2633 | 1.5212 | 1.1030 | 0.8330 | 0.6429 | 0.5031 | 0.3958 | 0.3111

0.4 o0 4.6984 | 2.5513 | 1.7766 | 1.3297 | 1.0342 | 0.8238 | 0.6665 | 0.5445 | 0.4474

0.5 o0 4.8590 | 2.7273 | 1.9627 | 1.5088 | 1.2018 | 0.9793 | 0.8104 | 0.6779 | 0.5713

0.6 o0 4.6807 | 2.8033 | 2.0821 | 1.6398 | 1.3332 | 1.1068 | 0.9322 | 0.7936 | 0.6808

0.7 o0 43114 | 2.7976 | 2.1423 | 1.7255 | 1.4292 | 1.2060 | 1.0311 | 0.8904 | 0.7746

0.8 o0 3.9029 | 2.7309 | 2.1533 | 1.7713 | 1.4926 | 1.2780 | 1.1074 | 0.9680 | 0.8522

0.9 0 3.5170 | 2.6227 | 2.1258 | 1.7834 | 1.5266 | 1.3252 | 1.1621 | 1.0272 | 0.9137
1.0 0 3.1714 | 2.4897 | 2.0700 | 1.7685 | 1.5363 | 1.3504 | 1.1974 | 1.0692 | 0.9600
15 | 2.2180 | 1.9741 | 1.7801 | 1.6193 | 1.4826 | 1.3642 | 1.2603 | 1.1682 | 1.0859 | 1.0118
2.0 | 14071 | 1.3332 | 1.2651 | 1.2020 | 1.1435 | 1.0889 | 1.0379 | 0.9901 | 0.9451 | 0.9029

Table 6.9. Stability margins in single-area LFC-EVs system for (¢, =0.7, 5 =0.3)

T* Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.1 00 1.9963 | 1.1029 | 0.7100 | 0.4887 | 0.3473 | 0.2495 | 0.1782 | 0.1240 | 0.0816
0.2 00 2.4989 | 1.4766 | 1.0043 | 0.7302 | 0.5514 | 0.4259 | 0.3333 | 0.2623 | 0.2063
0.3 00 2.7733 | 1.7519 | 1.2449 | 0.9385 | 0.7334 | 0.5868 | 0.4771 | 0.3920 | 0.3243
0.4 00 2.8374 | 1.9189 | 1.4207 | 1.1046 | 0.8862 | 0.7264 | 0.6048 | 0.5093 | 0.4325
0.5 | 45639 | 2.7512 | 1.9872 | 1.5306 | 1.2246 | 1.0053 | 0.8408 | 0.7131 | 0.6112 | 0.5283
0.6 | 3.6590 | 2.5810 | 1.9776 | 1.5809 | 1.2996 | 1.0900 | 0.9282 | 0.7999 | 0.6958 | 0.6098
0.7 | 3.0680 | 2.3769 | 1.9146 | 1.5831 | 1.3346 | 1.1421 | 0.9891 | 0.8649 | 0.7623 | 0.6762
0.8 | 2.6330 | 2.1692 | 1.8196 | 1.5499 | 1.3370 | 1.1658 | 1.0256 | 0.9090 | 0.8109 | 0.7273
0.9 | 2.2956 | 1.9730 | 1.7092 | 1.4931 | 1.3148 | 1.1661 | 1.0409 | 0.9344 | 0.8429 | 0.7637
1.0 | 2.0257 | 1.7944 | 1.5943 | 1.4226 | 1.2753 | 1.1485 | 1.0389 | 0.9436 | 0.8602 | 0.7868
1.5 | 1.2253 | 1.1646 | 1.1056 | 1.0489 | 0.9947 | 0.9431 | 0.8943 | 0.8481 | 0.8046 | 0.7637
2.0 | 0.8497 | 0.8266 | 0.8036 | 0.7808 | 0.7582 | 0.7360 | 0.7141 | 0.6926 | 0.6715 | 0.6510

6.2.2 Stability margin computation in two-area LFC-EVs system

The procedure for stability margin computation in two-area LFC-EVs system is based on

the following steps:
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Step 1: The characteristic equation of two-area LFC-EVs system given in the form of

Equation (3.7).is obtained from the system model shown in Figure 3.2.

Step 2: The characteristic equation of the system for the given parameters

(M;=M, =88 D =D,=1 T;,=T,=02s, T,=T,=03, T,=T,=12s,
T, =01, Fpy = Fp, =1/6, Ri=R,=V11, B =p=21 Kevi = Keyz =1
Tyt =Tgyo =0.18), PI controller gains (Kp =0.8, K, =0.8) and participation factors

(0t =, =0.8, oy =, =0.2) s as follows:

—78

A(s,7)=ag(s) +ay(s)e ™ +a,(s)e ™
0.003s™ +0.123s'? +1.83s™ +14.048s'° +60.565s° +
=|150.76s® + 226.14s" +234.81s® +197.43s° +

113.84s* +52.58s% +16.05s2 + 2.266s + 0.0893

0.0254s' +0.709s'° + 7.722s° + 42.5s +127.68s” + (6.23)
+| 214.06s° + 209.45s° + 42.95s* + 70.95s% +17.11s% + |[e7™

1.543s+0.0447

N 0.0484s° +0.914s® +6.837s" +25.70s® +50.868s° + o2 _g

50.97s* + 23.34s> + 3.744s? + 0.244s +0.0056

Step 3: Using Equations (4.17), the exponential term in Equation (6.23) has been

eliminated as given below:

2
A(s,7) =P(s)+Q(S) (%) +R(S) (%) =0 (6.24)

After some simplifications, the augmented characteristic equation is obtained in a simpler

form as:

A(S,T) =bysS™ +by,8™ +b,8"° +,,8™ +10,;,8™ +10,,5™ +ys? +Is®

+1,8" +b,s® +b;s° +b,s" +bys® +b,s? + s +b, =0 (629
6 5 4 3 2 0 —

where
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bys =0.0033T 2, b, = 0.123T* +0.0066T, by, =1.802T * +0.2459T +0.0033
by, =13.34T% +3.655T +0.123, by, =52.88T 2 + 28.09T +1.853

by, =109.2T* +121.0T +14.76, by, =105.3T * +299.7T +68.33

by = 46.45T % + 438.6T +194.2, b, = 38.85T % +418.2T +360.7

bg = 21.85T  +293.1T +474.6, b, = 4.978T % +125.7T +457.7

b, = 2.682T 2 +58.5T +307.8, b, = 0.967T % +24.61T +146.9

b, =0.0503T % +4.044T +36.91, b, =0.1675T +4.053, b, =0.1396

Step 4: The roots of the system that cross the imaginary axis are required to be determine
by calculating the values of augmented polynomial T obtained in Equation (6.25).
Therefore, using Equations (4.20) and (4.21) along with Equation (6.25), the Routh array

is obtained as follows:

s° b by by by b b by B
st b, b, by b be b, b, by

13
$° Ry Ry Rizg Rigy Rigs Rigg Rz 0

(6.26)

ss Ry O 0 0
s° b,
where

Rz (T) = Brabro ~Bisbiy Ry, (T) _ Buayy sy Ryss(T) = Duably ~Duy.

by b, by
Ry34(T) :%, Ry35(T) :%, Ry (T) :%,
4 4 .
Rmﬁﬁw;
4
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Rizibi, —by,R Riaibio — bR R.b. —b R
R121(T) — 131b12 bl4 132 ’ R122 (T) — 131b10 bl4 133 ’ R123(T) — 1318 b14 134 ,

131 Riz Ris

bs — bR Riz:b, — bR Ryz0, —by,R
R124(T)= R131 6 bl4 135’ R125(T): 131~4 b14 136’ R126(T)= 131~2 bl4 137;

Riat Rz Ris

Ri21Riz, —RiziR Ri,;Riss — Rig R
Ry (T)=—21182_Asi122 g (T)= 120138 131123

Ris(T) =

R51Rizs — Rz R R..R..—R.Db
Ryys(T) = 21186 3126 g (T) = 1247137~ 71310 -

Ry (T) =
Rios(T) =

Ryos(T) =

121

R121F2134 — R131 F\)124

R121

R121

F\)111R122 — R121RllZ

111

R111 R124 — R121R114

111

R111R126 — R121R116 5

Rlll

R101R112 — R111R102

R91(T) =

Rio1Ri14 —Ri14R Rio1Ry1z: —R;14R
Rgg(T): 1017114 111 104, R94(T): 1017 115 111 105

I:2101

Rio1Riis — Rt R
Ry, (T) = —2017118 — M1117103

R121

Ri71Ri35 — RizR
Ryy, (T) = 1217135 — 1317125

F\)121

R121

Ri11Ri23 — R R
Ry, (T) = —LLa7128 — T3

Rlll

Ri11Rios — R R
Ryp, (T) = 117125~ Tu21715

Rlll

R101

i)

Riog Rio1
Rio1Ri16 — Ri1b
Rys (T) = 102 12 11170 .
101
Rg1Rig2 — RiorR Rg1Rig3 — RiotR Ro:Rin, — R0 R
Ry, (T) = —2L202 — 012 p (1) = 00708~ BmuTes p (1) = 9L 104R 101794
! 1 91
Rg1Ri05 — RiorR
Ry, (T) = 2L 105Rg 101795 .
1
Rg1Rgy —Rg;R Rs1Rg3 —Rg1R Rs1Rgs —Ry1R
R, (T)=-8l92_ o1 p ()76l 93R 91783 R (T) =8 94R 91784
Rg1Rg5 — Rg;b
Ry, (T) = —8Le5 — Tortb .

RSl
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R71R82 — R81R72 R71R83 — R81R73 R71R84 — R81R74 .

R T = )R T = 1R T = )
si(T) R, e2(T) R., 63(T) R,
Re() = "ot Rl g, 1) Rl —Rule g (r) - Rl ~Rob
Rea Re: Re;
RyzRez — RoR ReiRes — RecR
Ry (T) =— 62R S92 Ry (T)=—2 63R oS3
51 51

R41Rs, — R R R4 Res —Re b,
Ry (T) =412 761742 R (T)= 4173~ 7510 .

41 R41

R4pRa —R4R Rs,R,; —Ryb
R, (T)=—42 81" . p (7)= 82721~ Natth

R31 R21

Step 5: A 32" order T polynomial given in the form of Equation (6.27) is obtained by

setting R, (T) in the s' row to zero:
Ry (T) =ty T+ 4+t T+t T+ 44T+, =0 (6.27)

The polynomial shown in Equation (6.27) has 16 real roots; T, =0.621 T, =-7.622,
T,=-0.110, T,=-0.206, T,=-0.099, T,=-0.194, T,=-12.121, T,=-10.690,
T, =-9.420, T,,=-35.776, T,,=-8.862, T,=-34.598, T,=-0.538, T, =-8.538,
T,s =—0.529 and T, =0.551

Step 6: For each real root T, €T, (i=1,2,...,,16),, the corresponding crossing frequencies

s == jo, can be obtained using the auxiliary equation from the s row of the Routh’s

array that is given in the form of Equation (4.23). However, the sign agreement condition

Ry1 (T; )Ry, (T;) >0 must be fulfilled to yield imaginary roots s=xja,. As explained in
Section 6.2.1, the coefficient R,, is a function of T, €T, (i=12,...,16). Whereas, R, is

a positive constant given as R,,(T)=0.1396. For this reason, the auxiliary equation will
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yield imaginary roots for positive R,,(T) only. The crossing frequencies for each
T, €T, (i=12,...,16). roots are obtained using Equation (6.22). Where, 16 different
crossing frequencies {w., ...} corresponding to T, ={T,,T,,....T,s} are
determined. However, only T, =0.621 with s==ja@, =+j1.0187 and T,; =0.551 with

S=1jm, =+j1.1065 as the corresponding roots crossing the imaginary axis, satisfy the

sign agreement condition.

Step 7: Substituting the values of both T, =0.621 and T,; =0.551 along with their
corresponding roots @y =1.0187 rad /s and o,, =1.1065rad /s into the Equation
(4.26), will result in two different values of time delays; 7, =1.1074s and 7, =0.9893s.

However, the minimum of these two time delays, 7 =7, =0.9893s is the stability

margin of the two-area LFC-EVs system.

Stability delay margins are computed for a wide range of P1 controller gains. These results
are similar to the results obtained by Time Domain Direct Method. The theoretical delay
margin values are presented in Table 6.10, Table 6.11 and Table 6.12 for the EVs

participation factor of ¢y, =, =0.1 0.2 and 0.3, respectively. Results in all these three
tables indicate that for a fixed value of Ky, the stability delay margin decreases when
K, is increased inferring a less stable system. It is to be observed that the delay margins
are not computed for the values of Ky and K, such that the delay-free system (z =0) is
not stable. The corresponding locations are marked by (*) in Table 6.10 and Table 6.11.
However, the system is observed to be delay-independent stable for the K, and K,

values marked by (o) in Table 6.10, Table 6.11 and Table 6.12. Moreover, the stability

delay margin increases with an increase in K, for almost all values of K, .
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Table 6.10. Stability margins in two-area LFC-EVs for (o =y, =0.9, o, =4, =0.1)

T* -Ki

Kp 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
0.1 ) el 2.0473 | 1.0325 | 0.5308 | 0.2264 | 0.0216 * * *
0.2 ) 0 3.0999 | 1.6598 | 1.0155 | 0.6192 | 0.3479 | 0.1538 | 0.0077 *
0.3 00 o0 00 2.2691 | 1.4466 | 0.9624 | 0.6476 | 0.4225 | 0.2524 | 0.1190
0.4 00 o0 o0 2.8813 | 1.8274 | 1.2737 | 0.9211 | 0.6695 | 0.4788 | 0.3288
0.5 00 o0 o0 3.5966 | 2.1788 | 1.5504 | 1.1655 | 0.8922 | 0.6848 | 0.5209
0.6 00 o0 o0 o0 25190 | 1.7934 | 1.3797 | 1.0892 | 0.8689 | 0.6943
0.7 00 o0 o0 o0 2.9106 | 2.0062 | 1.5648 | 1.2607 | 1.0308 | 0.8484
0.8 00 o0 o0 o0 3.5589 | 2.1939 | 1.7228 | 1.4077 | 1.1710 | 0.9832
0.9 00 o0 ) o0 o0 2.3636 | 1.8564 | 1.5319 | 1.2906 | 1.0995
1.0 00 o0 00 o0 00 25248 | 1.9683 | 1.6352 | 1.3909 | 1.1982
15 00 ) o0 00 ) 00 2.2814 | 1.9015 | 1.6585 | 1.4743
2.0 0 o0 o0 o0 o0 ) 2.2302 | 1.8549 | 1.6448 | 1.4901

Table 6.11. Stability margin in two-area LFC-EVs for (o =, =0.8, oq; =, =0.2)

T* Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.1 0 2.7426 | 1.3615 | 0.7779 | 0.4760 | 0.2907 | 0.1659 | 0.0769 | 0.0106 *

0.2 e 3.5866 | 1.8058 | 1.1214 | 0.7586 | 0.5307 | 0.3743 | 0.2607 | 0.1750 | 0.1082

0.3 e 4.2528 | 2.1240 | 1.4014 | 1.0037 | 0.7463 | 0.5659 | 0.4326 | 0.3305 | 0.2500

0.4 © 4.6976 | 2.3116 | 1.6084 | 1.2019 | 0.9300 | 0.7346 | 0.5875 | 0.4730 | 0.3816

0.5 e 4.8539 | 2.3884 | 1.7443 | 1.3506 | 1.0777 | 0.8764 | 0.7217 | 0.5993 | 0.5003

0.6 ) 3.9200 | 2.3840 | 1.8190 | 1.4526 | 1.1894 | 0.9899 | 0.8334 | 0.7074 | 0.6041

0.7 ) 3.2397 | 2.3268 | 1.8447 | 1.5137 | 1.2674 | 1.0757 | 0.9222 | 0.7966 | 0.6920

0.8 ) 2.8917 | 2.2383 | 1.8338 | 1.5411 | 1.3158 | 1.1361 | 0.9893 | 0.8671 | 0.7639

0.9 ) 2.6220 | 2.1332 | 1.7969 | 1.5420 | 1.3395 | 1.1742 | 1.0365 | 0.9200 | 0.8203

1.0 ) 2.3963 | 2.0210 | 1.7426 | 1.5228 | 1.3433 | 1.1934 | 1.0663 | 0.9571 | 0.8624

15 | 1.7583 | 1.6180 | 1.4942 | 1.3840 | 1.2850 | 1.1957 | 1.1146 | 1.0408 | 0.9733 | 0.9113

2.0 | 1.2158 | 1.1628 | 1.1124 | 1.0645 | 1.0190 | 0.9757 | 0.9345 | 0.8953 | 0.8579 | 0.8223
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Table 6.12. Stability margins in two-area LFC-EVs for (o =g, =0.7, oq; =, =0.3)

T* Ki

Kp 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.1 00 1.9830 | 1.0194 | 0.6299 | 0.4153 | 0.2801 | 0.1876 | 0.1208 | 0.0706 | 0.0316
0.2 00 2.3553 | 1.3531 | 0.9057 | 0.6465 | 0.4779 | 0.3599 | 0.2731 | 0.2068 | 0.1548
0.3 0 24588 | 1.5732 | 1.1202 | 0.8406 | 0.6514 | 0.5153 | 0.4132 | 0.3340 | 0.2709
0.4 0 2.3986 | 1.6862 | 1.2672 | 0.9899 | 0.7936 | 0.6481 | 0.5363 | 0.4481 | 0.3768
0.5 | 3.2164 | 2.2643 | 1.7161 | 1.3517 | 1.0933 | 0.9018 | 0.7550 | 0.6394 | 0.5463 | 0.4700
0.6 | 2.6931 | 2.1048 | 1.6895 | 1.3851 | 1.1550 | 0.9767 | 0.8353 | 0.7210 | 0.6270 | 0.5487
0.7 | 2.3407 | 1.9431 | 1.6288 | 1.3803 | 1.1820 | 1.0217 | 0.8903 | 0.7814 | 0.6899 | 0.6123
0.8 | 2.0713 | 1.7891 | 1.5499 | 1.3495 | 1.1821 | 1.0416 | 0.9231 | 0.8222 | 0.7358 | 0.6611
0.9 | 1.8539 | 1.6470 | 1.4630 | 1.3022 | 1.1627 | 1.0419 | 0.9371 | 0.8459 | 0.7661 | 0.6960
1.0 | 1.6734 | 1.5176 | 1.3747 | 1.2456 | 1.1302 | 1.0276 | 0.9363 | 0.8552 | 0.7829 | 0.7184
1.5 | 1.0916 | 1.0430 | 0.9952 | 0.9487 | 0.9036 | 0.8602 | 0.8187 | 0.7790 | 0.7411 | 0.7052
2.0 | 0.7869 | 0.7666 | 0.7464 | 0.7263 | 0.7063 | 0.6865 | 0.6669 | 0.6477 | 0.6288 | 0.6102

6.3 Verification of Theoretical Results

In this section, the verification studies for theoretically computed stability margins in
single and two-area LFC system by the proposed methods are shown. It can be observed
from the tables that stability margins computed using elimination of exponential terms by
direct method are almost similar to the stability margins computed by Rekasius
substitution method. Therefore, verification studies provided for any of the two methods
would be sufficient to validate the theoretically computed stability margins in single and
two-area LFC-EVs system.

6.3.1 Verification of single-area LFC-EVs system

The theoretical delay margins are verified using time-domain simulations and QPmR
algorithm. The controller gains are chosen as (Kp=0.3,K, =0.6) and the EVs
participation factor is selected as a; =0.2. It is clear from Table 6.2 that the stability

delay margin is computed as 7*=0.8325s for this case. Therefore, Figure 6.4 illustrates

that for 7 =0.785s, which is a smaller value when compared with the calculated stability

margin 7*=0.8325s, all roots are located in the left half of the complex plane and the
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frequency response has decaying oscillations indicating the LFC-EVs system to be stable.
Whereas, the dominant roots distribution of Equation (6.1) and frequency response of the
LFC-EVs system for 7*=0.8325s is shown in Figure 6.5. It should be noticed that the
system has a pair of complex roots on the imaginary axis and the frequency response
exhibits sustained oscillations indicating the marginal stability of LFC-EVs system. If the
time delay exceeds the stability delay margin, the system will become unstable due to the
growing oscillations in the frequency response. The results shown in Figure 6.5 clearly
prove the accuracy of the theoretically computed stability margins. Whereas, a pair of
complex roots in the unstable right half of the s—plane and growing oscillations in the
frequency response in Figure 6.6 clearly show that the LFC-EVs system becomes
unstable at 7 =0.875s.
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Figure 6.4. Dominant roots distribution by QPmR algorithm and frequency response for
7=0.7855s
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6.3.2 Verification of two-area LFC-EVs system

The theoretical delay margins computed in two-area LFC-EVs system are verified using

time-domain simulations and QPmR algorithm. The controller gains are chosen as

(Kp =0.6, K, =0.7) and the EVs participation factor is selected as o, =4, =0.3. Itis

clear from Table 6.6 that the stability delay margin is computed as 7*=0.8353s for this

case. Therefore, Figure 6.7 illustrates that for 7 =0.7853 s, which is a smaller value when
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compared with the calculated stability margin z*=0.8353s, all roots are located in the

left half of the complex plane and the frequency response has decaying oscillations
indicating the LFC-EVs system to be stable. Whereas, the dominant roots distribution of
Equation (6.8) and frequency response of the LFC-EVs system for 7*=0.8353 s is
shown in Figure 6.8. It should be noticed that the system has a pair of complex roots on
the imaginary axis and the frequency response exhibits sustained oscillations indicating
the LFC-EVs system to be marginal stable. If the time delay exceeds the stability delay
margin, the system will become unstable due to the growing oscillations in the frequency
response. The results shown in Figure 6.8 clearly prove the accuracy of the theoretical
stability delay margin. Furthermore, the LFC-EVs system becomes unstable right after
the calculated delay margin value. As depicted in Figure 6.9, LFC-EVs system becomes
unstable for 7=0.8853s due to a pair of complex roots located in the right half of the

complex plane and growing oscillations can be observed in the frequency response.
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Figure 6.7. Dominant roots distribution by QPmR algorithm and frequency response for
7=0.7853s
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CHAPTER VII

COMPUTATION OF ROBUST STABILITY REGIONS

In this chapter, robust controller design for single and two-area LFC-EVs systems using
stability boundary locus method and Kharitonov Theorem is presented. For a given delay,
participation factor of EVs and system parameters, stability regions are computed in the
parameters space of Pl controller gains. Moreover, robust stability regions in the presence
of parametric uncertainties are also computed for the system. Furthermore, the obtained
results are verified by an independent technique known as QPmR algorithm and simulation

studies using Matlab/Simulink program.

7.1 Computation of Stability Regions by Stability Boundary Locus Method

A general procedure used computing stability regions in the controller parameters space
has been presented in section 5.1. However, the computation of stability regions assuring
the stable operation of single and two-area LFC-EVs system for a given time delay, system
parameters and participation factors are presented in this section.

7.1.1 Stability region computation in single-area LFC-EVs system

A step-by-step implementation of the proposed method for identifying the stability regions

in the parametric space of controller gains for single-area LFC-EVs system is given below:

Step 1: In order to identify the stability region, it is necessary to obtain the characteristic
equation of single-area LFC-EVs system. The characteristic equation given in the form of

Equation (3.5) can be easily obtained from the system model shown in Figure 3.1.

Step 2: The characteristic equation of the system for the given parameters (M =8.8,
D=1 T;=02s, T,=03s, T, =125, K, =16, R=V11, p=21, Kg =1

Tey =0.1s) is as follows:
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PeS® + PsS° + Py’ + pss® +J
2
P,S™ + PiS+ Py

+ (q4s4 +058° +0p8” + S + 7 )e‘” =0

A(s,7)=ay(s)+a,(s)e”™ = [
(7.1)

Where,

Pg = MRTgTrTCTEV

Ps = DRTgTrTCTEV + MR(TgTrTc +T, T Ty +TgTCTEV +TgTrTEV)
P, = DR(TgTrTC +T, T Ty +TchTEV +TgTrTEV)

+MR(T, T +T T, + T, T, +T T, +T, Ty, + T, Ty )
Ps = DR(T, T, + T, T +T, T, + T Ty +T, Ty +T T, )+ MR(T, +T, +T, + Ty )
+ FpTrTEV + Kp[aOﬂRFpTrTEV]
P, =DR(T, +T, + Ty +Tg, ) +t MR+ F T, +Tg,
+ K[ AR(Tey + FT )1+ K, [ BRF,T Ty ]
p, = DR+1+K [ 8R]+ K, [, AR(Te, +F,T,)]
Po = K, [ SR]
A, = K [ BRK, T T, T,]
0s = K[ BRK g, (T, T, +T, T, +T,T,)1+ K, [y SRK g, T, T, T, ]
d; = K[ SRK, (Te + T, +T)1+ K, [y BRK, (T, T, + T, T, +T,T,)]
oy = K [ay BRK, 1+ K, [y BRK, (T, +T, +T,)]
0o = K, [ SRK ]

Step 3: In order to identify boundary of the stability region in (K, K,)—plane for a given
time delay 7, s= jo, when o, >0 is substituted into Equation (7.1) and a new

characteristic equation is obtained as following:

A0 ) = Poli@)® + P00 + Pali) + By (0% + B, (10,) + ()
q4(jwc)4+q3(jwc)3]e.,-%,]

+0; () + 6, ()

q;(jwc)?’+q2"(jwc)2]e.,-%,]

r () + 0,

+Kp [ Ps (jo,)’ + p, (jo)” + pl'(ja)c)]+ Kp [[

+K | P (@) + (@) + o [+K, l[ -0

(7.2)

70



It should be noticed that pg, ps; and p, coefficients in Equation (7.2) are similar to the
coefficients given in Equation (7.1). Whereas, the coefficients p,, p, and p, in
Equation (7.2) represent the terms of p,, p, and p; given in Equation (7.1) that neither
contain Ky nor K, terms. On the other hand, p" and q’ coefficients in Equation (7.2)
corresponds to the terms of p and g terms of Equation (7.1) after K, is excluded from
them. Moreover, p” and q" coefficients in Equation (7.2) corresponds to the terms of p

and g in Equation (7.1) after K, is excluded from them.

Step 4: Substituting e~/ = cos(w,7) — jsin(w,7) into (7.2) and separating the imaginary

and real parts, a more compact form of Equation (7.2) is obtained as:

A(ja)cJ) ~ KPAL((OC) + KI Bl(a)c) +C1(a)c)

+ 1[Kp Ay (00) + K, By() + Co(@,)] = R {A(je0, 1)} + I3 {A o, 1)} =0 )

where SR{} represent the real part and 3 {} represent the imaginary part of the new

characteristic equation. Whereas, the expressions for A, B, C,, A,, B, and C, are

given as following:

A(w,) =—p, 0. +0, 0" cos(w,r) -, »,” cos(a,7) — O3 @, sin(w,7) + ¢ @, sin(w,r)
B,(w,) =—p, @2 + Py — 0, @, C0S(0,7) + G COS(@,7)— 0 @, SiN(@,T)

+0, @, Sin(@,7)
Cl(a)c) = p(ia)c6 + ’:)46‘)c4 — P,

A (@) =—ps @ + P, — Gy @, COS(,7) + G @, COS(w,7) — 0, w," sin(w,7)

2

+0, @, sin(w,7)
B,(,) = p, @, — 03 @,° COS(@,7) + O, @, COS(,7) + G, @, SiN(@,7) — Gy SiN(w,7)

C2 (a)c) = pchs - p30)C3 + pla)c

Step 5: Setting both the real part and imaginary part of A(ja,,7)=0 in (7.3) to zero, an
equation in the form of (5.6) is obtained. This equation is then solved for (K;,K,) to

identify the stability boundary locus ((Kp, K, ,®,) inthe (Ky, K,)—plane similar to the
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one shown in (5.6).This stability boundary is the CRB of the single-area LFC-EVs
system. However, a real root of Equation (7.1) may cross the imaginary axis through the
origin. It can be observed from Equation (7.3) that such a stability change occurs only for

K, =0 constituting the (RRB) locus of the system. As a result, the (Ky, K,)—plane is
divided into stable and unstable regions by the RRB locus K; =0 and the CRB locus

((Kp, K, @,).

The impact of EVs aggregator participation factor ¢, and the communication time delay
7 on the stability region is investigated. For this purpose, the stability region in the
(Kp,K,)—plane is first obtained without EVs aggregator (o; =0). This scheme
corresponds to the case where all required control efforts for frequency regulation are

provided by the conventional generator (¢, =1) and the communication time delay is

zero (z =0). The corresponding stability region is illustrated in Figure 7.1.

Then, in order to investigate the impact of EVs aggregator participation factor on the
stability region, three different EVs aggregator participation factors are selected, i.e.,
oy =0.1, 0.2 and 0.3, whereas the time delay is fixed at z =0.5 sec. These participation
factors imply that 10%, 20% and 30% of the required control effort are provided by the
EVs aggregator with a time delay of z=0.5 sec. Figure 7.1 compares the corresponding
stability regions. It is observed that the largest region is computed when EVs participation
is not considered (¢, =0). More importantly, the size of stability regions decreases as the
EVs participation factor increases, whereas the shape of the regions is unchanged. Figure
7.1 clearly illustrates that the stability regions get smaller as the contribution of EVs
aggregator to the frequency regulation increases due to the presence of the

communication time delay.

Furthermore, the impact of time delay is investigated for a selected EVs participation

factor. Figure 7.2 illustrates the stability regions for =0.25s, 0.5s, 0.75s and 1.0s
when participation factors are chosen as o, =0.8 and «; =0.2, respectively. Figure 7.2

clearly shows that the stability regions shrink as the time delay increases from z =0.25s

to 7 =1.0s. Whereas, the shapes of those regions remain unchanged. The stability regions
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in Figure 7.1 and Figure 7.2 illustrate that both EVs participation factor and the time delay
associated with EVs aggregator have significant adverse effect on the stability regions.
These stability regions represent a set of all stabilizing P1 controller gains which ensure a

stable operation of the LFC-EVs system.
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Figure 7.1. Stability regions for different values of EVs aggregator participation factors
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=)
T

—=0.25 scc

- - -=0.50 sec

wh
T
a
o
E]
=
(]
-
~
=)
=}
=l
@
=]
=
=
o
2
)

""""" =075 sec
(CkBy | N | 7=1.0sec

=
T

(33
T

Tntegral Controller Gain, K,
AVS)

—
T

"\ Real Root Boundary
AY
* (RRB) l

=]

0 1 2 3 4 5 6 7 8
Proportional Controller Gain, K,

Figure 7.2. Stability region for different communication delays for ¢ =0.2

7.1.2 Verification of stability regions computed for single-area LFC-EVs system

The accuracy of stability boundary locus, CRB and RRB loci, is validated by the time-
domain simulations and QPmR algorithm. As shown in Figure 7.3, different values of

(Kp, K,) around the CRB and RRB are selected from the stability region R2 illustrated
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by dashed-line in Figure 7.2. Primarily, three different points are selected by fixing the

K, = 2.0 controller gain value around the CRB; inside the region R2, on the marginally
stable CRB locus and outside the region R2. Then, value of K is fixed at 2.0 and on the

stable RRB locus and below the RRB locus. The time-domain simulation along with the
QPmR algorithm based dominant roots distribution and their zoom picture are shown for
(Kp =3.0,K, =2.0) inside R2 in Figure 7.4. It should be observed that the dominant

roots are present in stable left half of the s—plane and oscillations in the frequency
deviations are decaying. Such a scenario indicates asymptotic stability of the single-area
LFC-EVs system. Figure 7.5 shows that the LFC-EVs system is marginally stable due to
undamped frequency response because of a complex conjugate roots pair present on the

Imaginary axis for a point (K =3.203,K, =2.0) selected on the CRB locus. However,

the LFC-EVs becomes unstable for any controller gains outside the region. This happens
because of a complex roots pair is located in right half of the s—plane. Growing
oscillations in frequency response for such a scenario are depicted by Figure 7.6 when
(Kp =3.406,K, =2.0).

Figure 7.7 shows a stable operation of the LFC-EVs system for all Pl controller gains

like; (Kp =2.0,K, =0.0) selected on the RRB locus where Equation (7.1) has a root

situated on origin while the remaining roots are present in stable left half of the s— plane.
Such a scenario infers that characteristic equation (7.1) has a positive real root and the
system will become exponentially (non-oscillatory) unstable if PI controller gains are
selected below the K —axis as depicted in Figure 7.8 for (K, =2.0,K, =-0.2).

N
tn
T
|
:
&
jos)

B o T AN
K, =3.0K=20) (K, =3.406K =2.0)
(K,=3.203,K =2.0) 7

—_ n ]
T T
L

o
i
T
L

Intcgral Controller Gain, Kl

________________ SR i P T W

(K =2,K=0.2)
r 1 1 L

(=
T

1 1
-0.5 0 0.5 1 L5 2 2.5 3 35 4 4.5
Proportional Controller Gain, KP

o
in

Figure 7.3. Demonstrating the CRB and RRB loci for the region R2

74



Zoom

. K,=3.0,K=2.0 for 0.5 séc| 4
[ )
20 . 2
E O0—e
10 d /: 2
1 b o
4 4
= ' 03 -02 -0.1 0
é ! v Re(s)
-10+ | 0.05
¢ =
20
-20 ] 2
* -0.05
230 \ |
8 -6 “ -2 0 O Time (s) 50

Re(s)

Figure 7.4. Dominant roots distribution inside the stability region and frequency
response for stable case

"!O i I I
3 | ® K,=3.203, K =2.0 for =0.5 Scc| 4 zoom
. .
2 j2.441
20t -
g0
[} = 5
1 17" -j2.441
4.
1 4
& : 03 -02 0.1 0
¥ ’ * Re(s)
-10¢ | 0.05
¢ =
&0
201 15
¢ -0.05
-30 : - .
A O Time 0

Re(s)

Figure 7.5. Dominant roots distribution on the CRB locus and frequency response for
marginally stable case

75



IK =3 406I =2.0 f 0.5 I zoom
° e K3 ’Kf .0 for =0. sec| R
20
®
10+ Y
= 3-02-01 0
£ 0 s Re(s)
-10 1 02
L ] —
&
0
1
-20 b
. -0.2
-30°- - ‘ 0
-8 -6 -4 -2 0 Time (s)
Re(s)

Figure 7.6. Dominant roots distribution outside the stability region and frequency
response for unstable case

15 T ] i
® KP:2,O, KI:O.O for 7=0.5 sec 4 Zzoom
10 | _ 2
2]
E O
S i )
/
- ® / -4
F0 ol 04 02 0
é ¢ : ! Re(s)
0
5t ]
=
=
-10¢ 15
®
-0.08
” I I 0 25
-6 -4 2 0 Time (5)

Re(s)

Figure 7.7. Dominant roots distribution on the RRB locus and the frequency response
for stable case
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Figure 7.8. Dominant roots distribution below the RRB locus and the frequency
response for unstable case

7.1.3 Stability regions in single-area LFC-EVs system with incommensurate delays

In this section, stability regions are obtained by considering incommensurate (not integer
multiple of eachother) delays from PI controller to generator and EVs aggregator. The
communication time delay from the controller to the conventional generator is

represented by 7, and to the EVs is represented by z,. Figure 7.9 illustrates that both the

delays are modelled as exponential transfer functions ™% and e

The incommensurate time delays 7, and 7, are represented in polar coordinate (|r|,6’) as
shown in Figure 7.10. All points are defined as T (rl,rz) on a boundary depending on
(|7].6) in (7;,7,)-space. Angle & and magnitude |¢| are defined as @ =tan™"z, /7, and
|| = m Changing the angle in a range of @ €[0° —90°] when the magnitude |7| is

fixed, such a representation allows to investigate the effect of different delay scenarios

on the stability regions like; 7, >7,, 7, =7, and 7, <7,.
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Figure 7.9. Block diagram of a single-area LFC-EVs system with multiple
incommensurate delays

0 ' > 7(5)

Figure 7.10. Changing of 7; and 7, time delay values in a direction

A step-by-step implementation of the proposed method for identifying the stability regions
in the parametric space of controller gains for single-area LFC-EVs system with

incommensurate time delays is given below:

Step 1: The characteristic equation of single-area LFC-EVs system with incommensurate

delays can be easily obtained from the system model shown in Figure 7.9.

Step 2: The characteristic equation of the system for the given parameters (M =8.8,
D=1 T;=02s, T,=03s, T, =125, K, =16, R=V11, p=21, Kg =1

Tey =0.1s) is as follows:
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Pes” + Pss” + s +]

A(8,71,7,) = ag(s) + 3y (s)e ™™ +,(s)e ™™ =
DS° + P,5° + ;S

(7.4)

+ (q333 +0,5 + 0S8+ )e‘“l +(r434 + S 4,87 F IS+, )e‘s’2 =0

Where,

Ps = MRT,T, T, T,

Ps = DRT,T,T,Tg, + MRT,T, T, + MRT, T,T, + MRT,T, T, + MRT,T, T,

ps = DRT,T,T, + DRT,T,Ty, + DRT,T,Te, + DRT,T, Ty, +MRT,T, + MRT,T,
+MRT,T, +MRT.T,, +MRT,T,, + MRT,T,,

r

p; = DRT,T, + DRT,T, + DRT,T, + DRT, T, + DRT, T, + DRT, Ty, + MRT,
+MRT, + MRT, + MRT,, + F,T, T,

p, = DRT, + DRT, + DRT, + DRT,, + MR+ F,T, +T,

p, =DR+1

03 = K[ BRF, T, Ty, ]

0, = Kol SR(Tey + FyT K [ SRE,T Ty, ]

0 = KplaoBRI+ K, [0 BR(Ty, + F, T, )]

0o = K[ fR]

I, = K[ BRKg, T T, T ]

Iy =K, [ SRKg, (T, T, + T T, + T T)I+K, [y SRK, T T, T, ]

t, = K [ BRK, (T, +T, +Ty) +K, [y BRK ., (T, T, 4T, T, +T, T, )]

=Kol BRKg, HK [ BRK, (T +T,+T,)]

fo =K, [ SRK, ]

Step 3: The identification of the stability region boundary for given time delays (z,,7,)
or (|r|,9) is done by substituting s = ja, when @, >0 into the characteristic equation

(7.4) as follows:
A(Joo,71,7) = 39 (Jo) + y(Joo )™ + 3, (oo, Je 7 =0 (7.5)

Step 4: The coefficients of Equation (7.5) are re-written and the controller gains are

extracted to obtain a new equation given as follows:
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A, 71,70) = Poj)” + ps(ie)’ + Pali)’ + paj)’ + (i)’ + py(j)
+KP{{n{(jwy+r3'(jwc)3+r2'(jwc)2+r1'(_jwc>}e'l'”c’2}
Ho(in )’ + 6y eV 4G5 )l
" {{r;(jwcfﬂ; () +1 (o) +1f }e‘j%’z} )
05 (o) +f (joo) + Je

(7.6)

It should be noticed that q" and r’ coefficients in (7.6) corresponds to the terms g and
r in (7.4) excluding K. Whereas, q" and r” coefficients in (7.6) represent the q and

r terms in Equation (18) excluding K,.

Step 5: A set of two equations in the form of (5.6) is obtained by simplifying (7.6) further

and equating both its imaginary and real parts to zero. The coefficients of

A(@.), Bi(@,), C/(®,), A(®,), By(@w,) and C,(w,) are given as:

A (@,) = fo," cos(w,1,) - o, cos(@,z,) -1, o, sin(w,z,) + 1, @, Sin(@,7,)
! 2 ! 3 . ! .
—0, & Cos(a)cfl) —Os & Sm(a)crl) + 0 & Sm(a)cfl)
B,(@,) =1, @, cos(@,7,) + 1, COS(e,T,)~ T, @, SiN(e,T,) + 1 @, Sin(e,T,)
n 2 - n " .
—0p @ sin(@,7y) + 0y cos(@,7y) + G @, Sin(w,z;)
6 4 2
Cl(wc) =—Pe, t Py, t+ P&
A (@,) =1, o, CoS(,T,) + 1, @, C0s(w,7,) -1, @,* sin(@,z,) + 1, ,” sin(w,z,) (7.7)
! 3 ! ! 2 .
O3 & COS(a)CTl) + 0 & COS(a)CTl) +0, & Sm(a)cfl)
B, (@,) =, @.° C0S(w,7,) + 1 @, COS(e,7,) + 1, @,” Sin(w,7,) + 1, Sin(w,T,)
+0y' @, 008(@,71) + G, @, sin(e,71) Gy’ sin(e,7;)

C, (wc) = pchs - p3(0c3 e

Step 6: In order to identify the CRB locus ((Kp,K,,®,) inthe (Ky, K;)—plane, a set
of two equations in the form of Equation (5.7) is solved for (Ky,K,). Also, the RRB
(KI =O), which is the Ky —axis in (Kp, K,)—plane is part of the stability boundary

locus because a real root of A(ja,,7,,7,)=0 in (7.4) could cross the imaginary axis at
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s= jw, =0 only for K, =0. Consequently, the CRB locus {(Kp,K,,®,) and the RRB

locus divide the (Kp,K,)—plane into stable and unstable regions. The stable region

yields PI controller gains for which (7.4) has all its roots present in stable left half of the

s—plane. This indicate that the system is stable for the selected incommensurate time

delays (7,,7,).

The selection of incommensurate delays (rl,rz) is done by using the polar coordinates
and specifying the values of (7;,7,) by choosing |z| and @. At first, the angle is fixed at
6 =30° and stability regions for four different || values, || =0.5s, |r|=0.8s, |r|=1.0s
and |r|=1.2s are obtained for investigate the impact of different values of (rl,rz) . Table

7.1 shows different (71,72) values for this case and the corresponding stability regions
are depicted in Figure 7.11. The Figure 7.11 quite evidently shows that size of these
stability regions decreases when the magnitude of the delay increases from |r| =0.5s to

|r|:1.2 s. This results in obtaining smaller set of stabilizing Pl controller gains for

6 =30°. It should be noticed that the angle @ =30° corresponds to the scenario where the
delay from the controller to the EVs is smaller than the delay from the controller to the

conventional generator, 7, <7, .

Moreover, stability regions for @ =45°and 60° are obtained. The corresponding stability

regions are presented in Figure 7.12 and Figure 7.13, respectively. It should be observed
that @ = 45° represents the scenario where both the delays are equal (rl = 12). Comparing
the stability regions of Figure 7.12 with that of Figure 7.11, it is evident that the regions
computed for @ =45° are smaller than the regions computed for & =30°. This infers that
a smaller set of stabilizing controller parameters is obtained when 7, =7, for all |2'|
Figure 7.13 illustrates stability regions for @ =60°, which corresponds to the case of
7, < 7,. It should be noticed that regions get even smaller for @ =60° indicating that an

increase in the delay on the EVs side 7z, significantly affect the size of the regions.
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Likewise, the effect of angle @ on the stability regions is investigated. Figure 7.14 depicts

the stability regions for 6 =30° 45° and 60° when the delay magnitude |z|=0.5s is
kept constant. The stability regions shrink when @ angle is increased for 6 € [300 - 600].

The outermost stability region for 6 =30° implies that 7, is greater than z,. this implies
that the effect of delay on the conventional generator side is more on the LFC system than

the effect of delay on the EVs side. Besides, the stability region in the center for @ = 45°

infers that the delay on generator side has an equal impact on the LFC system as that of
the delay on EVs side. Whereas, the innermost stability region for  =60° implies that
7, 1s lesser than 7,. Such a scenario implies that the effect of delay on EVs side is more

significant than the effect of delay on the generator side.

Table 7.1. The value of (z,,7,) for 8 =30°

Incommensurate Time Delays (s)
|7| sec
4 T2
0.5 0.433 0.25
0.8 0.693 0.4
1.0 0.866 0.5
1.2 1.045 0.6
.k T T T T T T T T i
== |ri=0.5scc, 6=30"
sk i = = |ri=0.8sec, 6=30" |
M Pt T == |rj=1.0sec, 6=30"
g 3 L o |—Ir=12sec, 6=30°|
5 | —xka
33 251 //’ . N -
% ,// \\\
© sk DAy Tl AN -
g T . ™ \
a I v /_:.--“' h N \ T
— //’ . N N \
05 /,/ \ \\ _
0 / t " t . - ‘ B
0 1 2 3 o 7

2 4 5
Proportional Controller Gain, KP

Figure 7.11. Stability regions for different |z| values at angle g =30°
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Figure 7.13. Stability regions for different |z| values at angle g =60°
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7.1.4 Verification of stability regions computed for incommensurate delays case

The accuracy of stability boundary loci CRB and RRB are validated by the time-domain

simulations and the QPmR algorithm. For verification studies, the PI controller gains are

selected as (Kp =3.32,K, =3.45) on the CRB locus of region shown in Figure 7.11 for
|r|=0.5 sec and &=30° Figure 7.15 shows that a complex conjugate roots pair is

present on the imaginary axis for (Kp =3.32,K, =3.45) and the LFC-EVs system is

marginally stable. Also, sustained oscillations can depicted in the frequency response of
Figure 7.15.

The RRB locus is the K, —axis (K; =0) where Equation (7.4) has a root at the origin
and the remaining dominant roots are positioned in the left half of s—plane like;
(Kp =3.00,K, =0.00). This infers that the Equation (7.4) has a positive real root and the
system will become exponentially (non-oscillatory) unstable if Pl controller gains are

chosen below the Kj—axis. Figure 7.16 clearly shows this case for

(Kp =3.00,K, =-0.25).

100w T T T T T Z00m
%08 (] KP=3.32 KI=3.45 for |’T|=0.SSEC,9=30[1 5 2.224<—4
[ ]
60 2o
[ g b—e
40 °
2 S
" o 7 2224<—¢
= 0 N M .*': 03 020 01 0
E hd . hth A Re(s)
20 (]
0.05
40 [ ]
o g
-60 F -0
° <
K00
-0.05
-100
25 20 15 -10 5 0 0 50

Refs) Time (s)

Figure 7.15. Dominant roots distribution on the CRB and frequency response for the
marginally stable case
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Figure 7.16. Dominant roots distribution below the RRB boundary and frequency
response for unstable case

7.1.5 Stability region computation in two-area LFC-EVs system

A step-by-step implementation of the proposed method for identifying the stability regions

in the controller parameter space of two-area LFC-EVs system is given below:

Step 1: In order to identify the stability region, it is necessary to obtain the characteristic
equation of two-area LFC-EVs system. The characteristic equation given in the form of

Equation (3.7) can be easily obtained from the system model shown in Figure 3.2.

Step 2: The characteristic equation of the system for the given parameters
(M;=M, =88 D=D,=1 T,=T,=02s, T,=T,=03, T,=T,=12s,
T, =01 Fpy =Fp, =1/6, R =R, =111, B =5=21 Kevi = Key, =1

Teyy =Tgy, =0.15) is as follows:
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A(s,7) =ag(s)+ay(s)e ™ +a,(s)e ™
13 12 11 10 9 8
3 [ P1aS™ + PoS™ + PryS™ + ProS T + PoS” + PgS + J
7 6 5 4 3 2
;8" + PgS° + PsS° + PuS” + Pas’ + P,ST + PSS+ Py

N Oy S™ + GoS™ + Ggs” + Ggs® + 07" +0s° + - (7.8)
05S° + 08" +0,8° +0,8% + 0,5+ G

9 8 7 6 5

1,S” + 1S +1,S" +1,S° +I:S” +

+94 83726 5 e—er:O
IS+ S°+1,S°+hS+1,

The coefficients of all the three polynomials a,(s), & (s) and a,(s) are exactly the same

as presented in Appendix A2.

Step 3: The proposed stability boundary locus method requires some modifications for

the two-area LFC-EVs system as the coefficients of (7.8) involve some square terms of
Kr and K, controller gains (Sénmez & Ayasun, 2018). The coefficients of a,(S)

polynomial are expressed in terms of PI controller parameters as:

13 12 11 10 9 8
LS HL,ST AL ST HL,ST + LS +2gS +

ao(s)=[ ]+ KpZss™ +KpZ,8” + K, Z,s°

Z10S" +2Z158% + 2,68 + Z1g8" +Z,8° + Z557
+KpZos® + K, 2,88 + KpZy,8" + Kp?Z,,8" + K, Zgs" + KpZy,8° + Kp?Z,8°

+ K, Z;8° + 2K K, Z,,8° + KpZ,8° + Kp?Zygs® + K Z,,8° + 2K K Z;58°

+ K 2Z,,8° + KpZyps* + Kp?Z,,8" + K, Zp,8* + 2K K, Zgs® + K 2Z68*

+ KpZ 38 + Kp?Z0,8° + K[ Z,08° + 2K oK Z5,8° + K[ 2Z,68°% + K pZ 8% + K p?Z 787
+ K[ ZpS” + 2K oK, Z,,8% + K ?Z,,8% + K Z S + 2K K, 2,75 + K 2 Z,,5 + K 2Z,,;
(7.9)

Where, 7,5 corresponds to the coefficient p;,s'® in Equation (7.8). Similarly, Z,.s
corresponds to the coefficient p,s® given in Equation (7.8) without Kp or K, terms.
Likewise, Z,¢s” corresponds to the p,s® coefficient in Equation (7.8) that has K, terms
only. Whereas, Z,,s° corresponds to the p,s? coefficient in Equation (7.8) including
Kp? terms only and Z,,s® corresponds to the p,s® coefficient in Equation (7.8) having

K, termsonly, Z,,s® corresponds to the p,s? coefficient in Equation (7.8) that includes
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the product term of K K, and Z,s? corresponds to the coefficient p,s® having K2
terms only. All other coefficients are expressed in a same fashion. Simplifying further
yields the following form of a,(S) polynomial as follows:

. 2,52 +2,8%+2,8" 42,50 +2.5% +7,5° +
3(S) =

208" +Z138° + Z168° + 2198 +Z,,8° + Z,558°
+(Kps+ K, )| Z68” +Z;5° + ZgST + Zyy8° +2348° + 278" + Zyg® + 258" + 25 |
+(Kps+K, ) [21255 + 28 4 23S+ 252 + 2,5+ 227]
(7.10)

After labeling the terms having (Kps+K, )2 as Z,(s), the terms having (Kps+K; ) as

Z,(s) and the coefficients having neither K, nor K, terms as C(s) in (7.10), a,(s)

polynomial can be expressed in a more simpler form as follows:
20(s) = (Kps + K, ) Z(8) +(Kps + K, ) Z,(5) +C(5) (7.11)

Step 4: The coefficients of a(S) polynomial are expressed in terms of Pl controller

parameters as following:

a () = KpYyst + Ko Y,s™ + K, Yis™0 + KpYas® + K, Y,s% + KpYes® + Kp2Y,s® + K, Ygs?
+KpY,8" + Kp?Yes' + K, Yes” +2KoK,Y,s" + KpYys® + Kp?Y,s® + K, Y,s°
+ 2K K, Yis® + K, 2,88 + KpY,8° + Kp?Yp08 + K| Ygs® + 2K K, Yes® + K, 2Y,s°
+ KpYas® + Kp?Y,s® + K Ypu8* + 2K oK, Yyos? + K 2Ygs? + KpYss® + Kp2Y,,s°
+ K, Y8 + 2K K, Yp08° + K 2Yp08° + KpYp8% + Kp?Ye8” + K, Ypss? + 2K K, Yy 87
+ K, Y82 + K Y8 + 2K K Yies + K, 2Yps + K, 2y
(7.12)

Simplifying further yields the following form of &(s) polynomial as follows:

87



a,(s) =(Kps+K, )[Yls10 +Y,8° +Y,8% + Y87 +Y,8°% + Vg8 + Y87 +Y58% Y8 +Y17s]
#(Kps+ K, )] Y8® +Ye8" +Yg8" 4,65 +Y3,8% +Y,,5+ Vg |

(7.13)

After labeling the terms having (Kps+K, )2 as Y, (s) and the terms having (Kps+K;)

as Y,(s) in Equation (7.13), a,(s) polynomial can be expressed in a more simpler form

as following:
al(s)=(Kps+K,)ZYb(s)+(KPs+K|)Ya(s) (7.14)

Step 4: Likewise, the coefficients of a,(s) polynomial are expressed in terms of Pl

controller parameters as follows:

a,(s) = Kp?X,8% + Kp?X,8% + 2K K X% + Kp?X,s" + K, 2X,8” + 2K oK, X,s”
+Kp?X, 8% + K 2X,8% 4+ 2K oK X58% + Kp? X8 + K 2 X,8° + 2K K X ,8°
+ Kp?X st + K 2X 8 + 2K oK, X8 + K2 X582 + K 2X8° + 2K oK X 8°
+ Kp?Xg8% + K 2 X 8% + 2K K X582 + K 2 X5+ 2K oK Xgs + K, X

(7.15)

Similar to a,(s) and a;(s) polynomials, a,(s) polynomial is rearranged in terms of
(Kps+K,) like;  X;87 (Kps+K, )’ = Kp?X;5? +2KpK, X% + K 2X,s7.  Therefore,

a,(s) polynomial is expressed in a more compact form as following:

2,(s) = X387 (Kps+ K, )+ X,8% (Kps+ K, )? +X38° (Kps + K, )+ X,8% (Kps + K, )’
+ X58° (Kps + K, )? + X8 (Kps + K, )+ X;8(Kps + K, ) + Xg (Kps + K, )°
(7.16)

8,(5) = (Kps+ K, )| Xy + X,8° + X58° + X5* + Xg8® + Xs? + Xys+ X | (7.17)

After labeling the terms having (Kps+ K,)2 as X (s) in Equation (7.17), a,(s)

polynomial can be expressed in a more simpler form as following:
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a,(s) = (Kps + K, )* X (s) (7.17)

Step 5: Using Equations (7.11), (7.14) and (7.17), the characteristic equation (7.8) can be

expressed in the following form:

A(s,7)=a(s) +a,(s)e™™ +a,(s)e ™™ =(Kps+K,)Z,(s) +(Kps+K, )2 Z,(s)+C(s)

Jr[(KPSJr Ky )Ya(s) +(Kps +K, )2 Yb(S)}e_s’ +[(KPS+ K, )2 X (s)}e‘zsr -0
(7.18)

Assuming m=(Kps+K; ) and rearranging Equation (7.18), it can be expressed in the

form of Equatio(7.19) as following:

A(s,7)= m[za(s) +Y, (s)e’“}+ m? [zb(s) +Y, (s)e™% + X (s)e’zs’]+C(s) =0 (7.19)

Step 6: Substituting A(s) =[zb(s)+vb(s)e—5’ +X (s)e—zﬂ, B(s) =[za(s)+va(s)e—5f]

in Equation (7.19) yields the following quadratic form of the characteristic equation (7.8):

A(s,7)=m>A(s)+mB(s)+C(s) =0 (7.20)

The two roots, m; and m, of (7.20) can be computed using the following Equation (7.21):

m, =(Kps+K, )= —B(s) i\/BésA):S;4A(S)C(S) (7.21)

Step 7: In order to obtain the stability regions of the two-area LFC-EVs system, s = ja,

when @, >0 is substituted into the roots given by (7.21) as following:

B o TV PR
(Kp(j,) +K, )= B(ch)+\/5(126:c()jw )4A(ch) (jo,) 722
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2A(j@,) (iKp@, + K, )+ B(je,) F\B(jo,)? —4A(je,)C(j,) =0 (7.23)

Step 8: Substituting e~ ** = cos( je,7) — jsin(je,r) into A(jw,) and B(jw,) terms in
(7.23) and equating the real % {} and imaginary Im{.} parts of the equation to zero

will yield the following set of equations:
Kply (@) + KiMy (@) + Ny (@) + j(KPLZ(a)c)+ KiM, (@) + Nz(a’c)) =0 (7.24)

KPLi(a)c) + KI Ml(a)c)+ Nl(a)c) =0

(7.25)
Kpls (@) + K My () + Ny (o) =0

where L, (w;) and M, (w,) belong to the real part of Equation (7.24) including K, and
K, terms, respectively. Moreover, L,(@,) and M, (@,) belong to the imaginary part of
Equation (7.24) including K, and K, terms, respectively. Also, N;(@.) and N,(a)

belong the real and imaginary part of Equation (7.24) neither having K, nor K, terms.

Step 9: The set of equations in (7.25) is then solved for K, and K, to identify the CRB

locus ((Kp, K, ,@,) inthe (K, K,;)—plane as following:

Kp = M (@ )N, (@) =M, (@ )Ny ()
Li(wc)MZ(a)c)_Lz(a)c)Ml(wc)

KI — Lz(wc)Nl(wc)_Li(wc)Nz(wc)
L (0. )M3 (@) = Ly (0 )My (@)

(7.26)

In addition to complex root crossing the imaginary axis, some roots of (7.8) may cross
the imaginary axis through the origin. It can be observed from (7.25) that such a stability

change occurs only for K, =0 determining the RRB locus. The CRB and RRB loci

divide the (Kp, K,)— plane into stable and unstable regions.

It is evident from Equation (7.21) that the two-area LFC-EVs system yields two different
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roots m; and m,, which correspond to two different CRBs. Both the CRBs and the RRB
are shown in Figure 7.17 when the communication time delay z =1.0s. It is observed that
both the CRBs for the m; and m, together yield a marginally stable system. This can be
observed from Figure 7.18 that CRB of m; shown by solid line and CRB of m,

represented by dashed line combine to form a stability region when 7 =1.0s.

The impact of participation factors of EVs aggregator (o, =, =) in both control

areas on the stability region is investigated. In order to investigate the impact of both EVs
aggregators participation factor on the stability region, three different EVs participation

factors are selected, i.e., &g =0.1, 0.2 and 0.3, whereas the time delay is fixed at

7 =1.0s. These participation factors imply that 10%, 20% and 30% of the required control
effort are provided by the EVs aggregators with a time delay of 7 =1.0s. Figure 7.19
compares the corresponding stability regions. It is observed that the largest region is

computed when EVs participation is least (¢, =0.1). More importantly, the size of

stability regions decreases as the EVs participation factor increases, whereas the shape of
the regions is unchanged. Figure 7.19 clearly illustrates that the stability regions get
smaller as the contribution of EVs aggregators to the frequency regulation increases due
to the presence of the communication time delays.

Finally, the impact of communication time delays 7 is investigated for a selected EVs

participation factor. Figure 7.20 illustrates the stability regions for  =0.5s, 0.75s and
1.0s, when the EVs participation factor is chosen as ¢, =0.2. Figure 7.20 clearly shows
that the stability regions shrink as the time delay increases from z=0.5s to 7 =1.0s,

whereas their shapes remain unchanged. The stability regions in Figure 7.19 and Figure
7.20 illustrate that both EVs participation factor and the time delay associated with EVs
aggregator have significant adverse effect on the stability regions. These stability regions
represent a set of all stabilizing P1 controller gains which ensure a stable operation of the
LFC-EVs system.
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Figure 7.19. Impact of EVs participation factor on stability regions
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Figure 7.20. Impact of time delay magnitude on stability regions

7.1.6 Verification of stability regions computed for two-area LFC-EVs system

As shown in Figure 7.18, three different test points are selected around the CRB to prove
the accuracy of this boundary locus. The integral controller gain value is fixed at

K, =0.81 and the points are selected by choosing different values of K,. The point

inside the region is selected for demonstrating the system response for stable case.
Whereas, the point selected exactly on the CRB illustrates marginally stable case and the
point outside the region shows system response for unstable case. The time-domain
simulation along with the QPmR algorithm based dominant roots distribution and their
zoom picture are shown for (K, =0.9453, K, =0.81) inside the region in Figure 7.21. It
should be observed that the dominant roots are located in stable left half of the s— plane
and a decay in the oscillations of the frequency response can be observed. This indicates
that the LFC-EVs system is asymptotic stable. Figure 7.22 shows that the LFC-EVs
system is marginally stable due to undamped frequency response because of a complex
conjugate roots pair located on the imaginary axis for a point (K, =0.8453,K, =0.81)
selected on the CRB locus. However, the LFC-EVs becomes unstable for any controller
gains outside the region. This happens because of a complex roots pair located in the right
half of the s—plane and the frequency response has growing oscillations as depicted in
Figure 7.23 for (K, =0.7453,K, =0.81).
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Figure 7.23. Dominant roots distribution and frequency response for unstable case
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7.2 Computation of Robust Stability Regions by Kharitonov Theorem

In the modern day complex power systems, the parametric uncertainties are a major issue.
Therefore, it is very essential that the control technique being applied to the LFC should
be robust toward the parametric uncertainties of the system. Therefore, during the design
of a controller, it is important to check whether the controller has the capability to deal
with the parameter uncertainties or not. Robust stability regions comprised of stabilizing
controller parameters, which assure stable operation of the LFC-EVs system despite of

parametric uncertainties are comprehensively investigated in this section.

7.2.1 Robust stability region computation in single-area LFC-EVs system

A step-by-step implementation of the proposed method for identifying the robust stability

regions in the controller parameter space for single-area LFC-EVs system is given below:

Step 1: The variations of system parameters under an uncertainty of 6=10% are
computed. Also, the time delay and participation factors are selected as r=0.5s and

(g =0.8,4 =0.2), respectively. The computed parameters are given as following:

M e[7.92 9.68], De[0.9 11],T,[018 022],T,e[0.27 033],
T, €[10.8 132], F,€[0.15 0.83], Re[0.0818 0.1], K¢, €[0.9 1.1],

Tey €[0.09 0.11].

Step 2: The upper and lower limit values of the coefficients of characteristic equation

(7.1) in terms of system parameters are computed as follows:
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ps €[0.0306 0.1020]; p; €[0.6299 1.7200]; p, €[3.9081 8.7562];
pye[7.9301 14.6556]; p; €[0.2004 0.4472]; p; €[3.1930 5.0226];
p; €[0.2004 0.4472]; pj €[2.3505 4.2504]; p/'e[1.0736 1.1100];
p; €[2.3505 4.2504]; p; €[1.3745 1.6800]; p; €[1.3745 1.6800];
q, €[0.1623 0.4427];05 €[1.5181 3.3877];q5 €[0.1623 0.4427];
g, €[3.4793 6.3525]q; [1.5181 3.3877];q; €[0.3093 0.4620];
oy €[3.4793 6.3525];q; €[0.3093 0.4620];

Step 3: The stability regions for each vertex polynomial described in Equation (5.12) are
computed with help of Equations (5.6) and (5.7). As a results, intersection of all the four

stability regions G, (o,K;,K,) =ﬂfFch,7 (o,Kp K, ) is the robust stability region of

the single-area LFC-EVs system and the controller gains constituting the robust stability

region are the robust controller gains.

A robust stability region computed for the aforementioned parameters, time delay and
participation factors is depicted in Figure 7.24. It can be seen that four different stability
regions shown by blue, yellow, green and red colors represent the four vertex
polynomials. All those regions have an intersectional area filled with grey color. This
intersection of all the four stability regions in the parameter space of PI controller gains
is the robust stability region of single-area LFC-EVs system. Moreover, the impact of
communication time delay for a selected EVs participation factor on single-area LFC-
EVs system is investigated. Figure 7.25 illustrates the robust stability regions R3, R2 and
R1 computed for corresponding communication delays 7=0.125s, 7=0.25s and

7 =0.5s, respectively. Also, the parametric uncertainties are fixed at 6 =10% and the
participation factors at (a, =0.8, &, =0.2). Figure 7.25 clearly shows that the robust

stability regions shrink as the time delay increases from 7=0.125s to r=0.5s.

However, the shapes of each of the three regions show a slight change.

Furthermore, the impact of EVs aggregator participation factor on the stability region is
investigated. Three different EVs aggregator participation factors are selected, i.e.,

oy =0.1, 0.2 and 0.3, whereas the time delay and parametric uncertainties are kept fixed

at 7=0.25s and 6 =10%, respectively. These participation factors imply that 10%, 20%
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and 30% of the required control effort are provided by the EVs aggregator with a time
delay of 7 =0.25s. Figure 7.26 compares the corresponding stability regions A3, A2 and
Al. It is observed that the largest region A3 is obtained when EVs participation is

minimum (¢4 =0.1). More importantly, the size of stability regions decreases as the EVs

participation factor increases. Whereas, the shape of the regions remains unchanged.

Additionally, the impact of parametric uncertainties on the robust stability regions
computed in the space of Pl controller gains is examined. Figure 7.27 shows robust

stability regions T3, T2 and T1 corresponding to the parametric uncertainties ¢ =5%,

0 =10%, and & =15%, respectively. The time delay and the participation factors are kept
fixed at 7=0.25s and (a; =0.8, & = 0.2), respectively. It can be observed from Figure

7.27 that the largest region T3 is obtained when the parametric uncertainties are minimum

(6 =5%). Also, the size of the robust stability regions decreases as the parametric

uncertainties increase while the shape of the regions remains unchanged.
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Figure 7.24. Robust stability region for single-area LFC-EVs system when 7 =0.5s,
6=10% and a, =0.8
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7.2.2 Verification of robust stability regions computed for single-area LFC-EVs

system

The accuracy of the theoretically computed robust stability boundary locus, CRB is
validated by the time-domain simulations. Three different points in Figure 7.25 are
selected to verify the robustness of each of the stability regions computed in the presence
of  parametric  uncertainties. Those points are given as following;
(Kp =0.4621, K, =0.8837) shown by “*’ sign on the CRB of RI,

(Kp =0.4083,K, =1.196) shown by X’ sign on the CRB of R2 and

(Kp =0.4966, K, =1.738) shown by ‘¥ sign on the CRB of R3. It can be observed from

Figure 7.28 that the frequency response of the system at each of the three points is stable
hence guaranteeing the stable operation of the system. It is also very important to verify
the robustness of the stability regions when the parametric values are randomly selected
within the defined intervals. Figure 7.29 shows four different frequency responses of the
system at a point (K, =2.5,K, =1.5) shown by ‘0’ sign inside the region R2 of Figure
7.25 to verify the robustness of the stability region. At first nominal parametric values are
selected and the frequency response of the system is analyzed by time domain
simulations. The solid line in Figure 7.29 confirms stable operation of the system.

Likewise, the dotted and dashed lines also show a stable frequency response for minimum
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and maximum parametric values, respectively. Moreover, random parametric values are
selected to verify the frequency response of the single-area LFC-EVs system. It can be
observed by the dashed-dotted line in Figure 7.29 that the system shows a stable response.
Likewise, response of the single-area LFC-EVs system against a large load disturbance
shown in Figure 7.30 is analyzed. Three different responses for three different sets of
participation ratios (o, =0.9,¢, =0.1), (¢, =0.8,04=0.2) and (¢, =0.7,, =0.3) are
shown by dotted, solid and dashed lines in Figure 7.31, respectively. It can be observed
that the system shows stable frequency responses for the selected robust controller gains

under such a large load disturbance, thereby verifying the robustness of stability regions.
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Figure 7.29. Verification of the robust stability region R2 using random parametric
values within the defined intervals.
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7.2.3 Robust stability region computation in two-area LFC-EVs system

In this section, robust controller parameters of time-delayed two-area LFC-EVs system
shown in Figure 3.2 are computed. It is important to mention here that both the areas are
assumed to be weekly coupled and therefore, the tie-line power exchange between both
the areas is insignificant to be considered (Lamba et al., 2019). Moreover, the parametric
values considered for the first area are exactly the same as those considered for single-

area LFC-EVs system (Ko and Sung, 2017a) and its results are already presented in

101



Section 7.2.1. Whereas, the parametric values considered for the second area are same as
that of area 1 reported by (Jiang et. al 2011) except for the reheat turbine whose
parametric values are considered similar to the one reported by (Ko and Sung, 2017a). A
step-by-step implementation of the proposed method for identifying the robust stability
regions in the controller parameter space for single-area LFC-EVs system is given below:

Step 1: The variations of system parameters under an uncertainty of 6=10% are

computed. Also, the time delay and participation factors are selected as 7 =0.25s and (

a,=0.8,0, =0.2), respectively.

Me[9 11], De[0.9 11], T, [0.09 011], T, €[0.27 033], T, €[10.8 13.2],

F,[0.15 0.183], Re[0.045 0.055], K¢, €[0.9 11], Tp, €[0.09 0.11],

Step 2: The upper and lower limit values of the coefficients of characteristic equation

(7.1) in terms of system parameters are computed as follows:

Pe €[0.0096 0.0319]; p; €[0.2498 0.6820]; p, €[2.0162 4.5114];
pye[4.9012 9.0293]; p; €[0.1102 0.2460]; py €[2.5706 3.9669];
p; €[0.1102 0.2460]; p, €[1.2928 2.3377]; p/'e[1.0405 1.0605];
py€[1.2928 2.3377]; p; €[0.7560 0.9240]; p; €[0.7560 0.9240];
q, €[0.0446 0.1218];q; €[0.6655 1.4850];q; <[0.0446 0.1218];
g, €[1.8983 3.4659];q; €[0.6655 1.4850];q; €[0.1701 0.2541];
0y €[1.8983 3.4659];q5 €[0.1701 0.2541];

Step 3: The stability regions for each vertex polynomial described in Equation (5.12) are
computed with help of Equations (5.6) and (5.7). As a results, the intersection of the four

stability regions G, (o,K;,K,) =ﬂj‘Fch,7 (o,Kp,K,) is the robust stability region of
the single-area LFC-EVs system and the controller gains constituting the robust stability

region are the robust controller gains.

A robust stability region computed for the second area of two-area LFC-EVs system is
depicted in Figure 7.32. It can be observed that there are four different stability regions
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shown by blue, yellow, green and red colors that are computed with the help of four vertex
polynomials given in Equation (5.12). The intersection of all the four stability regions is
shown by grey color Figure 7.32. This intersectional area in the parameter space of Pl

controller gains is the robust stability region of second area of two-area LFC-EVs system.

Similar to the single-area LFC-EVs system, it is also very important to investigate the
impact of communication time delay for a selected EVs participation factor on the given
second area of two-area LFC-EVs system. Figure 7.33 illustrates the robust stability
regions R3, R2 and R1 computed for different communication time delays; 7 =0.125s,
0.25s and 0.5s. Whereas, the parametric uncertainties are selected as 6 =10% and the
participation factors are chosen as (¢, =0.8, o, =0.2). Figure 7.33 shows that the robust
stability regions shrink as the time delay increases from z=0.125s to = =0.5s. Also, the

shapes of each of the three regions show a slight change.

Moreover, the impact of EVs aggregator participation factor on the stability region is also
investigated. Three different EVs aggregator participation factors are selected, i.e.,
o, =0.1, 0.2 and 0.3, whereas the time delay and parametric uncertainties are kept fixed
at 7=0.25s and 6 =10%, respectively. These participation factors imply that 10%, 20%

and 30% of the required control effort are provided by the EVs aggregator with a time
delay of 7 =0.25s. Figure 7.34 compares the corresponding stability regions A3, A2 and
Al. It is observed that the largest region A3 is computed when EVs participation is

minimum (¢ =0.1). More importantly, the size of stability regions decreases as the EVs

participation factor increases, whereas the shape of the regions is unchanged.

Furthermore, the impact of parametric uncertainties on the robust stability regions
computed in the space of PI controller gains is examined. The time delay and the
participation factors are kept fixed at =0.25 sec and (¢, =0.8,; =0.2), respectively.
Figure 7.35 shows these robust stability regions T3, T2 and T1 corresponding to the
parametric uncertainties 6 =5%, 6 =10%, and & =15%, respectively. It can be seen

from Figure 7.35 that the largest region T3 is obtained when the parametric uncertainties

are minimum (& =5%,). Also, the size of the robust stability regions decreases as the

parametric uncertainties increase, whereas the shape of the regions remains unchanged.
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7.2.4 Verification of Robust Stability Regions Computed for Second Area of Two-
Area LFC-EVs System

The accuracy of the theoretically computed robust stability boundary locus, CRB is

validated by the time-domain simulations. A set of robust controller gains;

(Kp =2.5K, =1.2) shown by X’ sign on the CRB of R1 in Figure 7.33 is selected to
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verify the robustness of the stability region computed in the presence of parametric
uncertainties. It can be observed from Figure 7.36 that the frequency response of the

system is stable hence guaranteeing the stable operation of the system. Three different

responses for three different sets of participation ratios (o, =0.9,¢, =0.1),

(g =08, =0.2) and (e, =0.7,, =0.3) are shown by dotted, solid and dashed lines

in Figure 7.37. It can be observed that the system shows stable frequency responses for
the selected robust controller gains under a large load disturbance scenario shown in
Figure 7.30. This infers that the obtained robust stability regions provide such controller
gains which assure the stable operation of the system.
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CHAPTER VIII

CONCLUSIONS

The effect of EVs aggregators integration into the conventional LFC system that causes
communication time delays in the system is comprehensively investigated. For a given
set of controller gains, system parameters and load sharing schemes, stability margins for
both Single and Two-Area LFC-EVs system have been determined using frequency
domain direct method and Rekasius substitution method. It has been observed that both
the methods provide the same stability margin values for LFC-EVs system. Also, the
stability margins become smaller with an increase in the integral gain. For any given set
of PI controller gains, an increase in EVs aggregator participation factor results in a
decrease in stability margins. It has been concluded that if the PI controller gains and
participation factor of EVs are not properly selected, the participation of EVs aggregator
with a communication delay may cause instability and degrade the dynamic response of
the system. Also, the effect of tie-line power on stability delay margin is observed. The
stability delay margins are higher when the power exchange from area 2 to area 1 is lesser
and those delay margin values start to decrease with an increase in this power exchange.
The observations and comments based on the obtained results are as following: 1) The Pl
controller gains have significant impact on delay margins. 2) When the proportional
controller gain is kept constant, the delay margin decreases as the integral controller gain
Is increased, indicating a smaller stability margin for LFC systems. 3) The delay margin
increases at first and decreases with the increase of the proportional gain when integral
controller gain remains unchanged. 4) Stability delay margins results obtained by the
proposed method are almost the same as the ones determined by simulations, proving that
the proposed method accurately estimate delay margins of LFC systems. 5) QPmR
algorithm also validates the stability delay margin results obtained theoretically.

For a given time delay and load sharing scheme, stability regions in the PI controller
parameter space for both Single and two-area LFC-EVs system have been determined
using stability boundary locus method. It has been observed that stability regions become
smaller with an increase in the communication time delay. Also, the size of the stability
regions reduces with an increase in EVs aggregator participation factor for any given

delay value. It has been concluded that if the PI controller gains and participation factor
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of EVs are not properly selected, the participation of EVs aggregator with a
communication time delay may cause instability and degrade the dynamic response. The
observations and comments based on the obtained results are as following: 1) The
participation factors have significant impact on stability regions. 2) The CRBs and RRBs
of stability regions obtained by the stability boundary locus method are almost the same
as the ones determined by simulations, proving that the proposed method accurately
computes stability regions for LFC-EVs systems. 3) QPmR algorithm also validates the

stability regions results that are computed theoretically.

Moreover, this work has presented a comprehensive stability analysis to overcome the
stability concerns of time delayed LFC-EVs system with uncertain parameters by
computing robust stability regions that assure robustness and guarantee stable operation
of the system. The robust stability regions in the parameter space of Pl controller gains
are computed with the help of Kharitonov’s theorem and stability boundary locus method.
For a given time delay, load sharing scheme and parametric uncertainties, stability regions
in the robust controller parametric space for both Single and two-area LFC-EVs system
have been determined. It has been observed that robust stability regions become smaller
with an increase in the communication time delay. Moreover, for any given delay value,
the size of the stability regions reduces with an increase in EVs aggregator participation
factor. Also, an increase in the parametric uncertainties decreases the robust stability
regions. It has been concluded that if the robust P1 controller gains and participation factor
of EVs are properly selected, the participation of EVs aggregator with a communication
time delay can improve the LFC dynamic performance. The observations and comments
based on the obtained results are as following; 1) Communication time delay has
significant impact on robust stability regions. 2) The effect of participation factors on
robust stability regions is significant. 3) The parametric uncertainties can significantly
affect the robust stability regions. 4) Time domain simulations validate the robust stability

regions results that are computed theoretically.

It is expected that the obtained results will help in determining communication delay
requirements and robust controller design specifications for EVs aggregators
participating in frequency regulation service while the system parameters are varying
because of the uncertainties. Computation of robust stability regions in the PI controller

parametric space for two-area LFC-EVs systems without having weakly coupled control
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areas and verification of the accuracy of those theoretical results by simulation studies is
placed in future studies. Moreover, computation of stability delay margins considering
incommensurate time delays by using frequency-domain methods can be done in future
studies. Additionally, modelling of EVs while considering the state of charge of the

battery system will be considered in the future prospects.
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+ KI[aOIBRFpTrTEV];

p=DR+1+K [gBR]+ K [aoBR(Te, + F, T py =K, [eBRI;

Qs = Kp[alﬂRKEngTrTc];

0; = K[ SRK g (T, T, +T, T, +T,T)1+ K, [ SRK o, T, T, T ;

0, = K [y BRK g, (Te + T, + o)1+ K [y BRK g, (T T + T T + T T)I;

0 = K [ BRKg, 1+ K [og SRK g, (T + T, +Ty); - G = K, [y SRK, 1;
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Appendix A2

P = MPR*TTLITT,
P = 2M PR (TATEoToT, + TATeo T T2 + T Ty T T + T T T T)
+2DMRA*T TS T T
Py = DPRITTETT? + ADMR? (TP d TET, + T T, T + T T T T2 + T T T2T)
+ MR (AT 2T T, T, + AT T T2T, + 4T 2T T T2 + AT TG T2T, + 4T T T, T/
AT T TIT2 +TETeo T + T T + TATI T2 + Ty T/ 1) + AMRP T, T AT T T s
Py = 2FpMRTTi T T2 + MR (2T Tei 7 + 21T T4 + 2T 7T Ty + 2T Teo 17
+ 2T ey T2 + 212 T T, + 2T, T 2T + 2T2T T2 4+ 2T2T 2T, + 2T T2T + 2Tl T, T/
+ 2Teg T2T, +8T T, T, T +8T T, T2T, + 8T Tl T, T, + 8T T, T,T,)
+ 2D R (T Ty Ty T + T T T2 + T Ty T, T2 + T Teg To T, ) + DMR? (2T T i T
+ 2T TG T + 2T2T 2T 4+ 2T d T2 T 2 + 8T T ST, +8T Ty T, T2 + 8T T T,/ T,
+8T Ty T T2 +8T 7Ty TYT, + 8T T T, T,) + MR T, (T Ty T 2 + T 2T T/ T 2
+ T T T + T2 T TT, ) + ADRPT, T AT S T2 T 7
+ Kp[2Fs MR*T, T T, T 0o B

Pe = MR(2T.T.S T,T, +2 FoT.Teo T2+ 2F, T2 T, T2 +4F.T.Tyy, T, T2+ 2F.T.T: T,T.)
+2DF,RT. TS T, T? +M?R3*(TAT.S + TCZng +T2 ng FTAT 4T T + ngTrZ
+ 4T Tey ng +AT Tl T, + 4T 7Tg, Ty +4T Ty T2+ AT ToT, +4T T, T, + 4TCTgTr2
+ 4TCT92Tr + 4TC2Tg T, +4Te, T, T? +4Tg, ngTr + 4TS T,T, +16T T, T,T,)
+ MRT,,z (4T T ng +AT2TET + 4Tc2ngTr2 + 4TE\2,Tg2Tr2 +16T.Tgy, ngTrz
+16T. T T, T?+16T.T:d ngTr +16T Ty, T, T?+16T Ty, ngTr +16TT.2 T,T.)
+D?R¥ (T T ng +TATEAT + TCZngTrz +Te ngTf + 4TCTEVTg2Tr2 + 4TCTE\2,TgTr2

+4T T2 ngTr +4T Ty, T, T? +4T7Tgy, ngTr + AT 2T 2 T,T,)+8DR T,m(T. T8 ngTrz
+T gy, ngTrZ + T2 TS T, T2 +T2Ted ngTr )+ DMR? (4T, Td ng + 4T Tey ng ..
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Ps

AT T o Ty +AT T T? + AT 2T T2 + AT TS T, + AT T2TZ + 4T 2T T2 +4TZT T,
+ ATe TAT + AT T T + ATGT2T, +16T T, T, T2 +16T,Te, TOT, +16T, T T, T,
+16T T, T,T,) + Ko [R2a BRMT T T, T, + 2R MT i T, + 2F MT (T, T/

+ 2R MT T T, T, + 4R MT T, T, T2 + 2DF T o T, T,7)

+4F, MRZleTCTE\Z,TgTrZaOn] +K,[2F, MRZTCTE\Z,TgTrZaO Al

= MR(ZTCTE\Z,TQ + 2T, TT, + 2TE\2,TgTr +AT Ty T, T, + AF T T T2+ 2FT.TOT,
+2 FPTCTgTrZ +2F, T T,T, +2 FoTeo T +4 FPTEVTgTrZ +4FT Ty T,T,)
+4F,RT,T.T:S Tng;z +DR(2T,T.2 T,T, +2 FoT.ToT? +2F, T2 Tng

+2F,T.T, T,T, +4FpT Ty Tng) +MZR?(2T,Teg + 2T ey + 2TCT92 + 2TC2Tg
+2Tzy ng + 212 Ty + 2T.T7 + 2T 2T, + 2T T2+ 2TT, + 2TgTr2 + 2T92Tr +8T Ty Ty
+8T Tgy T, +8T.T,T, +8T, T,T,) + MR T, (8T T ng +8T Ty, ng +8T T2 T,

+8T T2 T2+ 8T T T2 + 8T TT, + 8TCT92Tr2 + 8TC2Tg T2+ 8TC2Tg2Tr +8Tg, ngTrZ
+8T TgT,2 +8TeS ngTr +32T.Tgy Tng +32T.Tgy ngTr +32T. T T,T, + 32T Tey, T,T,)
+D?R?*(2T,Tzd ng + 2TCZTEVTQ2 + 2T 2T Ty + 2T TeoT 2 + 2T Te T2 + 2T2TLST,

+ 2TCTg2Tr2 + 2Tc2TgTr2 + ZTCZngTr +2Tey ngTrZ + 2TE\2,Tg T? 42T ngTr +8T.Tg, Tng
+8T Tey ngTr +8T.T T,T, + 8T Tey T,T,)+DMR 2(2T2TL + ZTCZng +2T.2 ng
+2T2T + 2T ST + 2T92Tr2 +8T Ty ng +8T.T:S T, + 8T Tey T, +8T Ty T?
+8T.ToT +8T 7T, T, + 8T, T, T?+ 8Tch2Tr + 8T02Tg T +8Ty, Tng +8Tg, ngTr
+8T T,T, +32T T, T,T,) + DR T,m(AT T ng +AT2T 2T + 4TC2T92Tr2

+4T.2 ngTf + 16TCTEVTg2Tr2 +16T.Ted Tng + 16TCTE\2,ngTr +16T Tgy Tng

+ 16T02TEVT92Tr +16T Ted T,T)+Kp [MR?e, B(2T,Tcd T, + 2T.ToT, + 2TE§T9Tr

+ AT Ty T T, +2 FoTeo T2+ 2F,TT0T, +2 FPTchTrZ +2F, T T,T, +4FT Tey T?
+4 FPTEVTng +A4FpT Tey T,T,) + DR%q, ,B(ZTCTE\Z,TgTr +2FT.To T 42 FPTE\Z,TgTrZ
+2F,T.T:G T T, +4FpT Ty Tng) + R, (AMT, T2 T,T, +4F; MT.T.T?2
+4F,MT,S Tng +8F; MTCTEVTgTrZ +4F, MTCTE\Z,TgTr +4DF,TTed Tng

+ 4FPTCTE\2,TgTr2 A+ K, [R%a,B(2 MTCTEéTgTr +2F,MT. T T + 2F, MTE\Z,Tng
+2F,MT_T.2 T,T, +4F, MTCTEVTng +2DF, T T.2 Tng)

+4F,MR?T,, T T2 T,T, 2ayr];

r
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P, =2MR(T.Tey +Ted Ty +Ted T, + T.T,T,) + AMR(T T, Ty + T Tey Ty + Ty T, T,)
+2FpMR(T T2 + T T2+ T T, + T T2 +Tef T, + T, T2 +T,T,T,) + 4FpMR(Te, T2
+Tey T2+ T Ty T + Ty T, T) +4RTa (T Teo T, T, + FpT Ted T2 + FoTed T, T/

+ 2DR(T Ty Ty + T Ted T +Ted Ty Ty + T Teg Ty + T Ted T + Ted Ty Ty + FpTeo T/

+ FpTeg T2 + FoT T T2 + FoTed T, T, + FoT Teg T,) + 4DR(T Tey T, T, + Fp T Ty T/

+ FeTey T, T2 + FeT Tey T, 1) + FETeo T2 + MR (T2 + T +T7 +T,7 +4T T

+ AT Ty + 4T, Ty +4TT, +4Tg, T, +4T,T,) + D?R*(T2Ted +T2T2 +Teo T2 +T2T/
+Teg T2+ T AT T TS + AT Teg Ty + 4T 7T Ty + 4T T T2 + 4T TLIT,

AT ey T, + AT T T2 AT TZT, + ATPT, T, + 4T, T, T + 4T T2T, +4TL0T,T,

+16T T, T,T,) + DMR?* (4T Ty +4T Ty +4TT] + 4T T, + 4T, T +4T0T,
+ATTZ +AT2T, +4Tg T2 + ATl T, + 4T T2 +4T.T, +16T, T, T, +16T T, T,
+16T,T,T, +16Tg, T,T,) + FoRT, T T 7 (ATey T, +8Tey T,2) + MR?T, (4T Ted
+ATITE + AT TS+ ATT? + AT T + ATZT? +16T T T2 +16T T T, +16T7Te T,
+16T,Tey T2 +16T Ty T, +16T T, T, +16T,T,T,” +16T,T/T, +16T T, T, +16T, T, T/
+16Te, TST, +16Tey T, T, +64T Ty T,T,) + DR*T, 2 (8T Ty Ty + 8T Te, T

+ 8T Ty Ty + 8T Ty T, + 8T Tg T2 + 8T Ty T, + 8T, T7T2 +8TT T2 +8TTCT,

+ 8Ty TIT 2 +8Tei T T, + 8T T2T, +32T T, T T, + 32T, T T2T, + 32T Teo T, T,

+ 32T Tey T, T, ) + Ko [2FERTEI T2 oo B+ MR B(2T Tl + 2T Ty + 2T T,

+ 2T T T, + AT Tey Ty + AT Tey T, +4Tey T T, + 2R T T2 + 2R Tl T, + 2R T, T/
+2FpT. T, T, +4FpTe, T2 + 4Fp T Tey T, +4FpTey T,T,) + DR B(2T, T T,

+ 2T Teg Ty + 2T Ty T, + 4T T T, T, + 2Fp Ty T2 + 2R T Tl T, + 2R T T, T/

+ 2Fp Ty T T, + AR T Ty T2 +4Fp T, T, T + 4R T T, T,T,)

+ MR T (AFp Ty T + 4T Tei Ty + AT Tl T, + AT T, T, + 8T T, T, T,

AT Teo T, + AR T T T + AR Ty T, T, +8F T, Ty T, +8F Ty T, T/

+8F T, Tey Ty T,) + ReTar(ADT T T, T, + ADFT T T2 + 4DFpTf T, T/

+4DFT Ty T, T, +8DFp T T, T, T, + 4T TS T, T, B+ 4R T T T2 8

+ ATy T T2 B+ AR T T T T, B+ 8F T T, T, T2 B)]+ KE[FER T T 2 B1...
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Pe

+ K, [MR%a, ,B(ZTCTE\Z,TQ + 2T T22T, + 2TE\2,TgTr + AT Tey T, T, +2 FoTeoT?
+2F,T.T5T, +2 FPTCTgTrZ +2F, TS T,T, +4 FoT.Toy T2 +4F: Ty, Tng
+4FT T, T, T, + DR?a, (2T, Ted T,T, +2 FoT.Teo T2 + 2F T Tng
+2F.T.T:, T,T, +4FT Tg, Tng) + MR T 00y (4T, T8 T,T, + 4F,TTIT?

+4F, T T, T2 +4F.T.T:8 T,T, +8FT T, T, T?)+4F,RT,T.T:, Tng a,7(D + B)I;

= 2MR(TT, +T.T, +T,T, +Te2) +4MR(T, Tgy +Tey Ty +Tey T+ Fo MR(2T?

+ 2T, T, + 2T, T, +4Tg, T,) + DR(2T,Tgd + 2T Ty+ 2T2T, + 2TT, T, +4T T, T,
+ AT Ty T, +4Te, T, T, + 2R, TT,T, +2 FoT.T2 + 2F,TeoT, +2 FpTng +4F,T.T, T,
+4Fp Ty T, T, +4F Ty T+ RT127r(4TCTE\2,Tg AT T0T, + 4T T,T, +8T.Tey T, T,)
+ FoRT,m (4TS T2 + 4T TEOT, + 4TCTgTr2 V1] 47 T,T, +8T.Tey T? 48Tz Tng

+8T Tey T,T,) + 2(FoTelT + F2Te, T2) +2M 2R3(T, + Ty +T, +T,)+ 2DMR*(T?
+Tes +ng +T?)+8DMR*(T.Tg, +T Ty +Tey Ty + T T, + Ty T, +T,T,)
+4FSRT,Teo T2 +8MR T, (T, Teg + T Ty + TCng + TfTg + TEVTg2 +TE\2,Tg
+TT2+T2T + T T2+ TT, + Tng + ngTr) +32MR?T,7(T.Tg, Ty +T Ty T,

+Tey Ty T, + T T, 1) + 2D°RE (T Ty + ToTey +T T2 + 1Ty + Ty TS + Teo T, +T,T/
T 4+ T T2 +T3T + Tng + ngTr) +8D?R? (T Tey Ty + Ty T, + Ty T, T,
+T.T,T)+ 4DR2T127r(ngTr2 +TATeS + TCZng +TeS ng + T2 +T0T7)

+16 DRZleﬁ(TCTEVng +TCTE\2,Tg +T g, T, +T.Te T2+ T, 10T, + T2Te, T, +TCTgTr2
+ TchzTr + TCZTgTr +Tgy Tng + TEVngTr +Tel T,T)+ 64DR2T12TCTEVTgTryz

+ Kp[4Ray B(FoT2T, + F2Te, T2) + MR%q, B(2TL + 2T.T, +2T.T, +2T,T,

+ 4T Tey +4Tg, Ty +4T, T, +2 FoT? +2F,T.T, +2 FoT,T, +4FpTey T,)

+R%a, B(2DT T +2DTg] Ty +2 DTT, +2 DT,T,T, +4DT,Tg, T, +4DT,Te, T,
+4DTg, T, T, +2 DF,T.T2 +2DF,T3T, +2 DFPTgTrZ +2DFTT,T, +4 DF, T, T2
+4DFpT T, T, +4DF T, T,T,) + M RT,a, (4T Tes + 4TE\2,Tg +ATIT + ATT,T,
+8T Tey Ty +8T.Tey T, +8Tg, T, T, +4 FoT.T2 +4F T2T, +4 FPTgTrz +4FT.T,T,
+8FpTey T2 +8FpT Tey T, +8FoTgy T,T,)+ R*T,au(4DTTed T, +4 DT.TST,
+4DTg T,T, +8DT.Tg, T, T, + ADF,Tei T2 +4DFT.TLT, + 4DFPTCTgTr2

+4DF TS T,T, +8DFpT,Tg, T?+8DF,Tgy Tng +8DFpT Tey T, T, + 4TCTE\2,Tg B

AT TS T, B+ATIT T B+8T Ty T, T, B+ AT T2 B+ AFT.TLIT, ...
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Ps

+ 4FPTCTgTr2 B+AFT T,T.B+8F Ty Tng B+8FT Te, T,T, B +8F:T.Tey T2p)]
+ Ké [Rzag (2 FPTE\Z/TrﬁZ +2 I:PZTEvTrZIB2 + 4FPZT12TE\2/Tr2ﬂ7T)] +K,[2 FPZ RTE\Z/TrZ%ﬂ
+ MR%q, B(2T. TS + 2TE\2,Tg +2T8T, + 2T.T, T +4T.Tg, Ty +4TTe, T, +4Tg, T, T,

c'g'r
+2F TT2 4+ 2F, 2T, +2 FPTgTrZ +2F T.T T +4F.To T2 +4FT.Te, T,

Tl
+4FpTe, T, T,) + DR?qy B(2T Ty Ty + 2T Tl T, + 2Ty T T, + AT Ty T, T, + 2FpTef T/
+ 2Fp T Tee T, + 2R T T T2 + 2R Tef T, T, + 4R T T, T2 + 4R, T T T/

+A4FpT Tey T, T,) + MR*T 0 (AT, Ted T, + AT T T, + 4T T, T, +8T Ty T, T,

+ AR TS T + AR T T T, + AR T T T2 + AR T T, T, +8FT Ty T2 +8FpTey T, T
+8Fp T Tey T, T,) + RPT0m (ADT, Ty T, T, + ADFT Ty T2 + 4DFp T T, T,
+4DFT Ty T, T, +8DFpT T, T, T, + 4T TS T, T, B+ AR T T T2 B+ AR TS T T2 B

+AFT Ty Ty T, B +8F T e, T T2 A)1+ K Ko 2R R* T Tl 571

=Teg + FeT2 + M?R? + 4R, T, T, + MR(2T, + 2T, + 2T, + 4T, +2F,T,)
+DR(2T,T, +2TT, + 2T, T, + 2Ty + 4T Tey +4Tg, T, + 4T, T, + 2F. T2 + 2F:T,T,
+4FpTe, T, +2FpT,T, ) + ART,(T,Ted + TE\Z,TQ +TeeT +T.T,T)+ 8RT, (T Tey Ty

c'g'r
+TTey T, +Tey T, T,) +4F, RT,7(T.T2+ToT, +TgTr2 +T.T,T,)+8F.RT,7(Te, T,

c'g'r
+T ey Ty +Tey Ty To) + D*R*(T2 +Tg +ng +T2)+4D°R*(T, Ty, +T. Ty +Tey Ty
+T T, +Tey T, +T,T,) + ADMRA(T, +Tgy +T, +T,)+ AMR T,z (T2 +Tg2 +ng +T7)
+16MR? T, z(T,Tgy, + T Ty +Tey Ty + T T, + T, T, +T, 1) + 8DR T, (T, Tes + T Tgy
+ TCTg2 + TCZTg +Tey ng +Tel T, + TT +T2T, + T T2+ TT, + Tng + ngT, )

+32 DRZleﬁ(TCTEVTg +T Ty T, + T T, T, + T T,T,) + Ko [Ray BT +2F2T?
+8F,Te, T,) + MR, B(2T, + 2T, +2T, +4Tg, +2FT,) + DR, B(2T:5 + 2T.T,

+ 21T, + 2T, T, + 4T Tey +4Tgy T, +4Tey T, +2 FoT2+2F,T.T, +2 FoT, T,

+4F, T, T,) +8RTaom (FoTei T, + FaTe, T.2) + MR T, a w (4T + ATT, +4TT,
+A4T, T, +8T,Tgy +8Tgy T, +8Tg, T, +4 FoT? +4F,T.T. +4 FpT T, +8FTey Ty)

+ RT,ayw(4DT, T2 + 4DTE§Tgj +4DTIT, +4 DTT,T, +8DTTg, T, +8DT,Tg, T,
+8DTe, T,T, + 4DF,T.T2 +4DF, T T, +4 DFPTgTrz +4DFpT.T,T, +8DFpTg, T?
+8DFpT,Tey T, +8DFp T, T, T, + 4TT B+ 4TE\2,Tg B+ATLT B+ ATT,T. B
+8T Tey T, B+8T. T T, B+8Tg, T,T, 5 +4 FoT.T2B+4FTiT. B+ 4 FpTng Vi
+4FT,T,T,B+8 FoTeyT28+8F T, T, B+ 8FoTey Ty T, Bl
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P4

+ KA[R®al B2 (Tes + FAT + 4F Ty T,) + 8R°T,ab i (FoTel T, + FiTey T2)]

+ K\ [4Rao B(FoTed Ty + FETe, T2) + MRy (2T + 2T, T, + 2T, T, + 2T,T,

+AT Tey +4Te, Ty + 4T, T, + 2R T2 + 2R T, T, + 2R T, T, +4F, T, T,)

+DR?aro B(2T, Ty + 2Teg Ty + 2Ty T, + 2T, T, T, + 4T Ty Ty + 4T Tey T, + 4T, T,T,

+2FTT? 4 2F, T2T, +2 FoT, T?+2 FpT T T, +4F:Tey T2 +4F.T.Tg, T,
+4FpTe, T, T,) +4 FZRT,Teo T aym + MR T 0 (4T, Tl + 4TE\2,Tg +A4T2T,
+4T T T, +8T Tg, T, +8T T, T, +8Tg, T, T, + AFT.T2 +4FToT, + 4FPTgTr2

Tl
+ AT T, T, +8FTey T2 +8FpT.Tey Ty +8FpTe, T,T,) + R7T 0 (4DT, T T,

+4DT TeoT, +4DTiT, T, +8DT T, T, T, + 4DFp Ty T + 4DFpTTLIT,
+4DFT T T + 4DFp Ty T, T, +8DFpT T, T2 +8DFpTe, T, T +8DFp T T, T, T,

AT TS T B+ AT T T B+ AT T T, B+ 8T T, T, T, B+ 4R T T2 B+ AR T T T, B
+ AR T T T2 B+AF T T, T, B+8F T T, T2 B +8Fp T, T,T B+ 8F.T T T, T, 5]

+ KI[FERATLIT  al BP]+ K Ko [R2aE (AFTR3T, B2 + 4F 2T, T2 2

+8 FF? T12TE\2/ Trzﬂ” )l

=2(Tgy + FoT, + MR+ DMR?) + DR(2T, + 2T, + 2T, + 2F,T, +4Tgy )+ RT,m(4Tg;
+ AT Ty +4T.T, + 4T T, +8T Tey +8Tgy T, +8Tey T, +4FT.T, +4F:T, T, +4F,T/
+8FTey T,) + 8MR? T, (T, + Ty + Ty +T,) + DRPT, (4T 7 + 4T + 4T/ +4T7
+16T,Tgy +16T.T, +16Tg, T, +16TT, +16T, T, +16T,T,)+ 2D°R*(T, + Tz +T,
+T,)+ Ko[4Rao B(Tey + FpT,) + R%2pB(2M +2DT, +2DT, +2DT, +4DTg,
+2DFpT, ) + RT, a7 (4T +4FST? +16F,Te, T,) + MR*T 0 (4T, + 4T, +4T,
+8Tgy +4FpT,) + R°Ta(4DT,T, +4DT,T, +4DT.T, +4DT) +8DTe, T,
+8DTg, T, +8DT,Tzy +4DF.T, +4DFpT,T, +4DFpT T, +8DFp T, e, T, +4Tc)
+ATT, B+AT.T, B+4T T, B+8T Tey B+8Tg, T, B+8Te, T, B+ 4F T B+4FTT, B
+4FpT T, B+8FTey T, A1+ KA [2R?af 87 (Tey + FoT,) + RPTpas 84Ty +4FET?
+16FpTey T,)]+ K| [Ra B(2Tey +2FET +8Fo T, T,) + MR, B(2T, + 2T, + 2T,
+4Tey +2FpT,) + DR?ary B(2Teg + 2T, T, + 2T, T, + 2T, T, + 4T, Ty +4Te, Ty +4Tg, T,
+2Fp T + 2Fp T, T, + 2R T, T, + 4Fp Ty T,) +8RT a0 m (FpTed T, + FéTey T))

+ MR T o (4T +4T T, +4T,T, +4T T, +8T Tg, +8Tg, T, +8Tg, T, +4F,T/
+4FpT.T, +4FT T, +8F.Tey T,) + R°Tam(4DT, Teg +4DTi T, +4DTT, .

r
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P3

P,

Py

Po

+4DT,T,T, +8DT, T, T, +8DTTe, T, +8DT, T,T, + 4DF,T.T? +4DFp T T,
+4DF,T,T? +ADF,TT,T, +8DF, T, T +8DFpT, Ty T, +8DFpTe, T, T, +4T.Tc) B
+ATeo T, B+ AT T, B+ 4TI T, B+8T T, T, B+8T T, T, B +8T, T,T, B+ 4FT.T B
+ AR TS T, B+ AR T T2 B+ AR T T T, B+8FpTe, T2 B +8F T, Tey T, B

+ 8FPTEVTgTrﬂ)] + K|2[R205§ (2 FPTEsTrﬁZ + 2FPZTEVTr2ﬂ2 + 4FP2T12TE\3Tr2:B7Z)]
+ K, Ko [R%af B2 (2Tl +2F2T7 +8FoTey T, ) +16R*Ty,0 B (FoTed T, + FaTe, T2,

=1+ 2DR+ RT,7r (4T, + 4T, +4T, + 4F,T, +8Tg, ) + R*(4MT,7 + D?)
+8DR T, 7z(T, + Tgy +T, +T.) + Kp[20pB(R+ DR?) +8RT,ay7(Tey + FoT,)

+ R*T,ay(4M +4DT, +4DT, +4DT, +4DFT, +8DTy, +4T B +4T, B +4T, B
+4F,T, B +8Tg, B)]+ KE,[Rzag (ﬂz +8T,Tey B +8Fp T, T, )]+ K [4Ra B(Tey
+FoT,) + R%a, B(2M +2DT, + 2DT, +2DT, + 2DF,T, +4DTg, ) + RT,000 (4T 5
+4FET2 +16Fp T, T,) + R*T,ag 7 (AMT, +4AMT, +4MT, +4F,MT, +8MTg,
+4DT + ADT.T, +4DT.T, +4DT,T, +8DT Ty, +8DTg, T, +8DT, T, +4 DF,T?
+4DF,TT, +4DF,T, T, +8DF,Te, T, + 4T B+ ATT S+ATT B+4T,T. B

+8T Tey B+8T, T, 8+8Tc, T, 8+ AF T2 +4FT.T. B +4 FpT, T, 8+8F:Tey T, 8)]
+ Kf[RzagﬂZUEi +4F T T, + FPZTrZ) +8R2T120‘§7Tﬂ(FPTE\2/Tr + FPZTEVTrZ)]

+ K, Kp[4R%a % (Tey + FoT,) + R¥T,a, 8Ty +8FAT2 +32F:Te, T,)I;

= 4T,,7(R + DR?) + K, [4T,,atpm (R + DR? + R? B)] + KA [4R?Ty,al Bl + K, [2, B(R
+DR?) +8RT,,ay7(Tey + FpT,) + R°Tj,0p7(4M +4DT, +4DT, +4DT, + 4DF,T,
+8DTgy +4T, B+8Ty B+4T, f+4T, B+ 4F,T B)]+ K [2R?ag B2 (Tey + FpT,)

+ RPT,0l (4T +AF2T? +16F,Te, T.)1+ K, Ko [R2af (287 +16T, T, f7

+16F, T, T, A7)];

= K, [4ay(RTy, + DR2T12 + RZleﬁ)]+ K|2[R2ag (,32 +8T,Tey S +8F: T, T, Bl
+ K, Ky [8R*Ty,05 B,

= K|2[4R2T120‘§ﬂ7f];
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Oy = Kp |:2KEV MRZTEvTcZTgZTrZ%ﬁ};

tho = Kp[Key R% (2 MTcZTgZTrZﬂ +4MTg, T T, TS+ 4MTEVTc2TgTr2ﬂ
+4MTg, TCZTg Tp+2 DTEVTCZTQ T2B+4MT, Tz, TCZTg T 27)]
+ K, [2Kgy MRZTEVTCZTQ T 2o, B,

0o = Kp[Key R?ay B(2MTg, T2T 2 + 2MTg, T2T,2 + 2M T, T 2T 2 + AMTT °T,2
+AMT T T2 + AMT T °T, +8MTe, T.T, T, 2 +8MT, T.T,°T, +8MTg, T.°T,T,
+2DT, 2T °T, 2 + 4D Ty, T,T, T, 2 +4DT, T.°T, T, +4DTe, T.T, T, )
+ Ky Raym (AMT,T 2T 2T, 2 + 4T, T T2T T, 2 B+ 8MT,, T T.T, T, 2
+8MT,Tey T2T,T, 2 +8MT,, T, T2 2T, +4DT,,Te, T.°T, T, )]

+ K, [Key Ray BMT T 2T 2 + AMTe T T 2T 2 + AMTe T2T, T2 + 4MT, T.2T, T,

+ 2DTEVTC2Tg T ) +4Kg, MR2T12TEVTCZT9 T 2oyl

Og = Kp[Key RPy BMT T2 + 2MT 2T 2 + 2MT°T, 2 + AMTg, T, T, % + 4MT, T.°T,
+AMTe, T.T,2 + AMTg, TT, +4MTgy T,T,2 + AMTg, T, T, +8MT.T,T,2 +8MT.T T,
+8MT.’T,T, +2DTg, T,°T, % + 2DTe, T,°T,? + 2DTg, T, T,° + 4DT,T,°T,? + 4DT T, T2
+4DT,°T, T, +16MTg, T,T,T, +8DTg, T,T,T,* +8DTg, T,T,°T, +8DT, T,°T,T,)
+2F,Key RTey T.T, T, %0y B + Ky R20y m (4D T, T, 7T,

+AMT,Te, T2T,2 + AMT,,Te, T T, 2 + 8MT, T T 2T, 2 + 8MT,, T T, T2

12°¢c 'g'r
+8MT12TCZTg T +8DT,,Tey T.T, T %2 +8DT,, T, T.2T, T 2 +8DT12TEVT02T9 T
+16MT, T, T.T, T

¢ Tl
T T2 +16MT,Tey T T 2T, +16MT,Te, TAT,T, +4T,T 2T, °T.2 B

+ 8T, Tey T T T, 2 B+ 8T, ey TAT T2 B +8T,Te, T.2T, T, B)]

+ Kp [2Fp Ky R¥Tgy TeT, T2 agon 821+ K, [K gy Ry B@MTey T.2T, + 2MTe, T,

+2MTe, T, 2T, 2 + AMTT 2T, 2 + AMTT T, 2 + AMTT °T, + 2DT,°T, T,

+4DTg, T.T,°T,2 +4DTg, T°T,T,? + 4DT, T.2T T, +8MTg, T,T, T, 2 +8MTe, T.T T,

+8MTgy T T, T, ) + Kgy REayr (AMT,, T 2T 2T 2 4+ 8MT, T, T, T, T, 2

+8MTy,Tey T2 T, T, 2 + 8MT, T, T.2T, T, +4DT,, T, T.2T, T2 + 4T, Ty T.T T2 B)]:

T2 +AMT, Ty, TCZTg 2

132



0y = Kp[2Kgy Ry B(FeTe, T,TZ + FPTEVTgTr2 + FPTchTrZ +Tey TeTg T, + FoTey TeTgT))
+Key Ry fM T, T2 +2 MTEVTg2 +2MT, T2 + 4MTCTg2 + 4MTc2Tg +4MT,T?
+4MT2T, +4 MT, T + 4MngTr +2 DTCZng +2DT T2 +2 DngTrZ +8MTg, T.T,
+8MTg, T.T, +8MTg, T,T, +16MT.T,T, + 4DTEVTCT92 +4 DTEVTCZTg +4DTg, T.T7
+4DTg, TT, +4 DTEVTng +4DTg, ngTr + 8DTCTgTr2 +8 DTCngTr + 8DTCZTgTr
+16DTg, T.T,T,) + 4Fp Ky RT,, Ty TCTgTrZ oy + Ky Ry (4 MleTng2
+AMT,TAT? +4 MlengTr2 +8MT,,Tey TCng +8MT,,Tey TczTg +8MT,Te, T, T2
+8MT, Ty T2T, +8MT,, gy, T, T+ 8MT12TEVngTr +16 MTlZTCTgTrZ +16 MTlZTCngTr
+16 MleTCZTgTr +4DT,,Tey TCZTQZ +4DT,,Te, TAT2 +4DT,,Tg, ngTrz +8 DleTchzTrz
+8DTRTAT T +8DT,TAT AT, +32MTy,Tey T.T, T, +16DT,Te, T.T, T,
+16DT,, Ty TCngTr +16DT,, Ty TCZTgTr +4T,Tey TCZng B+AT, T TAT2
+4T,Tey ngTrz B+ 8T12TCngTr2 B+ 8T12T02TgTr2 L+ 8T12TC2ngTr B+16T,Tey TchTr2 Vi
+16T;,Tey TchZTrﬂ +16T;,Tey TczTgTr B+ Kp °[K evR 20‘0051 (2Tgy T, T B ?
+2FTe, T.T2 % +2 FPTEVTgTrZ BZ+2 FPTCTgTrz BZ+2 FeTey T.T,T, B
+8F T, ey TCTgTrZ Br)]+ K, [2FoKgy RTEVTCTgTrZal B+ Keg, R (2 MTCZTQZ
+2MT2T2 +2 MngTrZ +4MTg, TCng +4MTg, TCZTg +4MT., T.T + 4MTg, T2T,
+4MTg, Tng +4MTg, ngT, + 8MTCTgTr2 + 8MTCngTr + 8MTCZTgTr +16MTe, T,T,T,
+2DTgy, Tng2 +2DTg, T2T? + 2D T, ngTrZ +4 DTCngTrZ +4 DTCZTg T?+4 DTCZngTr
+8DTg, T, T, T?+8DTg, TCngTr +8 DTEVTCZTgTr )+ Kgy RPaym(4MT, Ty TCZTg2
+AMT,Te, TAT2 + 4AMT, Ty, ngTf + 8MT12TCTg2Tr2 + 8|\/|T12TfTg T+ 8MT12TCZTg2Tr

+16MT,,Tg, TCTgTrZ +16MT,,Tgy, TCngTr +16MT,, gy TCZTgTr +4 DleTczngTf
+8DT,, ey TCngTrZ +8DT,,Tey TCZTg T?+8DT,,Tg, TCZngTr + 4T12T02T92Tr2 B
+8T,Tey TCngTI’ZIB +8T,Tey TczTg Trzﬂ +8T,Tey TczTgZTr Bl

+ K Kp[4F:Kgy RZTEvTchTrzaoalﬂz];

0 = Kp[2Kgy Ry B(Tey T, Ty + Ty T.T, + Ty Ty T, + T T T, + FoTe, T2 + FT T
+ FoT T2 + FoTey ToT, + FoTey Ty T, + FeT T, T,) + Ky Ry B(2MTZ + 2MT/
+2MT 2 B+ AMTg, T, +4MTg, T, +8MT.T, +8MT,T, +8MT,T, +4MTg, T,
+2DTey T2 +2DTg, T + 2D T, T2 +4DT.T +4DTT, +4DT,T + 4DT/T,
+4DT,T? +4DT/T, +8DTg, T.T, +8DTg, T,T, +8DT, T, T, +16DT.TT,)...
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+ 4K gy Ryt (Fo Ty Tey T T + oo Tey Ty T + FoT, ToT T2 + T Tey T T, T,

+ FoT,Tey ToT, T, ) + Key Ry r(AMT, T T + AMT, T, T2 +4AMT,Te, T/
+8MT,T. TS +8MT,T T, +8MT,T T +8MT,T T, +8MT,T T +8MT,T /T,
+16MT,, T, T,Ty +16MT,Te, T.T, +16MTy,Te, T, T, +32MT, T T, T, +4DT,TT?
+4DT,T2T2 +4DT, T T2 +8DT,Tey T,T +8D T, Te, TAT, +8DTy,Te, T,T/
+8DTy,Tey TT, +8DTy,Tey T, T, +8D T, T, T.T, +16DT, T, T, T2 +16DT, T T.T,
+16DT,T2T T, +32DT,Te, T.T T, + 4T, 12T B+ AT, 12T B+ 4T, TAT B

+ 8T, Tey T.TS B+8T, Ty T2, B+ 8T, Te, TT B+8T, Ty T2T, B +8T,Te, T,T, B

+ 8T, Tey TT, B+16T,T T T, B+16T,T.T2T, B+16T,T T T, B+ 32T, T, T.T,T, B)]
+ Ko [Key RPagoy (2Tey T.T, 57 + 2Ty T.T, B2 + 2T, T, T, 8% + 2T, T, T, 52

+2Fp T T2 % + 2R T T2 B2 + 2R T T2 B2 + 2R, T T, T, % + 2R T T, T, 52

+ 2Fp T, T T, B2 +8Fo T, T T.T, B + 8F Ty, Ty T, T B+ 8F T, T, T, T, B

+ 8T, Tey T T, T, 87 +8Fp T, Tey T T, T, A7) + K [2K gy Ry B(FpTey T, T/

+ FoTey Ty T2+ Pl T, T2 + Ty TT, T, + FoTey ToT,T,) + Key R% B(2MT, T
+2MTey T +2MTe, T2 +4AMTTZ + AMTZT, + 4AMT.T? + AMTT, +4MT, T/
+4MTT, +8MTg, T.T, +8MTg, T.T, +8MTg, T,T, +16MT.T T, +2DT T a3
+2DTZT +2DT/T? +4DTe, T.TZ +4DTe, T2T, +4DTe, T.T2 +4DTg, T/T,
+4DTe, T, T2 +4DTe, T.T, +8DT.T T2 +8DT.T/T, +8DT T, T, +16DTe, T.T,T,)

+Key Ry (4 IVIleTCZng +AMT,TAT? +4 MTlZngTrZ +8MT,,Tey TCng
+8MT,Tey TCZTg +8MT, Ty T.T2 +8MT, T, T2T, +8MT,,Te, Tng +8MT,Tey ngTr

+16MT,T.T, T2 +16MT,T.T2T, +16MT, T T T, +32MT,,Te, T,T,T,

+ AFp T, Tey T T T2 +4DTy,Te TATS + 4D T, T, TAT,? +4DT, e, TOT2 +8D T, T 17T,
+8DT, T T, T, +8DT, T T T, +16DTy, T, T.T, T, +16DTy,Te, T T.T,

+16D T, Tey TAT T, + 4T, T T2T7 B+ AT, T T2 2 B+ AT, T T T2 B+ 8T, T TS T B
+8T,T T T2 B+ 8T, T 2T 2T, B+16T,Te, TT T2 B +16T,Te, T,T/T, B

+ 16T12TEV TczTgTr B )] +K I ’ [2 FP K EV R 2TEV TchTrzaoalﬂ 2]
+ K Ko [Kgy R2a0a1(4TEVTCTgTr B+ AF T T.T 5% +4 FPTEVTgTrZ L%+ 4|:F,TchTr2 2
+4Fp Ty T.T,T, B2 +16Fp T, ey T.T, T2 87)];
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0 = Kp[2Kgy Ray BTy Ty + Ty Ty + Tey T, + T Ty +T.T, +T, T, + FpT 2 + FoTey T,
+ FoKey TT, + FoKgy T,T,) + Ky RPay B(2MTgy +4MT, +4MT, +4MT, +2DT/
+2DT/ +2DT? +4DTg, T, +4DTg, T, +4DTg, T, +8DT,T, +8DT.T, +8DT,T,)
+4K ey Ryt (T Tey ToTy + T Tey TeTy + T Tey Ty T + T T Ty Ty + FpToTey T/
+ P T2 + FTyp T T2 + Py, Tey T, + Fp T, Ty T T, + FpTpT T, T,)
+ Ky RPaym (AMT, T2 + AMT,TE +4AMT,T 2 +8MT,,Te, T, +8MT, T, T,
+8MT,Te, T, +16MT,T T, +16MT, T, T, +16MT,, T, T, +4DTy,Te, TZ +4DT,,Te, T/
+4DT,Te, T2 +8DTy,T.T7 +8DT,T T, +8DT, T T, +8DT,T /T, +8DT,T,T?
+8DTy, T/ T, +16DT,Te, T,T, +16DT,, T, T.T, +16DT,,Te, T,T, +32DT,T.T,T,
+ AT, Tey TE B+ AT, e T2 B+ 4T, Te T2 B+ 8T,T.T2 B +8T,T 2T, +8T,T.T72 8
+ 8T, T 2T, B+ 8T, T T2 B+ 8T, TT, B+16T,Te, T.T, B+16T,Tey T.T, B
+16T,,Tey T, T, B+ 32T, T T, T, B)1+ Ko [Key RPaoay (2F T2 B2 + 2T T, B°
+ 2Tey Ty B2 + 2T T, B2 + 2T.T, B2 + 2T T, B2 + 2T, T, B2 + 2F, T T, B2 + 2R T, T, B°
+2FpT T, B2 + 8T, Tey T.T, B + 8T, Tey T, B + 8T, T T, T, B + 8T, T T, T, B
+8Fp Ty Tey T2 B +8Fp T, T, T2 B+ 8Fp T, T, T B+ 8F Ty, Tey T.T, B
+8Fp Ty Tey T, T, A7 +8F T, T T, T, B)]+ K| [2K gy Ry B(Tey T T, +Tey T T,
+Tey T T, + T T T, + FoTey T2+ FoT T2+ FoT T2 + FoTey TLT, + FpTe, T, T,
+FoT T T,) + Ky Ry B2MTS + 2MT7Z + 2MT? +4MT, T, +4MTg, T,
+4MTg, T, +8MT.T, +8MT.T, +8MT,T, +2DTg, T2 +2DTg, T¢ +2DTg, T
+4DT. T +4DT/T, +4DT.T? +4DTT, +4DT, T +4DT/T, +8DTg, T,T,
+8DTg, T, T, +8D T, T, T, +16DTT,T,) + 4K, Ry (FoTy,Tey TT, + FpTy,Tey T, T/
+ T T T T2 + T ey ToT, T, + FoTioTey ToT, Ty ) + Ky RPag m (M, T T2
+AMT, ey, T +AMTy,Te, T2 +8MT,T TS +8MT,T AT, +8MT,T.TZ +8MT,TAT,
+8MT,T T2 +8MT,T T, +16MT,, T, T.T, +16MTy,Te, T, +16MT,,Te, T, T,
+32MTy, T, T, T, +4DT, T2 T +4DT,TAT? +4DT,T 2T + 32D T, T, T.T,T,

+ 4T12T02ng B+AT,TIT? B+ 4T12T92Tr2 B+8T,Te, TCng B+8T,Tey TCZTg ;i

+ 8T, Tey T.T2 B +8T, ey TZT, B+8T, ey Tng B+8T,Tey ngTr L+ 16T12TchTr2 B
+ 16T12TCT92T, B+ 16T12TC2TgTr B +32T,Te, T.T,T. B)]...
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+ K, *[Key Ry (8DTy,Tey T,T +8D Ty, T, T T, +8DTy,Te, T, T, +8D T, T, TT,
+8DT,Tey T, T2 +8DT,, T, T/ T, +16DT,,T.T, T2 +16DT,T.T/T, +16DT,T T, T,)
+ Ky RPaqay (2Tey TT, T, B2 + 2P Ty TT2 B2 + 2Fp T T T B2 + 2R T T T2 8

+ 2Fp Ty T.T, T, B2 +8Fp Ty, Ty T.T, T B7)] + K Ko [Kgy RPge (4T T, T, B

+ 4T, T,T, B2+ 4Tg T, T, B2 + 4T T, T, B2 + 4Fp T T2 B2 + AR, T T2 B2

+A4FpT T2 B2 + AR T T.T, B2 + AR Ty T, T, B2 + 4R T T, T, 52

+16Fp T, Tey T.T,2 B +16F Ty, T, T, T B +16Fp T, T T, T, B

+16Ty,Tey T T, T, B +16Fp T, e, T.T, T, A7),

Oy = Kp[2Kgy Ry B(Tey +T, + Ty +T, + FpT,) + Ky R%2 8(2M + 2D Ty, +4DT,
+4DT, +4DT,) +4Kg, RTpayr(Tey T, + Ty Ty + Ty Ty + T, T +TT, + T, T, + FpT/
+Tey T+ Tey Tg +Tey T + TeTy + T T + T T, + FF,Tr2 +FeTey T, + FoT. T, + FPTgTr)
+ Ky R¥Toq 7 (AMTgy +8MT, +8MT, +8MT, +4MTg, +8MT, +8MT, +8MT,
+4DT? +4DT ? +4DT? +8DTg, T, +8DTg, T, +8DTe, T, +16DT.T, +16DT,T,
+16DT,T, +4T2 B+ 4T 2B+ 4T B+ 4T B+ AT *B+4T7 B +8T T, B+8Tg, T, B
+8Tg, T, B+16T.T, B+16T.T, B+16T,T, B+ Ko’ [Key Ragen (2Tgy B2 + 2T, 52
+ 2T, B2 + 2T, % + 2FpT, B2 + 8Ty, Te, T, B + 8T, Ty T, B + 8T, Ty T, B
+8T,T.T, B + 8T, 1T, B + 8T, T, T, B +8F Ty, T B +8Fp Ty, Tey T, B
+8Fp Ty, T, B +8F T, T, T, Bl + K [2K ey Ry B(Tey Ty + Ty Ty + Ty Ty +T.T,

+ T T 4T T+ FoT 2+ FpTey T, + FoTo T, + FoT, T, + Kgy R0y B(2MTy, +4MT,
+4MT, +4MT, + 2DT? +2DT ? + 2DT? +4DTg, T, + 4DTe, T, +4DTg, T,
+8DT.T, +8DT,T, +8DT,T,) + 4Ky RToq 7 (Tey TTy + Ty ToTy + Ty T, T,
T T, T+ FoTey T2+ FoT T2+ FoT T2 + FoTey ToT, + FpTey, T, T, + FoT T, T,)

+ Ky R¥Toq r(AMT + AMT 2 + AMT? +8MTg, T, +8MTg, T, +8MT, T,
+16MT.T, +16MT.T, +16MT,T, +4DTg, TZ +4DTe, T,? +4DT, T2 +8DT.T,?
+8DT/T, +8DT.T,? +8DTT, +8DT,T? +8DT T, +16DTg, T, T, +16DTe, T.T,
+16DTe, T,T, +32DT,T,T, +4Te, T2 B+4Te, T, B+4Te T2 B+8T.T 2 B +8T7T, B
+8T.T B +8T7T, B+8T T2 B+8T T, f+16T¢, T.T, B +16Tg, T.T, B+16Tc, T, T,
+32T.T,T. B)]...
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+ K [Kgy Rzaoal(ZTEVTch BE+ 2T T.T B+ 2Te, T, T, B+ 2T.T,T, Vi

+2F T T2B%2 +2F,T.T2B% +2 FPTng PP+ 2F T, T.T. B2+ 2F:Tey T,T, B
+2FpT.T,T, B +8F T, Tey T.T2 B +8F: T, ey T, T?pr+8 FoT,T.T, T?pr

+ 8T12TEV-l-chTrﬂ7Z + 8FPT12TEvTchTr,37T )]+ K Kp[Key Rzaoal (4 FPTrzﬂ ?

+ 4T T B + 4Ty T, PP+ 4T T B2 + AT.T, BP+ATT B+ AT,T, Vi

+AF T T, B2 +4F,T.T. p% +4 FoT,T, S +16T,Ty, T.T, B +16T,Te, T.T, B
+16T,Tey T, T, B + 16Ty, T.T, T, B +16Fp Ty, Tey, T?pr +16F.T,T.T°fr
+16FpT,, T, T2 +16F-T,Tey T.T, Bz +16FoT,Tey T,T. Bz +16FpT,T.T.T, A7)l

05 = Kp[2Kgy g B(R+ DR?) + 4Ky Ryt (Typ Ty +TipTe +Ti Ty + T T, + FoTyoT,)
+Kgy R?aym(4MTy, +4DT,, Ty +8DT,,T, +8DT,,T, +8DT,T, +4T,, Ty f+8T,T. 8
+8T,T, B+8T,T, B)]+ Ko *[Key RPagay (287 +8T,Tey B +8T,T, B +8T,T, fr
+8T,T, B + 8F.T,,T, pr)] + K, [2Kgy Rey B(Tey +T, + Ty+T + FoT,)
+Key R? B(2M + 2D T, +4DT, +4DT, +4DT,) + 4Ky RToq 7 (Tey T, + Ty T
+Tey T, +TCTg +T.T, +TgTr + F,:Tr2 +FpTey T, + FpT T, + FPTgTr)

+ Ky R*T,00 7 (4MTgy, +8MT, +8MT, +8MT, +4DTZ +4DT/ +4DT? +8DTe, T,
+8DTg, T, +8DTg, T, +16DT.T, +16DT.T, +16DTT, +4T>B+4T2 5 +4T} S
+8Tgy T, B+8Tg, T, +8Te, T, B+16T.T, B +16T.T, B +16T,T, B)]

+ K, *[Key RPagon (2Fp T % + 2Ty T B2 + 2Ty T, 82 + 2T T, B2 + 2T, T, B

+ 2T, B2 + 2T, T, B2 + 2Fp T T, B2 + 2R T, T, B2 + 2R, T, T, B + 8T, T, T, T, B

+ 8T, Tey T.T, B + 8T, Ty T, T, B + 8T, T.T, T, B +8Fp Ty, ey T, B + 8F T, T.T2 B
+8F Ty, T, T, B+ 8Fo T, Ty T.T, B+ 8F Ty, Ty T, T, B + 8F T, T.T, T, A7)

+ K, Kp[Key RPaoy (4Tgy B2 + AT, B2 + 4T, B% + 4T, % + 4F,T, B% +16T,,Te, T, B
+16Ty,Tey Ty B +16T,Te, T, B +16T,T.T, B +16T,T.T, Bz +16T,,T, T, B
+16FpT,, T2 B +16F Ty, Te, T, B +16Fp T, T.T, Bz + 16 Fo T, T, T, B7)];
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0, = Kp[4Kgy Ty (R + R?B+DR?)]+ KP2[8KEV R2T120‘00‘1,37T] + K, [2Kgy B(R
+DR?)+ 4Ky RTpoqr(Tey + T, + Ty + T, + FpT,) + Kgy R?Tp,ay7(4D Ty +8DT,
+8DT, +8DT, +4M +4Tg, B+8T B +8T,8+8T, B)]+ K, *[Kg, R2ateen (2Tey B
+ 2T, B% + 2T, % + 2T, 3% + 2F T, 3 + 8T, Ty T, B + 8Ty, T T, B + 8T, T T, B
+ 8T, T, T, B +8T,T.T, B + 8T, T, T, B +8F T, Tey T, B + 8F T, T, T, B
+8Fp Ty, T, T, B +8FTy,T,? )]+ K, Ko [Ky RPagey (487 +16T,,Tgy B
+16Ty,T, B +16T,,T, B +16T,,T, frr +16Fp T, T, A,

0, = K, [4Kgy oy (RT, + RZleﬂ + DR2T12)] +K, 2[KEV RZO‘OO‘l(Zﬂ2 +8T,Tey S
+8T,,T. B +8T,,T, B +8T,,T, B +8FaT,,T, Am)]+ K, Ko [16K gy R2Typc00.87];

0o = K,? |:87TKEV R2T12a0a1:8:|;
Iy = KPZ[KEVZRzalzﬂzTczngTrz];

y = Kp’[2Kg, “R%ef 52 (rchZTr2 +TC2TgTr2 +TC2ngTr)
+4K g, "R 0! BT 2T 2T, 21+ K Kp[2K g 2R%ef B2T 2T T2,

= Ko [Key "R B2 (T2T, 2 + 12T, 2 +T,°T, 2 +4T.T,T,?
+ATT 2T, + 4T 2T T,) + 8K, *R7Typ0f (T T 2T, 2 + TT T, + T.2T°T,)]
+ K [Key "R BTy T 1+ K K [4K g, "R 2 (TT T2 4 17T, T
+T02Tg T,)+8Kg,? RZlealzﬁﬂTczTg T2,

rs = Ko’ [Kg *R%af 52 (2TCT92 + 2TCZTg +2T. T2 +2T.°T, + 2TgTr2 +2T, T+ 8T.T,T,)
+Kgy *RT,a ﬂﬁ(4TC2Tg 24 4T T2 + 4T, T2+ 16TchTr2 +16T,T, T+ 16Tc2TgTr )]
+K,*[2K g, *R%al B? (T.T, T2 +T02TgTr2 +T02Tg T.)+4Kg, *RT,0f [)’ﬂTczTg T.°]
+ K, Kp[Kg, 2R%af B (2T02Tg2 +2T.°T.% + 2T92Tr2 + 8TchTr2 +8T,T, T+ 8TC2TgTr)
+16K g, *RT,,0f pr(TT, T2 +TC2TgTr +TC2Tg TOH;
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o = K [Key *RPaf B2 (T2 + T2 + T2 + 4T T, +4T.T, +4T.T,) + Kg, *R%T 0 B (8T, T,
+8T°T, +8T,T,% +8T.°T, +8T,T,% +8T °T, +32T.T,T )]+ K, *[Kg, *R%af B2 (T,°T,°
+T T2 +T 2T, 2 + AT T T2 + AT T 2T, + 4T 7T, T,) + 8Ky *RoT 0 B (T, T, °T,2
+TAT T2 +T 2T 2T )1+ K Kp[4K gy, *RPaf B2 (T,T 2 + T 2T, + T T2 4T 2T, +T,T, 2
+T,°T,) + 8K, *R°T 0 B (8T, 2T % +8T. 7T, +8T,°T,*) +16K g, *R°cf B°T.T,T,
+32K gy *RPTpaf B (T, T T2 + T, T 2T, + T AT, T,

r, = Ko’ [2Kgy *RPef B2 (T, + T, +T,) + Kg, *R°Tp,0f B (4T, 2 + 4T 2 + 4T, 2 +16T.T,
+16T.T, +16T, T )]+ K, *[2Kg, *R?cf B2 (T, T2 + T 2Ty + T.T.2 +T 2T, + T T2 +T,°T,)
+ Ky “RoT,0f Br(4T 2T 2 + 4T T, 2 + 4T °T, % + 8T T, T, +16T. T T,* +16T.T,"T,
+16T, T, T)]+ K, Ko [Kg, R B2 (2T.% + 2T, % + 2T, 2 +8T.T, +8T.T, +8T,T,)
+ Ky R¥T 0 B (16T, T % +16T °T, +16T,T,? +16T.°T, +16T,T,* +16T °T,
+64T.T,T,)];

= sz[KEszzalzﬂz +8KEVZR2T120‘12ﬁ7T(Tc +Ty + T )+ K|2[KEVZR20‘12,B2 (Tcz
+T 2+ T2 +4T T, +4TT, +4T,T,) + Kg, *R*Tp,af B (8T, T, +8T 7T, +8TT,°
+8T.°T, +8T,T,% +8T T, +32T.T, T )]+ K, Ko [4K g, *R%a? B2 (T, + T, +T,)
+ Ky R¥T 01 B (8T, +8T,% +8T,2 + 32T T, +32T,T, +32T,T,)];

r, = Kp’[4K g, *RPTpaf Br] + K [2K g, *RPaf B2 (T, + Ty +T,)
+ Ky *R?Ty0f Bre (4T 2 + 4T, % + 4T 2 +16T,T, +16T,T, +16T,T,)
+ K, Kp[2Kg, *R%af B? +16K g, *R¥T,0f Br(T, + Ty +T,)];

h= K|2[KEVZR20512,B2 +8KEVZR2T120‘12/37T(T:; +Ty +THI+ K, KP[8KEVZR2T120‘12,37T];

o = K|2[4KEVZR2T12a12ﬂ”];
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