Lecture Notes in Electrical Engineering 974

Jitendra Kumar
Manoj Tripathy
Premalata Jena Editors

Control
Applications in
Modern Power
Systems

Select Proceedings of EPREC 2022

@ Springer



Lecture Notes in Electrical Engineering

Volume 974

Series Editors

Leopoldo Angrisani, Department of Electrical and Information Technologies Engineering, University of Napoli
Federico II, Naples, Italy

Marco Arteaga, Departament de Control y Robética, Universidad Nacional Auténoma de México, Coyoacdn,
Mexico

Bijaya Ketan Panigrahi, Electrical Engineering, Indian Institute of Technology Delhi, New Delhi, Delhi, India
Samarjit Chakraborty, Fakultit fiir Elektrotechnik und Informationstechnik, TU Miinchen, Munich, Germany
Jiming Chen, Zhejiang University, Hangzhou, Zhejiang, China

Shanben Chen, Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai, China

Tan Kay Chen, Department of Electrical and Computer Engineering, National University of Singapore,
Singapore, Singapore

Riidiger Dillmann, Humanoids and Intelligent Systems Laboratory, Karlsruhe Institute for Technology,
Karlsruhe, Germany

Haibin Duan, Beijing University of Aeronautics and Astronautics, Beijing, China

Gianluigi Ferrari, Universita di Parma, Parma, Italy

Manuel Ferre, Centre for Automation and Robotics CAR (UPM-CSIC), Universidad Politécnica de Madrid,
Madrid, Spain

Sandra Hirche, Department of Electrical Engineering and Information Science, Technische Universitit
Miinchen, Munich, Germany

Faryar Jabbari, Department of Mechanical and Aerospace Engineering, University of California, Irvine, CA,
USA

Limin Jia, State Key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University, Beijing, China
Janusz Kacprzyk, Systems Research Institute, Polish Academy of Sciences, Warsaw, Poland

Alaa Khamis, German University in Egypt El Tagamoa El Khames, New Cairo City, Egypt

Torsten Kroeger, Stanford University, Stanford, CA, USA

Yong Li, Hunan University, Changsha, Hunan, China

Qilian Liang, Department of Electrical Engineering, University of Texas at Arlington, Arlington, TX, USA
Ferran Martin, Departament d’Enginyeria Electronica, Universitat Autonoma de Barcelona, Bellaterra,
Barcelona, Spain

Tan Cher Ming, College of Engineering, Nanyang Technological University, Singapore, Singapore

Wolfgang Minker, Institute of Information Technology, University of Ulm, Ulm, Germany

Pradeep Misra, Department of Electrical Engineering, Wright State University, Dayton, OH, USA

Sebastian Moller, Quality and Usability Laboratory, TU Berlin, Berlin, Germany

Subhas Mukhopadhyay, School of Engineering and Advanced Technology, Massey University,

Palmerston North, Manawatu-Wanganui, New Zealand

Cun-Zheng Ning, Electrical Engineering, Arizona State University, Tempe, AZ, USA

Toyoaki Nishida, Graduate School of Informatics, Kyoto University, Kyoto, Japan

Luca Oneto, Department of Informatics, BioEngineering, Robotics and Systems Engineering, University of
Genova, Genova, Genova, Italy

Federica Pascucci, Dipartimento di Ingegneria, Universita degli Studi “Roma Tre”, Rome, Italy

Yong Qin, State Key Laboratory of Rail Traffic Control and Safety, Beijing Jiaotong University, Beijing, China
Gan Woon Seng, School of Electrical and Electronic Engineering, Nanyang Technological University,
Singapore, Singapore

Joachim Speidel, Institute of Telecommunications, Universitit Stuttgart, Stuttgart, Germany

Germano Veiga, Campus da FEUP, INESC Porto, Porto, Portugal

Haitao Wu, Academy of Opto-electronics, Chinese Academy of Sciences, Beijing, China

Walter Zamboni, DIEM—Universita degli studi di Salerno, Fisciano, Salerno, Italy

Junjie James Zhang, Charlotte, NC, USA



The book series Lecture Notes in Electrical Engineering (LNEE) publishes the
latest developments in Electrical Engineering—quickly, informally and in high
quality. While original research reported in proceedings and monographs has
traditionally formed the core of LNEE, we also encourage authors to submit books
devoted to supporting student education and professional training in the various
fields and applications areas of electrical engineering. The series cover classical and
emerging topics concerning:

Communication Engineering, Information Theory and Networks
Electronics Engineering and Microelectronics

Signal, Image and Speech Processing

Wireless and Mobile Communication

Circuits and Systems

Energy Systems, Power Electronics and Electrical Machines
Electro-optical Engineering

Instrumentation Engineering

Avionics Engineering

Control Systems

Internet-of-Things and Cybersecurity

Biomedical Devices, MEMS and NEMS

For general information about this book series, comments or suggestions, please
contact leontina.dicecco@springer.com.

To submit a proposal or request further information, please contact the Publishing
Editor in your country:

China

Jasmine Dou, Editor (jasmine.dou@springer.com)

India, Japan, Rest of Asia

Swati Meherishi, Editorial Director (Swati.Meherishi @springer.com)
Southeast Asia, Australia, New Zealand

Ramesh Nath Premnath, Editor (ramesh.premnath @springernature.com)
USA, Canada

Michael Luby, Senior Editor (michael.luby @springer.com)

All other Countries

Leontina Di Cecco, Senior Editor (leontina.dicecco @springer.com)

** This series is indexed by EI Compendex and Scopus databases. **


mailto:leontina.dicecco@springer.com
mailto:jasmine.dou@springer.com
mailto:Swati.Meherishi@springer.com
mailto:ramesh.premnath@springernature.com
mailto:michael.luby@springer.com
mailto:leontina.dicecco@springer.com

Jitendra Kumar - Manoj Tripathy - Premalata Jena
Editors

Control Applications
in Modern Power Systems

Select Proceedings of EPREC 2022

@ Springer



Editors

Jitendra Kumar Manoj Tripathy

Department of Electrical Engineering Department of Electrical Engineering
National Institute of Technology Indian Institute of Technology Roorkee
Jamshedpur Roorkee, India

Jamshedpur, India

Premalata Jena

Department of Electrical Engineering
Indian Institute of Technology Roorkee
Roorkee, India

ISSN 1876-1100 ISSN 1876-1119 (electronic)
Lecture Notes in Electrical Engineering
ISBN 978-981-19-7787-9 ISBN 978-981-19-7788-6 (eBook)

https://doi.org/10.1007/978-981-19-7788-6

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature
Singapore Pte Ltd. 2023

This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar
or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-19-7788-6

Contents

Lyapunov Stability Analysis of Time-Delayed Load Frequency

Control System with Electric Vehicles and Demand Response .........

A. Jawahar and K. Ramakrishnan

Coordinated Control of PHEVs and DEGs for Frequency Control
of Two Area Hybrid Microgrid: An Effective Utilization of PID

Controller for Renewable Applications .............................

Anil Annamraju, Sheba Rani, SreenivasaRatnam, and Dileep Mathi

Frequency Regulation in a Small Microgrid Using Robust

Controller . ........... . . .

Samrat Vishnu Hari, Anshul Yadav, Sheetla Prasad, and Yogesh Kumar

Enhanced Predictive Torque Control of Open Winding Permanent
Magnet Synchronous Motor Drive with Common Mode Voltage

Elmination . ......... ... .. .

Ravi Eswar Kodumur Meesala, Sivaprasad Athikkal,
U. Ramanjaneya Reddy, and Narender Reddy Kedika

Comparative Analysis of Conventional and Intelligent Methods

for Speed Control of Induction Motor ..............................

Ashwani Srivastav, M. Rizwan, and Vinod Kumar Yadav

Design of Novel Complex Fractional Order Controller Using

Genetic Algorithm for Fractional Order System .....................

Omar Hanif, R. Ranganayakulu, G. Uday Bhaskar Babu,
and Sumanta Kundu

Optimal Power Management in a Grid-Connected PV System

with an Efficient Controller: Firefly Algorithm ......................

Kamaraju Vechalapu and Chintapalli V. V. S. Bhaskara Reddy



vi Contents

Constant Voltage Controlled MPPT for PV Fed Water Pumping
Sy S eI . ... 105
Aditya Nath Jha, Bhavnesh Kumar, and Arjun Tyagi

Enhancement of Oscillatory Stability of a Grid Integrated

Microgrid by Optimized Governor Damping Action .................. 119
Narayan Nahak, Jyotiswarup Samal, Santosh Kumar Swain,

Samarjeet Satapathy, and Akshaya Kumar Patra

Classical PID Based Speed Control of DC Machines with Voltage

Controlled DC/DC Converter ................ciiieiiiiiinneennnnn. 133
A. Jaswanth, D. S. V. Saravana, V. Bharath Kumar, Y. V. Pavan Kumar,

D. John Pradeep, and Ch. Pradeep Reddy

Design of Automatic Load Frequency Control Loop Using

Classical PID Control Methods ..................................... 153
A. Sree Vidya, V. Bharath Kumar, Y. V. Pavan Kumar,

D. John Pradeep, and Ch. Pradeep Reddy

Design of Automatic Voltage Regulator Loop Using Classical PID

Control Methods ........... .. ... . . i, 177
Lella Purna Sri Sai Pallavi, V. Bharath Kumar, Y. V. Pavan Kumar,

D. John Pradeep, and Ch. Pradeep Reddy

Tie-Line Bias Control for Frequency Deviation in the Presence

of System Uncertainties with WTG and BESS: A Robust Control

APProach .. ... ... . 201
Shailendra Singh and M. K. Verma

Fractional Calculus Based PI-FOPID Controller for Frequency

Deviation Control in Integrated Power System ....................... 213
Jyoti Ranjan Padhi, Moayad Ali Deeb, Sabita Tripathy,

and Manoj Kumar Debnath

Steady State Analysis of Three Phase Transmission System
for Balanced and Unbalanced Case .................................. 225
Insha Jehangir, Ravi Bhushan, and Neeraj Gupta

Some Approaches to Model Order Reduction of Linear Interval
System and Its Application ................. .. ... ... ... .. ... 239
Raj Anand and Amarnath Jha

Stabilizing Voltage and Frequency of Multi-area Interconnected
Power System with Time Delays .................. ... .............. 255
Ch. Naga Sai Kalyan and Chintalapudi V. Suresh



Contents vii

Position Control of DC Servo System Using Fractional Order PID

Controller Based on Particle Swarm Optimization .................... 267
Rama Koteswara Rao Alla, Ganjerupalli Sai Sumanth,

and Kandipati Rajani

Modular Dual Active Bridge Converter Phase Control to Charge
EV 277
Reena Singh, Suresh Kumar Gawre, and Dyanamina Giribabu



About the Editors

Jitendra Kumar is currently Assistant Professor at the Department of Electrical
Engineering, National Institute of Technology Jamshedpur, India. He received his
B.Tech. from IMS Engineering College, Ghaziabad, India, in 2009, M.Tech. from the
National Institute of Technology Kurukshetra, Kurukshetra, in 2011, and the Ph.D.
degree in electrical engineering from the Indian Institute of Technology Roorkee,
India, in 2017. He has over 4 years of teaching experience and taught subjects like
power system, advanced power system, control system, control and instrumentation,
power system operation, and control, signal and system, power system protection,
circuit and network theory. He has many papers in reputed journals. His research
areas are power system protection and restructuring, protection algorithms design in
smart grid and microgrid environment, design of protection algorithms in FACTS
environment.

Manoj Tripathy received his B.E. degree in electrical engineering from Nagpur
University, Nagpur, India, in 1999, the M.Tech. degree in instrumentation and control
from Aligarh Muslim University, in 2002, and a Ph.D. degree from the Indian Insti-
tute of Technology Roorkee (IIT Roorkee) in 2008. He is currently working as Asso-
ciate Professor in the Department of Electrical Engineering, IIT Roorkee. His fields
of interest are wavelets, neural networks, optimization techniques, content-based
image retrieval, digital instrumentation, digital protective relays, and digital speech
processing. He is a reviewer for various international journals in the area of power
systems and speech.

Premalata Jena is currently Associate Professor at the Department of Electrical
Engineering, IIT Roorkee. She received her B.Tech. degree in electrical engineering
from the Utkal University, Bhubaneswar, India, in 2001, the M.Tech. degree in Elec-
trical Engineering from IIT Kharagpur, India, in 2006, and a Ph.D. degree from IIT
Kharagpur, India, in 2011. She has seven years of teaching experience. She is IEEE
Member and INAE, Young Associate. She received many awards such as the Women
Excellence Award and Early Carrier Research Award, SERB, DST, Gov. of India,
New Delhi, INAE Young Engineer Award, POSOCO Power System Award, in 2013.



X About the Editors

She has published many papers in different reputed journals and conferences. Her
fields of interest are smart grid, smart grid technology, and protection, microgrid,
microgrid protection, signal processing application to power system relaying, power
system protection, protection issues with FACTS devices, protection scheme devel-
opment for a line with FACTS devices, disturbance localization, signal processing
application for disturbance localization.



Lyapunov Stability Analysis )
of Time-Delayed Load Frequency i
Control System with Electric Vehicles

and Demand Response

A. Jawahar and K. Ramakrishnan

Abstract This manuscript explores the influence of time-delays on the single-area
load frequency control (LFC) system stability with electric vehicles (EVs) inte-
gration in addition to the demand response (DR) control. The signal transmission
through communication links in the LFC systems results in inevitable non-identical
time-delays in the system feedback paths causing delay-dependent stability issues.
The existence of time-delays hinders the transmission of signals among the different
entities involved in the control task. This, in turn, invariably degrades the overall
performance and affects the system stability. If the network induced time-delays
go beyond a critical value called stable delay margin, the overall system loses
stability. In this manuscript, using Lyapunov—Krasovskii functional approach, a new
stability analysis is presented for ascertaining delay-dependent stability of networked
load frequency control systems. The stable delay margins are obtained for different
scenarios by varying the controller values of LFC controller and DR control along
with participation ratios of conventional generation, electric vehicles and demand
response control. The extensive simulation results are also provided to demonstrate
the obtained analytical delay margin results.

Keywords Load frequency control systems - Electric vehicle aggregator + Demand
response * Linear matrix inequality - Delay-dependent stability - Time-delays

1 Introduction

LFC is amechanism employed in power systems to maintain harmony between power
generation and load demand. Nowadays, open communication networks are widely
used for transmission of load frequency control signals from central controller to the
various sub-systems. Time-delays are the offspring of the usage of open communica-
tion networks in the LFC systems [1-3]. The time-delays, if neglected and not dealt
properly can drive the system to instability. Unstable system operation is the most
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undesirable power system characteristic feature. The time-delays can show strong
adverse impact on the closed loop system performance. Therefore, the maximum
permissible limit of these delays (also termed as delay margin) needs to be determined
for the system [4-6, 10].

EV based energy storage devices are employed for counteracting the fluctuations
in the power due to intermittent nature of renewable energy resources. Generally,
numerous EVs are integrated to the power system and this fleet of EVs is termed
as Electric vehicle aggregator (EVA). Thus, EVA consists of thousands of EVs and
act as a co-ordination center between the central control center and individual EV.
The function of EVA is to obtain the control signals from the main control center
and transmit the individual EV status to the main control center for necessary control
action and attention. EVA can also aid in the frequency regulation apart from meeting
the power requirements in the power system [7-9, 19-22].

DR is the heart and soul of the evolving modern power systems which can also
assist in the process of frequency regulation. The main objective of DR deployment
in the power systems happens to be optimising the electricity consumption during
the peak usage time and promote off-peak energy utilisation by providing monetary
benefit to the consumers as well as utilities [11-15]. The EV and DR control also
require communication infrastructure for signal transmission in the LFC system
thereby paving a way for delays in the LFC-EV-DR system.

This manuscript presents the determination of the delay margins of the LFC-EV-
DR systems with non-identical communication network time-delays in the EVA loop
and DR control. In the literature, the time-delays in EVA loop and DR control are
assumed to be identical and similar for assessing the delay-dependent stability of LFC
systems. In practical viewpoint, the delays in the closed loop system are unique and
dissimilar in nature. Using a novel Lyapunov—Krasovskii functional based approach,
delay-dependent stability is established for LFC-EV-DR systems.

2 LFC-EV-DR System with Time-Delays

The schematic diagram of the LFC-EV-DR system is shown in Fig. 1. In the event of
generation-power demand mismatch, the central controller on the basis of feedback
signal from the incremental frequency variable Af; and the incremental tie-line
power AP, ;, initiates the control action to re-establish the balance between the
generation-power demand.

The load frequency control signal is routed through communication chan-
nels along with the appropriate load sharing factors that choose the sharing of
surplus/shortage load demand by the traditional generation, EVA and DR control
methodologies correspondingly. In the practical situations, the delays in the EVA
loop and DR control loop of a particular control area are dissimilar. However, in the
existing literature, the delays in the feedback loops are considered as similar or same
while analysing the system delay-dependent stability. The notations used in Fig. 1
are given in Table 1.
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Fig.1 LFC-EV-DR system

Table 1 Notations Notation

Nomenclature

Generator power output

Mechanical power output

Power output of electric vehicle aggregator

Damping coefficient

Speed regulation coefficient

Frequency bias factor

Fraction of the turbine power

Turbine time constant

Reheat turbine time constant

Governor time constant

Inertia constant of generator

Tev

Time constant of electric vehicle aggregator

Kgy

Gain of electric vehicle aggregator

Kp

Proportional gain of PI controller

Integral gain of PI controller

o

Participation factor of conventional generation

o]

Participation factor of electric vehicle aggregator

o

Participation factor of DR control

71

Time-delay in electric vehicle aggregator

2

Time-delay in DR control loop

Td

Time-delay margin

The LFC system with dissimilar time-delays in the EVA and DR control loops
as shown in Fig. 1 is modeled in the following autonomous state-space analysis as

follows:

X(t) = Ax(1) + Ax(t — 1) + Ax(t — ) (D
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x(t) = q)(t)7 Vt € [_maX(Tl’ Tz), O] (2)

where x(¢) € R®*! is the state vector, and A € R®*®, A; € R%%% and A, € R%*% are
the system matrices associated with current state vector and delayed state vectors.
The initial condition ®(t) is defined in ¢t € [—max(ty, T2), 0].

~ D 1 17
M w0 0 0 ¥
F, K/? F, _f. f FO F, OK O
»0 K, P 1 P 1 fpooki
U B o A e it o i e
T KB 1L g 1L _wkK
Tg RTg Tﬁ Tg
B 0 0 0 0 0
i 0 0 0 0 0 —7- |
i 0 000 0 0]
0 000 0 O
p 0 000 0 O
1= 0 000 0 O
0 000 0 O
Kpyva K,pB Keyva K;
| —EEE 000 — R 0
20000 K]
0 0000 O
0 0000 O
Ay =
0 0000 O
0 0000 O
| 0 0000 0 |

3 Stability Criterion

For deriving the stability criterion for assessing the delay-dependent-stability of
system (1) subjected to (2), following lemmas are required.

Lemma 1: Jenson Integral Inequality [16]: For any positive symmetric constant
matrix M € R" ", scalars r; < rp, a vector valued function w : [rq, r,] — R" such
that the integrations concerned are well defined, then the inequality (3) holds.

T

r2 r2

r2
/a)(s)ds M /w(s)ds <(rh—r) /a)T ()M w(s)ds 3)
rl

1 1
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Lemma 2: Wirtinger Inequality [17]: For given symmetric positive definite matrix
R, and for any differentiable signal w in [a, b] — R", then the equality (4) holds.

a I o(b) ’ 4R 2R —6R w(b)
/ @7 (R (u)du > T w(a) * 4R —6R w(a) 4)
b ﬁme(u)du % % I2R ﬁfzm(u)du

The proposed stability criterion for the system in (1) is given in the form of the
following theorem:

Theorem 1 The system (1) with time-delays t; and T, is asymptotically stable
in the sense of Lyapunov, if there exists real symmetric positive definite
matrices Pp1, Si, Sz, R1, Ry and R3; symmetric matrices Py, and Ps3; free matrices
Py», Pi3and Py3 of appropriate dimensions such that the following linear matrix
inequalities (LMIs) hold:

HQ >0 (5)

—T —T
SO M A U A Uy

where
I[ly=P +diag([0, rl_lSl, rz_]Sz]),
M, = o7 Pd, + (¢ Pd,)’,
M, = diag (IS + $2. —Si. —5,.0, 0]),

—2R —2R 0 &R, O
1 T 7
* —tiRIO ERl 0
1 T
I15 = * * 0 0 0],
* x  *—L2R 0
13!
L * * % % 0|
r_ 4 2 6 .
—I—2R20—5R20 ERZ
*x 0 0 0 O
I, = * *—ER 0 2Ry |,
* x x 0 0
| * k% *—%Rz_

Ms=[07-100] (—R)[01—-100].
with



6 A. Jawahar and K. Ramakrishnan

Py Py Pi3 ]
P=1| % Py Py |,
* k P33_
[1000 07"
q>l: 0001’10 5
10000 1
(A A} A, 00
O,=|1-1 000,
10 —100

A=[AA 4,00],
U =7R + 1R,
Uy = (ta — 11)* Ry

Proof The LK functional V (x(¢)) = Z?: 1 Vi(x(2)) with

Vi(x() = " (1) PE() (7
2 1

Vax() =) f xT(5)Six(s)ds ®)
l’=1,7.[’,
2 0 t

v =Y [ [ i@ ri)dsds ©)
=174

Vax () = (1 — 1) f / " (s) Rk (s)dsdb (10)

—T t+6

T
with (1) = [xT(t) 2T ()ds f;_rsz(s)ds] .
The following conditions hold, by (3):

t ot q7r ot N
/xT(s)Slx(s)dsZ /x(s)ds (ﬂ) /x(s)ds (11D
T
=17 LL—T1 . ! LL—T1 .
t ot sk ot T
/xT(s)Szx(s)dsZ /x(s)ds (%) /x(s)ds (12)
2
=1 LL—T2 . LL—T2 -

By using the above Eqgs. (11) and (12), one can readily obtain a lower bound for
V(x(t)) as follows:
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V() = B0 THE®) + V3(x(0) + Va(x (1) (13)
The positive definiteness of S;, R;; and Ty > 0 implies positive definiteness of

V (x(V).

The time-derivative of Vj(x(¢)) is given by

Vix(1) = 2T (1) PE() (14)

which can be rewritten as

Vi(x(0) = 8" (1) T118() 15)

-1

T
where 8(t) = [xT(t) xT@t =) xT(t — ») Tilfl xT(s)ds %fﬁitsz(s)ds] is
an augmented state vector.

The time-derivative of V,(x(¢)) is given by

2
Va(x(0) = x"(1)(S1 + S)x(t) = Y _xT(t — ) Six(t — 1) (16)
i=1
The Eq. (16), in terms of §(¢), is expressed as follows:

Va(x (1)) = 8T (1) 18(1) (17)

The time-derivative of the V3(x(¢)) is given by

Vg(x(t))z)'cT(t)Ul)'c(t)—/)%T(S)lec(s)ds— /xT(s)sz(s)ds (18)

Now, by using Wirtinger inequality, the Eq. (18) is expressed as follows:
V) = 870 (A U1A)o0) + 6T O + 6T OTLs)  (19)

The time-derivative of V4(x(¢)) is given by

t—t

Va(x(1) = 2T (OU(0) — (12 — 1) /

-1

T (s)Rpx(s)ds (20)

Now, (20) is expressed as an inequality using (3) as:
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Va(x(1)) < aT(t)(ZT UZZ)S(t) + 8T (1H)T158(1) (1)

By combining the V(x(t)),i = 1to4, the following condition was obtained:

4 5
V@)=Y Vix@) <87 @) [Z M+ A (U + Uz)Z:|5(t)- (22)
i=1 k=1

Now, by Schur Complement, if the inequality conditions (3) and (4) hold simul-
taneously, then there exists a sufficiently small scalar @ > 0 such that V(x(r)) <
—al|x ()] |2, which, in turn, implies that the LFC systems described by (1) are asymp-
totically stable in the sense of Lyapunov [18]. By solving the stability criterion, the
delay margin values for the LFC-EV-DR systems are obtained.

4 Results

The system parameters are given in Table 2. The controllers in secondary frequency
loop and DR loop are of PI type with same controller gains (K p and K;). The stable
delay margin values obtained using the Lyapunov stability criterion are listed in
Tables 3, 4, 5, 6 and 7 for different Kp, K; values. The time-delays are given as
=+ Bandd = tan’1<§—f).

For the stable delay margin computation, the Kp is varied from 0.4 to 1.0 in
steps of 0.2, and the K is set as 0.6 and 0.8. The Tables 3 and 4 present the delay
margin values provided by the proposed stability criterion for various values of K,
and K; of LFC controller with participation factor op = 0.8, @1 = 0.1 and o, = 0.1.
The Tables 5 and 6 show the delay margin values for different controller gains with
participation factor op = 0.7, @y = 0.2 and o, = 0.1. The Tables 7 and 8 present

Table 2 Parameters under

study Notation Value
M 8.8
D 1
F, 1/6
R 1/11
B 21
T, 0.2
T, 0.3
T, 12
Tgv 0.1
Kgy 1
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Table 3 Delay margin results for K; = 0.6, ¢9p = 0.8, 1 = 0.1 and ap = 0.1

0 K, =04 K, =06 K, =08 K,=1
5 1.520 2.154 2.708 3.293
10 1.546 2.187 2742 3310
20 1.633 2.295 2.843 3.344
30 1781 2.470 3.007 3.438
40 2015 2747 3278 3.659
45 2.185 2.953 3.490 3.847
50 2.366 3.183 3.737 4.093
60 2.937 3.880 4526 5.021
70 4.051 5388 6.538 7.340
80 7.562 10.612 12.877 14.458
85 15.068 21.144 25.657 28.806

the delay margin values for different controller gains with participation factor oo =
0.7,0; =0.1 and o, = 0.2. The results illustrate that the LFC-EV-DR system stability
is enhanced when a DR control loop is added while the delay margin is decreased
with the higher EV participation.

For the purpose of validation of the analytical results, simulation studies are
conducted, where the system is subjected to a unit step load perturbation of A Pp =
0.1pu att = 0, and the incremental frequency variable A f(¢) response is observed
fort > 0. For Kp= 0.6 and K;= 0.8, with oy = 0.7, a; = 0.2 and o = 0.1, from
Table 5, the stable delay margin obtained is 7, = 2.339 for § = 50°. The LFC-EV-
DR system is stable upto 7; = 2.339 as per the presented stability criterion. The
incremental frequency variable exhibits an asymptotically stable response for 7; =

Table 4 Delay margin results for K; = 0.8, ¢9p= 0.8, «; = 0.1 and o = 0.1

0 K,=04 K,=0.6 K,=028 K,=1
5 0.864 1.353 1.756 2.081
10 0.881 1.378 1.786 2.112
20 0.938 1.460 1.879 2.202
30 1.034 1.595 2.026 2.341
40 1.188 1.805 2.255 2.564
45 1.298 1.957 2.426 2.736
50 1.415 2.109 2.607 2.927
60 1.799 2.592 3.152 3.515
70 2.507 3.529 4.278 4.948
80 4.256 6.504 8.397 9.746
85 8.052 12.959 16.732 19.418
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Table 5 Delay margin results for K; = 0.6, ¢9p = 0.7, 1 = 0.2 and ap = 0.1

0 K, =04 K, =06 K, =08 K,=1
5 1.128 1.437 1.609 1.665
10 1.147 1.460 1.633 1.688
20 1213 1.540 1.716 1.767
30 1.327 1.674 1.853 1.897
40 1510 1.888 2,071 2.104
45 1.642 2.042 2231 2257
50 1781 2212 2412 2435
60 2241 2.735 2.960 2.975
70 3.118 3.774 4111 4212
80 5.663 7.267 8.098 8.297
85 11.284 14.48 16.136 16.532

Table 6 Delay margin results for K; = 0.8, 9 = 0.7, 1 = 0.2 and ap = 0.1

0 K,=04 K,=0.6 K,=0.8 K,=1
5 0.743 1.020 1.209 1313
10 0.758 1.039 1.230 1.335
20 0.806 1.102 1301 1.407
30 0.889 1.209 1.417 1.522
40 1.021 1.376 1.598 1.701
45 1.116 1.497 1.729 1.832
50 1218 1.616 1.865 1.973
60 1.552 2013 2285 2.398
70 2.168 2.762 3.114 3.265
80 3.695 4.955 5.909 6.391
85 6.976 9.873 11.773 12.735

2.3, marginally stable response for t; = 2.339 and unstable response for 7, = 2.4
as illustrated in Fig. 2. Therefore, the effectiveness of the analytical delay bounds is
validated through the simulation results.

5 Conclusions

This study presents the comprehensive delay-dependent stability analysis of a class
of networked single-area LFC systems with communication delays. The electric
vehicles and demand response are integrated to the LFC systems. This network
architecture introduces two non-identical time-delays in the system feedback paths.
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Table 7 Delay margin results for K; = 0.6, 9 = 0.7, 1 = 0.1 and ap = 0.2

0 K,=04 K,=0.6 K,=0.8 Kp=1

5 1.721 2393 3.019 3.830
10 1.760 2438 3.054 3.772
20 1.872 2.551 3.109 3.598
30 2.041 2.704 3.190 3527
40 2294 2.944 3.367 3.612
45 2.479 3.136 3.536 3.739
50 2.639 3322 3.718 3.906
60 3.156 3.889 4324 4571
70 4.156 5.122 6.055 6.624
80 7.356 10.051 11.926 13.047
85 14.656 20.026 23.761 25.996

Table 8 Delay margin results for K; = 0.8, g = 0.7, 1 = 0.1 and p = 0.2

0 K,=04 K,=0.6 K,=0.8 K,=1
5 1.018 1.531 1.971 2.349
10 1.047 1.572 2.016 2.388
20 1.133 1.681 2.119 2.456
30 1.268 1.834 2.249 2.536
40 1.470 2.055 2.446 2.688
45 1.612 2217 2.604 2.828
50 1.715 2.339 2.743 2.967
60 2.115 2.752 3.171 3411
70 2.791 3.558 4.077 4.540
80 4.300 6.072 7.776 8.942
85 7.603 12.099 15.494 17.817
Load Change Stable evolution for 7 =2.3
0.04
— o1 0.02
-0.02
0
0 100 200 300 400 500 004 100 200 300
t sec tsec
Marginally stable evolution for =2.339 Unstable evolution for 1 =2.4
0.04
0.024 o1
= _ 00s
5 5 = 2
i -0.05
-1
-O.D-tu 100 200 300 400 500 L] 100 200 300
1sec tsec

Fig. 2 Evolution of Af(¢) for various values of delay
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Such time-delays in the feedback loop affect the system dynamic performance. Stable
delay margins are computed for different subsets of control parameters and load
sharing factors. The proposed stability criterion will be used for assessing the LFC-
EV-DR system delay-dependent stability with time-varying delays will be explored
in future.
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Abstract Present Microgrid (MG) faces uncertainty from Renewable Energy
Sources (RES) and loads which cause hefty frequency deviations. Apart from the
control strategies for Diesel Engine Generators (DEGs) and Energy Storage Systems
(ESSs), MG requires an effective and intelligent coordinate strategy between DEG
and ESSs for MG frequency control. In response to this, present paper addresses a
coordinated control strategy between Plug-in Hybrid Electric Vehicles (PHEVs) and
DEGs for MG frequency control under different operating scenarios. The proposed
strategy is based on Cascade PD-PI controller whose gains are tuned using Sparrow
Search Optimization (SSO) algorithm. Proposed controller is tested on Two-Area
MG Simulink model. MG dynamic responses are obtained by considering load
and RES changes. A comparative assessment of the proposed approach with SSO
and BES optimized PID controller was performed. Simulation results confirm that
the proposed controller enhances frequency dynamics of MG significantly. More-
over, the proposed Cascade PD-PI approach is robust to MG and PHEV parametric
uncertainties as compared to PID controller.
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1 Introduction

Production of electricity by using fossil fuels caused a serious threat to environment
due to emission of toxic gases that led to global warming. Fossil fuels reserve has
reached the edge of depletion and could not meet the continuously increasing energy
demand. Despite today’s technological advancements electrical energy is still inac-
cessible for low populated areas rural regions and islands due to geographical and
monetary constraints. A need to address all these issues arose which necessitated lot
of research and development. Microgrid (MG) is associated with an integrated opera-
tion of multiple renewable energy resources and energy storage systems (ESSs). MG
provides an efficient solution for aforementioned problems of rural electrification
and extinction of fossil fuels [1].

A method for Load frequency control (LFC) involves employing a traditional
controller to introduce a restorative signal at the governor summing point [2, 3].
Factors such as low system inertia and non-linear behavior of source and load affect
the performance of controller thus resulting in frequency deviations beyond admis-
sible limits. The conventional controller fails to exhibit adequate performance in all
possible operating scenarios [4]. To overcome this problem several authors proposed
Artificial Intelligent (AI) technique based PID controllers for LFC problem of hybrid
MG [5-9]. PI/PID controllers whose gains were determined using GA were employed
for compensating load frequency deviations in an MG [5]. Social Spider Optimization
(SSO) was adopted for tuning of PID controller to achieve coordinated control in the
event of sudden disturbances occurring in MG [6]. A novel algorithm by name quasi-
oppositional harmony search algorithm (QOHSA) was introduced for optimization
of controller gains when frequency deviations occur at generation side and load side
[7]. Another method for LFC was presented using Grass Hopper Optimizer (GOA)
based PID controller operating in coordination with Redox Flow Batteries [8]. A
load frequency controller tuned by Grey Wolf Optimizer (GWO) was introduced for
a standalone Two-Area hybrid MG system [9].

Though Al based PID controllers are providing an acceptable performance in wide
range of operating conditions, the main drawback with these controllers is improper
arbitrates between derivative and integral parts which leads to under performance than
its capability. To overcome this problem, in literature, authors recommended various
multi-stage PID controllers [10-12]. In [10] authors proposed hybrid optimization
based multi-stage PID controller. In [11] authors suggested Slap Swarm Algorithm
(SSA) based Cascade PI-PD controller, in [12] authors proposed a Chaotic Crow
Search algorithm based PD-tilt PI controller. From the detailed study of these papers,
the aforementioned controllers provided a guaranteed improved performance than
PID controllers. In continuation to this, in present paper PD controller in primary
control and PI controller in secondary control were proposed. Gains of Cascade PD-
PI controller are optimized using Sparrow Search Optimization (SSO) algorithm.
According to No Free Lunch theorem, no single meta-heuristic technique is suitable
to optimize all engineering problems and improvement always persists. For this test
system and operating conditions, SSO gave optimal performance than several recent
algorithms. The key contributions of this paper are listed as follows.
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2 Two-Area MG Modeling

Figure 1 illustrates the mathematical model of Two-Area MG. It depicts the linearized
model of autonomous Two-Area hybrid MG which consists of Diesel Engine Gener-
ator (DEG), Wind Turbine Generator (WTG), Photo Voltaic (PV) array and Plug-
in Hybrid Electric Vehicles (PHEVs) [4, 13]. Modeling of these components is
presented in subsequent sections. Parameters required for simulation are available
in [8, 13].

2.1 Modeling of DEG

Simulink model of DEG is shown in Fig. 2. Taking RES output into consideration
DEG will supply the power that is deficit to the load. Depending on the command
signal (Uc) obtained from the controller; speed governor will adjust the position of
the valve. Change in the valve position is denoted as AX.
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Fig.1 Mathematical model of Two-Area Microgrid
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2.2 Modeling of WTG

Output power of WTG is a function of speed of the wind. Due to the inconsistent
nature of the wind, its speed keeps varying randomly. Mechanical power output of
the windmill (Py,,) is expressed as [4]:
Pyy =05pAV.C (B, 1) (1)
Linear model of WTG can be expressed as [4]:

APyrg  Kwrg
Pwp oupur 1+ STwrg

TFwrg = )

Mathematical modeling for generating wind output power fluctuations is given in
Fig. 3.
2.3 Modeling of PV Array

A PV array is a collection of many PV modules connected together in both series
and parallel combinations. Voltage and current ratings of the PV array is determined
by the number of PV modules arranged in series—parallel combinational circuits.
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Changes in load current and solar radiation are the factors that regulate the output
power of PV array. In this research work in order to study frequency regulation it is
assumed that PV output power varies only with solar radiation.

First-order model of the PV system can be expressed as [4]:

APpy  Kpy

TFpy = =
Py A(p 1 +STPV

3)

WTG data and PV power data used in this work are available in [4].

2.4 Mathematical Model of PHEVs

DEG usually delivers the electrical energy that is deficit to the demand side thus
causing a balance between generation and the load. However DEG exhibits a
very slow response in the event of frequency oscillations due to its large time
constants. This makes it less effective when sudden frequency variations occur
in RES output power and load [14]. To withstand these deviations in frequency
regulation of MG with DEG and suitable distributed storage systems have been
proposed. Recent studies revealed the significance and suitability of PHEVs in RES
integrated systems. As compared to other existing technologies PHEVs have simple
modular structure, slow discharge rate, fast-acting capability and distributed avail-
ability. Figure 4 illustrates the mathematical model of PHEV aggregator for LFC
studies [14]. Instantaneous change in PHEV power can be expressed as follows [14]:
(Fig. 5)
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Fig. 4 PHEV aggregator model for frequency control studies



