ENERGY STORAGE SOLUTIONS FOR BETTER
INTEGRATION OF WIND POWER

GAYATHRI NAIR S

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JUNE 2017



©Indian Institute of Technology Delhi (IITD), New Delhi, 2017



ENERGY STORAGE SOLUTIONS FOR BETTER
INTEGRATION OF WIND POWER

by

GAYATHRI NAIR S

Department of Electrical Engineering

Submitted
in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
June 2017



Certificate

This is to certify that the thesis entitled ” Energy Storage Solutions for Better Inte-
gration of Wind Power”, being submitted by Ms. Gayathri Nair. S, for the award
of the degree of Doctor of Philosophy is a record of the bonafide research work car-
ried out by her in the Department of Electrical Engineering of the Indian Institute of
Technology Delhi India. Ms. Gayathri Nair. S, has worked under my guidance and su-
pervision and has fulfilled the requirements for the submission of this thesis, which to
my knowledge, has reached the requisite standard. The results obtained herein have

not been submitted to any other University or Institute for the award of any degree.

Date:

Dr Nilanjan Senroy

Associate Professor

Department of Electrical Engineering
Indian Institute of Technology Delhi
New Delhi-110016.INDIA



Acknowledgements

”A comfort zone is a beautiful place, but nothing ever grows there”-Anonymous
“The three things that are most essential to achievement are common sense, hard

work and stick-to-it-iv-ness.”- Thomas Edison

The above two sentences aptly elucidate my Ph.D. But this work is no-where com-
plete without my sincere gratitude to the people who gave me the opportunity and

support to complete a very fulfilling tenure of Ph.D.

First and foremost, I wish to thank my supervisor Dr Nilanjan Senroy who has
guided me with infinite patience and understanding. He gave his unstinting support
and guidance in setting the direction and shaping the work in my thesis. He has
mentored me to grow both technically and professionally and given confidence to
take up new avenues. I am deeply indebted for his support and am grateful to be

associated with such a good human being.

During my term at IIT, I was fortunate to be guided and encouraged by my student
research committee. I express my heartfelt gratitude to Prof. G. Bhuvaneswari, who
has been extremely supportive and had deep conviction in my abilities. I would like to
express my gratitude to Prof. Sukumar Mishra, who has provided regular suggestions
and has periodically assessed the progress of my work. My gratitude to Prof. .N. Kar
who was always ready to give his valuable time for discussions and contributions
towards my work. I also express my gratitude to Prof. T S Bhatti. My thanks are
also due to Dr A. R Abhayankar and Prof. B.K Panigrahi who have been encouraging
throughout. I would like to acknowledge the encouragement I have received from

Prof. Bhim Singh and Prof. P. R Bijwe during my time at IIT.

My thanks to the friends I made in PSS lab goes without saying. Discussions, ar-



guments and jubilations that we had will always remain with me. I would like to ac-
knowledge Jincy who helped me tremendously, Zarina, Chandrasekhar,Vidyanandan
and Naren for being ever supportive. My thanks to Deep for helping me, without
hesitation, to cross hurdles easily and Nitin for helping me out whenever required. I
would also like to thank Snigdha and Sirin for all the help and support they have given
as well as Deepak, Satish, Kush and Somesh for their camaraderie and cooperation.

My thanks to Shubha who kept motivating me throughout.

My deepest gratitude to god for blessing me with a son who has been the most
patient and understanding child ever, who prays for me and my work even when he
knows that it means more separation from me. My husband who single handedly ran

the show to let me follow my dreams and supported me in every possible way.

I dedicate this to my father to whom I am thankful and whose principles and work
ethics influenced me to be true to my work. I would like to express my gratitude to
my mother who supported me no end in every phase of life and is an inspiration, who
set by example, that no matter what age you are you can pursue your dreams and
aspirations. My brother who supports me through his prayers and showed me that
what ever the adversity life will go on. My friends, the Rockstars in my life, who never

let me give up in life.

Date:

( Gayathri Nair S)



Abstract

The future of wind power depends on the preparedness of the power system to attain
higher penetration of wind power. Reducing dependency on conventional fossil gen-
erators have spurred the growth of wind power. The technical impediments to this
are primarily the impact of wind variability on system stability, frequency and voltage
profiles to be exact. Voltage and frequency limits that the interconnecting generators,
both synchronous and asynchronous, have to follow are becoming more and more
stringent and at present the levels to be maintained are within + 10% of the nominal
value. Underfrequency and overfrequency limitations are also specified for different
time frames beyond which the protection devices function to trip the system. In ad-
dition to this there are specifications in the case of the system becoming islanded and
how the interconnection maintains voltage and frequency limits. Steps taken to en-
sure that wind power is observable and controllable by the system operator is a step
toward integrating more wind in the system. This permits increasing the reliability of
the wind power and thus the capacity credit of a wind farm. Having a more control-
lable power source which can be made to give power as and when the demand arises
is the need of the hour. Cost effective storage solutions with higher capacities and fast

ramping capabilities plays a large role in preventing these eventualities.

Different configurations of WECS offer different technical challenges. DFIG based
variable speed system models, which are currently the most popular, can be studied
to understand the modelling, control and working of a WECS. Optimal tracking of
wind power which is enabled due to variable speed operation, allows more power
capture. Wind power is erratic in nature and at times the power system may not be
capable to accept the power generated. The solutions till date have been to curtail

wind, work the WECS at deloaded condition or shut them down. At times of no



wind there will be deficit of power and this requires backup generator to fulfil its
commitment. These solutions prevent utilising the wind power potential to its fullest
and involves operating quick responding costly generation to be always on standby
as reserve. The role of storage systems in mitigating this variability of wind power
needs deliberation. Storage systems can store the excess power or give power when
in deficit and thus contribute to increasing the efficiency and utility of the WECS.
Power smoothing, frequency regulation and low voltage ride through are some of the
problems that can be tackled by using storage. The wind power with ESS behaves like
the conventional sources that are able to give constant power and economic returns.
In the event of higher wind integration replacing more and more conventional sources

the storage can give inertial support to regulate frequency

With multitude of storage systems to choose from, the selection of energy storage to
work with is a problem on its own. Every storage mechanism has its own characteris-
tics of operation and life span. ESS which are able to respond in the manner compatible
with WECS must be chosen. They must be suitably controlled to achieve the accurate
tracking of wind power to ensure that they respond without delay. Devices which
can respond to fast and frequent variations need not necessarily be efficient and may
require reinforcements from time to time. This can lead to economic repercussions.
So a compromise between characteristics may be arrived at by using a combination of
ESS devices. In this case an optimally sized storage is equally important as the cost
of energy storage should not over ride the benefits. The use of intelligent strategies to

optimize the storage size has shown benefits in the life span of the storage.

This thesis focusses on modelling, controlling and sizing of energy storage systems
to facilitate better integration of wind power. Choosing to work with DFIG based sys-
tems the different interconnections of this WECS is explored with and without ESS.
Improvement in the system characteristics is observed with the help of ESS solutions.

The development of accurate models of ESS and control topologies that ensure that

vi



the ESS works towards achieving a dispatchable WECS is developed. Sizing method-
ologies that manipulate the ESS to work in accordance with their operational charac-
teristics are also developed. Investigating the validity of the above discussed solutions
to actual system case studies are done. The thesis reaches a conclusion that inclusion
of ESS systems which are better controlled and sized can allow better integration of

wind power.
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