ANALYSIS, DESIGN AND CONTROL OF VOLTAGE
SOURCE CONVERTERS FOR HIGH POWER
UTILITY INTERFACE

by
KADAGALA VENKATA SRINIVAS
Department of Electrical Engineering

Submitted
in fulfillment of the requirements of the degree of
DOCTOR OF PHILOSOPHY

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JANUARY 2014



CERTIFICATE

It is certified that the thesis entitled “Analysis, Design and Control of VVoltage Source Converters
for High Power Utility Interface,” being submitted by Mr. Kadagala Venkata Srinivas for award
of the degree of Doctor of Philosophy in the Department of Electrical Engineering, Indian
Institute of Technology Delhi, is a record of the student own work carried out by him under my
supervision and guidance. The matter embodied in this thesis has not been submitted for award

of any other degree or diploma.

Dated: (Prof. Bhim Singh)
Department of Electrical Engineering
Indian Institute of Technology Delhi
New Delhi — 110016, India

(i)



ACKNOWLEDGEMENTS
I express my gratitude and indebtedness to my supervisor Prof. Bhim Singh for his motivation
and guidance for my Ph.D. programme. It was a privilege to work under him with great
knowledge in vast areas of electrical engineering. He has been a source of inspiration for his
dedication and punctuality towards work. He has always been patient and tolerant in times of

difficulties.

I would like to acknowledge my Student Research Committee members Prof. T.S. Bhatti, Prof.
G. Bhuvaneshwari and Prof. Sukumar Mishra for serving as my committee members and for
their valuable suggestions and feedback during the Ph.D. programme. | thank to Prof. M. L.
Kothari, Prof. P.R. Bijwe, Prof. Sukumar Mishra, Dr. B.K. Panigrahi, Dr. N. Senroy and Dr.
A.R. Abhyankar who taught the course work and imparted knowledge in the areas of Power
Systems, Power Electronics and Energy Systems. | also thank my course coordinators Prof. I.N.

Kar and Prof. G. Bhuvaneshwari.

I express my gratitude to Indian Institute of Technology Delhi for accepting my conversion from
P.G. programme to Ph.D. programme. | am grateful to the Departmental Research Committee of
Electrical Engineering and the Dean PGS&R for doing the needful for conversion. I thank the
administration of Indian Institute of Technology Delhi for their support. 1 also thank the Library
and Computer Service Center for providing the necessary offline and online knowledge bank for

this research.

I thank the laboratory staff Shri. Gurucharan Singh and Shri. Sri Chand for providing required

facilities. | also thank the Jwalamukhi Hostel Warden and staff for providing the required

(iii)



boarding and lodging amenities. Furthermore | am indebted to entire fraternity of Indian Institute

of Technology Delhi for its overall support and shaping my career.

I thank my seniors Dr. D. Madhan Mohan, Sanjeev Singh Chauhan, V. Rajagopal and Shailendra
Sharma; friends Ch. Rajashekara Reddy, Naren Bharatwaj, V. Sandeep, Arun Kumar Verma, Dr.
Ashish Srivastav, Sabharaj Arya, N.K. Swamy Naidu, M. Sandeep, Vashist Bisht, Murali
Krishna, Vijay Chand Ganti, K. Jaya Prakash Reddy, M Santosh, Surender Reddy, Chandra

Shekar, and Dr. S. Jeevanand for their support.

I also indebted to my organization Naval Science and Technological Laboratory under the
Defence Research & Development Organization which permitted me to continue my Ph.D.
programme after joining it. I thank my Directors Dr. V. Bhujanga Rao, Shri. S.V. Rangarajan,
Shri. Amitava Das, Shri. G. Ravikumar and Shri. P. Trimurthulu; my colleagues K. Rajkumar, K.
Satya Murty, B. Venkata Rao, Ch. Challam Naidu and P. Sumanth for their support and

encouragement.

A special thanks to my family for their love and encouragement. | thank my father and mother who

raised me and supported me in attaining this stage.

Finally I thank God, for letting me through all the difficulties.

Date: Kadagala Venkata Srinivas
Place: New Delhi

(iv)



ABSTRACT

Voltage Source Converter (VSC) which is the backbone of Flexible Alternating Current
Transmission System (FACTS) plays an important role in high voltage transmission systems for
enhancement of active power flow and reactive power compensation. VSC based FACTS
controllers have the advantages of fast response and bidirectional active and reactive powers
flow capability. Static Synchronous Compensator (STATCOM) belonging to this family of
FACTS controllers has the ability to generate and absorb reactive power independent of the
system voltage. It can also perform the functions such as voltage regulation, stability
enhancement, etc.

Gate Turn Off Thyristor (GTO) belonging to the family of self commutating solid state
devices is well suited for VSC in high power applications. In high power applications, multi-
level and multi-pulse VSC configurations are used to reduce the harmonic content to a low value
and the VSCs are to be operated at fundamental frequency switching to reduce the converter
losses. For an ‘m’ level VSC configuration there are ‘m-1" dc link capacitors and as the number
of levels increases it becomes extremely difficult to balance the voltages of the dc link
capacitors. Therefore, it is preferable to use multi-pulse VSC configurations in high voltage
transmission systems.

This thesis work focuses on the analysis, design and control of configurations of multi-pulse
and transformer integrated multi-level voltage source converters. Detailed investigations are
made on configurations of multi-pulse two-level dual VSC (which have two sets of multi-pulse
converters i.e. a 12-pulse two-level voltage source converter has two sets of 12-pulse two-level
voltage source converters, the phase angle difference between the two sets of VSCs controls the

magnitude of the resultant converter output ac voltage waveform), multi-pulse three-level dual
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VSC, pulse width modulated multi-pulse three-level VSC (the conduction angle of each three-
level voltage source converter within the multi-pulse three-level voltage source converter is
varied for reactive power control), multi-pulse double-way VSCs (a double-way voltage source
converter consists of two six-pulse voltage source converters connected through open winding
transformer unit), binary weighted transformer integrated multi-level VSCs (uses 1:2, 1:2:4 and
1:2:4:8 turn’s ratio transformer units to achieve 7-level, 15-level and 31-level VSCs) and ternary
based transformer integrated multi-level VSCs (transformer units with turn’s ratio 1:3 and 1:3:9
to achieve 9-level and 27-level VSCs).

The above configurations of multi-pulse and transformer integrated multi-level VSCs are
used as STATCOM in FACTS (Flexible AC Transmission Systems). These VSCs based
STATCOMs are modeled using MATLAB platform along with Simulink SimPowerSystems
toolboxes. The performance of these STATCOMs is validated for the voltage control capability
and control of reactive power along with their dynamic performance in the transmission system.
It has been observed that these STATCOM configurations are able to reduce total harmonic
distortion of their reactive currents within acceptable limits and found capable to provide quite

satisfactory dynamic performance for control of reactive power in different operating modes.
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