DESIGN AND DEVELOPMENT OF
SOFT-TRANSITION NETWORKS FOR CHARGE-PUMP BASED
INTERLEAVED BOOST CONVERTERS

JYOTI PRAKASH

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2021



©Indian Institute of Technology Delhi (IITD), New Delhi, 2021



DESIGN AND DEVELOPMENT OF
SOFT-TRANSITION NETWORKS FOR CHARGE-PUMP BASED
INTERLEAVED BOOST CONVERTERS

by

JYOTI PRAKASH

Department of Electrical Engineering

Submitted

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

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

OCTOBER 2021



CERTIFICATE

This is to certify that the thesis entitled “Design and Development of Soft-Transition Networks
for Charge-Pump Based Interleaved Boost Converters” is being submitted by Ms. Jyoti
Prakash in fulfillment of the requirements for the degree of Doctor of Philosophy in the

Department of Electrical Engineering of Indian Institute of Technology Delhi, New Delhi.

Ms. Jyoti Prakash has worked under my supervision and fulfilled the requirement for
submission of the thesis, which to my knowledge has reached the requisite standards. The matter
embodied in this thesis has not been submitted to any other University or Institute for the award

of any Degree or Diploma.

Date: Oct 2021 Prof. Mummadi Veerachary
Department of Electrical Engineering
Indian Institute of Technology Delhi

New Delhi-110016



ACKNOWLEDGEMENTS

| express my sincere thanks and gratitude to my supervisor Prof. M. Veerachary for giving
me an opportunity to do the PhD work in the Department of Electrical Engineering, IIT Delhi. His
continuous support, valuable guidance, dedication, and patience helped me to shape this research

work to the present structure.

My sincere thanks and gratitude are to Dr. Anandarup Das, Dr. Amit Kumar Jain, Dr.
Ramkrishan Maheshwari, and Prof. T. S. Bhatti who have been a part of the evaluating team
of experts, for providing me their valuable insights, suggestions, and encouragement throughout
my research work. | also thank the examiners for reviewing my thesis and providing valuable
suggestions. | am grateful to 11T Delhi for providing me the research facilities. | would also like to
thank laboratory technician Mr. Amit Kumar of Power Electronics Lab, IIT Delhi for providing
me the facilities and assistance during this research work.

| thank my lab members Ms. Vasudha Khubchandani, Dr. Amarendra Reddy, Mr. E. Vargil
Kumar, Mr. Varun Chitransh, Mr. Nikhil Singh, Mr. Shrikant Mohan Misal, Mr. Priyabrata Shaw,
Mr. Punit Kumar, Mr. Ambuj Sharma, Mr. Devesh Malviya, Mr. Pushpendra Yadav for their help
during the research work. I am very grateful to them for their valuable inputs. | also thank my
friends Dr. Nibedita Parida, Dr. Radha Kushwaha, Ms. Vasudha Agrawal and Ms. Akshita Mishra

who have been an immense support throughout all my time at 11T Delhi.

Lastly, | take this opportunity to thank my husband Dr. Gourav Kumar Mishra, my parents
Mr. Kamlesh Shukla and Ms. Anita Devi, my brothers Ravi Prakash and Shashi Prakash. |
especially thank my beloved daughter Mishu and all my family members for their unrelenting
support, motivation, and encouragement throughout this journey.

Jyoti Prakash



ABSTRACT

Charge-pump based boost converters are effective in realizing high voltage boosting at
moderate duty ratios while interleaved operation of individual boost topologies effectively reduces
the ripples in the source current. Furthermore, due to interleaved operation the source current ripple
frequency is double that of the individual cells switching frequency. Thereby, charge-pump based
interleaved boost converters not only yield a high voltage gain but also exhibit improved source
current ripple profile. With this motivation, this thesis investigates the performance improvement
aspects of charge-pump based interleaved boost converters. Here, the attention is primarily on
reduction of switching losses by reshaping the switch electrical quantities (voltage across the
switch and current flowing through the switch) so that losses within the switching devices are
either minimized or eliminated during transitions (i.e. switch-OFF to ON transition, switch-ON to
OFF transition). Though the reshaping of voltage and current flowing through switch is possible
in many ways, but this thesis has paid attention only to design and develop auxiliary transition

networks which are feasible for fixed-frequency of operation.

The existing soft-switched interleaved boost converters invariably uses stand-alone zero-
voltage and zero-current transition networks. Here, each switch has its associated auxiliary
transition network. Although these schemes are shown to be effective in terms of soft-switching
performance but the corresponding system power density is low on account of more number of
components involved in the soft-switching networks. Moreover, the requirement of multiple active
switches and the associated gate driver circuitry also adds to the control complexity of the
interleaved boost converters. With the aim to reduce the number of auxiliary transition networks,
firstly investigation pertaining to development of common soft-switching network for multi-phase
interleaved boost converters is carried out. This is possible in interleaved converter topologies
because the turn-ON/turn-OFF instants of the switches are phase-shifted by 360/N, where 'N' is
the number of interleaved boost cells and there is presence of sufficient time delay between any
two turn-ON/turn-OFF instants. Use of common soft-switching network effectively reduces the
number of resonating inductors, active switches and the associated gate driving circuit
requirement. Based on this concept, a capacitor assisted zero-voltage zero-current transition

network (ZVZCTN) is proposed for a charge-pump based dual boost converter (CPBBC). Here,



only one transition network is present but it ensures soft-transitions of two main switches with
appropriate gating scheme. This transition network (composed of two diodes, an auxiliary switch,
and a resonating inductor) ensures zero-voltage turn-ON and zero-current turn-OFF of the main
switching devices; also ensures zero-current turn-OFF of the main diodes without imposing any
extra voltage stresses on the devices. The auxiliary-capacitors which are connected across the
diodes of the soft-switching network effectively controls the rate of fall of currents during turn-

OFF of the main switches.

The above-mentioned capacitor-assisted soft-switching scheme ensures soft-switching during
both turn-ON and turn-OFF transitions of the main switches; soft turn-OFF of the main diodes and
ZCS turn-ON of the auxiliary switch. However, current sharing between the two switch branches
during the transition zones may not be equal. Therefore, to resolve this issue, an auxiliary
transformer based zero-voltage zero-current transition scheme is developed for dual-phase
interleaved converters. This transition network is simple in structure and yet achieves effective
soft-transitions (zero-voltage turn-ON as well as zero-current turn-OFF) for the main switches. It
facilitates zero-current turn-OFF of all the diodes along with zero-current turn-ON of the auxiliary
switch. Additionally, the auxiliary transformer self-adjusts the current in the auxiliary network
depending upon the loading conditions and thus the reactive energy during the soft-switching is
low for the entire range of loads. A detailed theoretical analysis is presented by considering a high
step-up dual-phase interleaved boost converter as an example. The feasibility of the proposed soft-
switching scheme is implemented on the same and its effectiveness is demonstrated through

experimental results which are obtained on a 400 W converter prototype.

The two soft-transition networks mentioned above are effective in terms of soft-switching of
the main switches both during turn-ON and turn-OFF transitions along with the ZCS turn-OFF of
the main diodes. However, the auxiliary switch turns-OFF in hard-switched manner. To overcome
this issue, a coupled inductor assisted zero-voltage transition network is proposed for dual-phase
interleaved converters. It includes a dedicated auxiliary switch, a diode, and a coupled inductor for

each phase of the interleaved converter. This proposed soft-transition network ensures complete



soft transitions to the main as well as the auxiliary devices. To ensure turn-ON of the primary
switches with zero-voltage transition, the additional switches are activated before the gating signal
is applied to their respective primary switch. The presence of coupled inductor in series with a
voltage multiplier capacitor facilitates zero-current switching of all the diodes, thereby suppressing
the reverse recovery associated losses. Detailed steady-state analysis, principle of operation and
design considerations are discussed. A 24 - 200 V, 100 W converter, working at a frequency of
100 kHz is constructed to validate the theoretical studies. The transition loss reduction obtained
through the proposed ZVZCT network is demonstrated through sample temperature measurements
of heat-sinks associated with the switching devices. The measurements of the soft-switched
prototype circuit demonstrated a 2 ~ 4 % efficiency improvement over the hard-switched
converter. Furthermore, all the proposed transition networks resulted in soft-transitions over a wide

range of loads at a fixed frequency of operation.
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