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CHAPTER 1
INTRODUCTION

Electricity is distributed in two forms — alternating current (AC) and direct current
(DC). The electricity received at the household is AC and it comes from the generating
station, transmitted at high voltage (up to hundreds of kV) over long distance and then
stepped down by distribution transformer to lower voltage e.g. 120V, 240V etc. suitable
for household appliances. The AC power system has the advantage of easy step up or step
down through use of power transformer. Being alternating in nature, AC voltage/current
goes through zero in every cycle which makes design of circuit breaker for protection easy
and thus enables reliable power system operation. However, AC distribution is susceptible
to the voltage drop on the line due to cable impedance (resistance, inductance and capaci-
tance). Whereas, with DC distribution voltage drop on the line happens only due to cable
resistance. This is advantageous for power distribution over long distance and thus DC or
high voltage DC (HVDC) transmission [3,4] is used in the power system where generation
and distributions load are geographically apart. Transmission at HVDC has the added
advantage of lower transmission loss owing to lower current in the line.

DC distribution is widely used in renewable solar energy harvesting through photo-
voltaic cells [5-7], data centers [8-10], telecommunication [11,12], aircraft [13] etc. and
in many more applications. A typical structure of DC distribution with multiple loads
and converters connected to it is shown in Fig. 1.1. The loads connected to the main
DC distribution bus (Vpe1) typically are DC-DC converters feeding their local loads or
can create another isolated or non-isolated DC bus (Vpc2) where again set of loads get
connected, as shown by blue in Fig. 1.1.

The DC distribution architecture with voltage source shown in Fig. 1.1 works well when
the converters/loads are in close proximity to the source. However, if the converters/loads

are distributed over long distance from the source then the source voltage drops across the
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Fig. 1.1: DC voltage distribution architecture.
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Fig. 1.2: DC voltage distribution architecture over long distance.

length of the distribution cable, due to cable resistance. This is shown in Fig. 1.2 where
the input voltage at the each of the load(s) is of reduced magnitude than the preceding
converters i.e. Vpom < -+ < Vpes < Vpee < Vpe1 due to voltage drop across the
distribution line resistance (r). As an example, if all the load converters are of 1kW
with DC source voltage 100V, ideally all the converter would draw 10 A with 100V at
its input. Now, if due to the line resistance, voltage at the last module drops to 80V
then for the same load, the first converter will be operating at 100V, 10 A and the last
one at 80V, 12.5 A. If identical converters were used in this distribution network, all the
converters need to be designed for the worst case voltage and current (100 V, 12.5 A) which
means the converters have to rated for handling 1.25 kW, even though they are delivering
only 1kW. The situation can be worse if the distance (resistance) between source and
farthest load/converter becomes very high.

DC current source is immune to any series non-idealities of the distribution line such
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Fig. 1.3: DC current distribution architecture over long distance.

as resistance. This provides robustness against cable voltage drop by driving a constant
current into the distribution line from which each of the load converters draw power for
their respective load(s) which is shown in Fig. 1.3. As it can be seen from Fig. 1.3, all the
load converters now operate from same input current of Ig, irrespective of their distance
from the source. The input DC voltage for each of the converter(s) is now dependent on
their individual load and if all the converters cater to same amount of load power, their
input DC voltage will be same i.e. Vi1 = Vo = Vi3 = --- = V.. And hence, all the
converters in the distribution network will see same maximum DC voltage and current and

thus need not be over-designed.

1.1 Underwater Power Distribution

In recent times there is an increased interest in ocean exploration and underwater
sensing for observation, marine resource development, earthquake and tsunami monitoring,
etc. [1,2,14-24]. Power converter used in these applications are located deep into the sea
and far from the shore. Because of long distance between the source and loads and among
the loads, constant DC current distribution is used in this type of networks. The converters
used in this system taps power from the constant current feed and provide power to their
respective loads. The load can be a stationary local load or could be autonomous under-
water vehicle (AUV) which can get charged through wireless power transfer (WPT) [25] or
can be remote load demanding a sub-network of local constant current drive, as shown in

Fig. 1.4(a) [1] and Fig. 1.4(b) [2].
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A simplified block diagram of the underwater constant current distribution network is
shown in Fig. 1.5 where the shore based source drives constant current (I7) through the
trunk cable which runs on the ocean floor to drive multiple converters connected in series.
These converters are hermetically sealed within its enclosure(s) and the components of the
converter do not come in contact with the sea water. Using the benefits of conductivity
of saline water, the current in the trunk cable returns back to the source through the sea
water. Some of these converters drive their local load with a constant voltage output, some
of them drive another sub-network with constant current (I¢) drive for regional distributed
loads, and in some cases converters drive WPT coils for wireless charging of AUVs.

For underwater power converter fed from current source an obvious choice for the
topology is current fed converters which is presented in [26,27] for sub sea oil and gas

exploration application where it is operated at high current and low switching frequency for
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limiting switching loss. In [2], current fed topology is used in constant current to constant
voltage application, but shown only for low voltages. However, due to lack of ZVS for the
switches, current fed topologies will be limited in switching frequency. Moreover, there is a
need of input filter to smoothen the fluctuating input voltage which if not filtered adequately,
can create instability through interaction with the inductance(s) and capacitance(s) of the
submarine cable. These can potentially increase the converter size and reduce efficiency of
power conversion.

Voltage fed PWM push-pull topologies are presented in [1,28,29] where the source is
constant current source, suitable of underwater power distribution. Voltage fed topologies
can achieve ZVS and can thus be operated at higher switching frequency that can reduce the
size of the converter. However, typical PWM based topologies operate with hard switching
of main active switches causing high dv/dt and rectifier diodes chop off current with high
di/dt. These high dv/dt and di/dt, along with diode reverse recovery cause high frequency
ringing due to the circuit parasitic components which increases EMI and loss in the system.
Converters used in long distance underwater distributions are preferred to be operated
with low EMI for long term, reliable operation due to challenges and cost of maintenance.
Resonant converters, operating with sinusoidal voltage and/or current with soft switching
reduce the dv/dt and di/dt in the circuit that reduce EMI emission and improves efficiency
even at high switching frequencies. In addition, various circuit parasitic components such
as leakage inductance of transformer, can be part of the resonant tank network which makes
them very attractive in transformer isolated converters. Due to these advantages, resonant
power conversion topologies are widely used in LED driver [30-32], energy storage [33,34],
telecommunication [35], DC microgrids [36,37], wireless power transfer [38,39] and numerous
other applications. The resonant converters available in literature is operated and designed
with voltage source input whereas, converters used in underwater system is supplied with
DC current source which brings in new challenges. This forms the basis of this dissertation
to investigate these limitations and come up with design of resonant converters to overcome

such challenges in power conversion from DC current source which is a new and emerging



research field of interest and have not been explored with great details.

1.2 Resonant Converters in Constant Current Distribution

Due to the nature of the source, resonant converters in underwater distribution face
certain challenges in design space which are highlighted in chapter 2. The basic structure of
resonant converter with choice and modeling of different sections of the converter is discussed
in chapter 2. Differences in power transfer capability with voltage and current sources are
analyzed in this chapter as well. The modeling techniques presented in this chapter is used

for designing different resonant converters in underwater distribution system.

1.2.1 Soft Switching Requirements

Generally resonant converters are controlled through switching frequency variation,
above its resonant frequency, which gives advantage of ZVS through reactive power circu-
lation in the tank. However, when multiple converters tap power from a common input bus
(voltage or current), operating the individual converters at different switching frequencies
can result in very low frequency AC signals injected into the bus that is very hard to fil-
ter out. So, the converters in the distribution network are operated at a fixed switching
frequency and control of output is done through phase shift modulation. This brings in
limitation on achieving ZVS for the active switches through tank current itself and thus
ZVS assisting circuits are needed in conjunction with the main devices. The requirements
for ZVS turn on of all the MOSFETS in a resonant converter are analyzed in chapter 3. It
is shown how different types of ZVS assisting circuits can be used for different application
needs with different resonant topologies. The advantage and need of voltage fed topologies
over current fed ones are also highlighted in the chapter 3 with difference in losses between
ZVS and ZCS, operating at high frequency and high voltage in underwater distribution

system.

1.2.2 Series Resonant Converter

As presented in Fig. 1.5, some of the converters in the distribution network drive a
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sub-network of loads with DC current. This type of converters need to regulate its output
current from an input current source. In chapter 4, it is shown how a series resonant
converter (SRC) fits aptly in this application. SRC design with output current regulation is
used in LED drive [40], capacitor charging [41,42] and battery charging in constant current
mode [43]. However, these applications are driven from voltage sources as opposed to current
source in underwater distribution. With detailed analysis and modeling in chapter 4, it is
shown how an SRC can be designed for constant current input to constant current output

conversion over a wide load range, up to 1kW.

1.2.3 Parallel Resonant Converter

For majority of the loads in the underwater distribution network need a voltage source
at its input. Converters supplying power to these loads need to provide regulated voltage
at its output from current source input. Parallel resonant converter (PRC) is a well suited
topology for conversion of DC current source to DC voltage source that is presented in
chapter 5. PRC is designed for constant current drive in [44-46], storage battery charger
from solar power in [47], all with a voltage source at the input. Hence, analysis and design
methodology in needed for use of PRC with constant current source at the input, which is
presented in chapter 5, with steady state modeling, ZVS requirements, output filter design,
etc. Designing a converter for regulated output voltage over wide range imposes a significant
challenge in minimizing component stress and optimizing efficiency. A converter architec-
ture involving a PRC with a multi-winding transformer and an output switch network that
together minimize component stress and improve efficiency over the wide range of required

operating conditions is also presented in chapter 5.

1.2.4 LCL-T Resonant Converter

Similar to PRC, LCL-T resonant converter can also be used for conversion of DC cur-
rent source to DC voltage source. While PRC is simple and cost effective solution with
low component count, LCL-T provides opportunity for optimizing the converter size and

component ratings. Converters employing an LCL-T resonant tank are presented in [48-59]
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to achieve a current source behavior from a DC voltage source input and authors in [60]
have presented a DAB LCL-T resonant DC-DC converter with voltage sources, both input
and output. However, since the source of power in underwater DC distribution system is
from a constant current source these designs cannot be used as it is. In [61], an LCL-T
resonant tank based non-isolated, DC-DC converter is presented for DC current source to
DC voltage source application, but, without a design method. The design optimization for
the transformer in isolated LCL-T resonant converters is also absent in the existing litera-
ture. Hence, a detailed design methodology for an isolated LCL-T resonant converter that
converts a DC current source input to a DC voltage source output is presented in chap-
ter 6. Comparison between passive and active rectification in LCL-T resonant converters
for designing the converter with minimum VA rating is presented with detailed analysis,

simulation and experimental results.

1.2.5 Bidirectional DAB LCL-T Resonant Converter

Under regular circumstances, the series connected isolated DC-DC converters deliver
power from the constant current feed to their respective loads, regulating its output voltage.
However, some of the loads on the sea-bed are critical in operation needing uninterrupted
power delivery. In the event of any cable fault, these critical loads lose power and for these
critical loads, a bidirectional converter with local auxiliary source(s) are provided. These
bidirectional converters provide constant voltage to the load from the constant current feed
under regular operation and convert an auxiliary voltage source to a constant current drive
in the event of loss of power from main feed. Dual active bridge (DAB) based LCL-T
resonant converter can be designed to meet the requirements of such critical loads which
is presented in chapter 7. Detailed analysis, design with modulation is presented here for
designing the converter, minimizing the overall VA rating for resonant tank, transformer
and the H-bridges that is not available in the literature. Similar to PRC based converter
for wide output voltage range, DAB LCL-T resonant converters can also be designed for
bidirectional power conversion in systems interfacing current source at one end with wide

voltage range at the other end. The converter architecture of such system is also presented



in chapter 7 with simulation results showing its performance.

10



Resonant Network
J’_

Isolation Transformer

7 | Input Primary
*| Filter H-Bridge

Secondary Output

H-Bridge Filter Rigua

Fig. 2.1: Resonant DC-DC converter architecture with constant current input.

CHAPTER 2
INTRODUCTION TO RESONANT CONVERTER IN UNDERWATER SYSTEM

The resonant converter architecture and its modeling technique are introduced in this
chapter. Choice of inverter stage for constant current input, underwater DC distribution
system with its modulation technique is presented in section 2.1.1. The properties of res-
onant tank and basis for sinusoidal approximation is briefed in section 2.1.2 along with
various resonant tank realization. Various secondary rectifier and filter stages for different
types of resonant tank are presented in section 2.1.3. Detailed steady state modeling tech-
niques for resonant converter is developed in section 2.1.4 along with its equivalent circuit.
Section 2.2 presents salient characteristics and limitations for converters operating with
constant current source, as opposed to conventional constant voltage source, to establish

the basic criteria for design of resonant converters in underwater DC distribution system.

2.1 Resonant Converter

The basic architecture of resonant converter used in underwater distribution network
is discussed in this section along with modeling of different parts of the converter. The
converter architecture of an underwater resonant DC-DC converter is shown in Fig. 2.1
where the input power is drawn from a DC current source () and delivered to the load
(Rjoqq) Tegulating its output current or voltage. The converter has three distinct sections —
primary H-bridge with input filter, resonant tank with isolation transformer and secondary

H-bridge with output filter which are explained as follow.
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2.1.1 Primary Inverter Stage

The first stage of power conversion is the input filter with a H-bridge to convert DC
input to a quasi-square wave AC. For this stage of power processing, there are two options
— voltage fed inverter (VFI) or current fed inverter (CFI) as shown in Fig. 2.2(a) and
Fig. 2.2(b), respectively. The comparison of these two type of inverters are presented in
Table 2.1.

From the comparison in Table 2.1, since the underwater observatory system is designed
to operate with low current and high voltage, VFI based primary stage is the more practical
choice for high switching frequency converter design. For example, for an ideal 1 kW con-
verter in a system with 1 A input current, the DC input voltage will be 1kV and thus the
devices needed in VFI and CFI will be rated for 1.7kV and 3.3kV, respectively, based on
commercially available MOSFETs. Moreover, with ZCS in CFI, the devices will still have
its output capacitance energy dissipated within them which will lead to less efficient power
processing. Thus designing the converter with VFI based primary stage will be efficient,

power dense and cost effective, compared to CFI based primary stage. Use of CFI becomes



