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ABSTRACT

Design and Control of Series Resonant Converters

for DC Current Power Distribution Applications

by

Hongjie Wang, Doctor of Philosophy

Utah State University, 2018

Major Professor: Regan Zane, Ph.D.
Department: Electrical and Computer Engineering

With the growth of renewable energy usage and energy storage adoption in recent
decades, people have started to reevaluate the possible roles of dc¢ systems in current and
future electrical systems. The dc voltage distribution has been applied in various appli-
cations, such as data centers, aircraft industry and dc micro-grids, for high efficiency and
power density. However, for some applications such as subsea gas and oil fields, off-shore
wind farms and ocean observatory systems, the dc current distribution is preferred over dc
voltage distribution for its low cost, and robustness against cable impedance and faults.
Design and control of dc power distribution systems for different applications is an emerg-
ing research area with complex technical challenges. This dissertation solves the technical
challenges in analysis, design, modeling, control and protection of series resonant converters
(SRCs) for dc current distribution applications. An optimum design that has high efficiency,
high reliability, low EMI and minimum required control efforts for the SRC with constant
input current has been achieved and demonstrated by applying the analysis and design
procedures developed in this dissertation. The modeling and analysis presented in this
dissertation represents an operating condition that has not been studied in the literature

and could be easily extended to other resonant topologies. FExplicit analytical expressions
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have been provided for all key transfer functions, including input impedance and control-
to-output, offering valuable resources to design feedback regulation and evaluate system
stability. Based on the small signal model of the SRCs, with the consideration of the cable
impedances, this dissertation presents an impedance based stability analysis for dc current
distribution systems, and provides associated control strategies and control design for both
the SRCs and the overall dc current distribution system to ensure stable operation of the
entire system. The proposed analysis, design procedure, stability evaluation, control strat-
egy and protection techniques in this dissertation can be applied to a wide range of similar

scenarios as well, which greatly increases their value.

(211 pages)
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PUBLIC ABSTRACT

Design and Control of Series Resonant Converters
for DC Current Power Distribution Applications

Hongjie Wang

With the growth of renewable energy usage and energy storage adoption in recent
decades, people have started to reevaluate the possible roles of dc¢ systems in current and
future electrical systems. The dc voltage distribution has been applied in various appli-
cations, such as data centers and aircraft industry, for high efficiency and power density.
However, for some applications such as subsea gas and oil fields, and ocean observatory
systems, the dc current distribution is preferred over dc voltage distribution for its low cost
and robustness against cable faults. Design and control of dc power distribution systems
for different applications is an emerging research area with complex technical challenges.
This dissertation solves the technical challenges in analysis, design, modeling, control and
protection of series resonant converters (SRCs) for dc current distribution applications. An
optimum design that has high efficiency, high reliability, and minimum required control
efforts for the SRC with constant input current has been achieved and demonstrated by
applying the analysis and design procedures developed in this dissertation. The modeling
and analysis presented in this dissertation represents an operating condition that has not
been studied in the literature and could be easily extended to other resonant converter
topologies. Explicit analytical expressions have been provided for all key transfer functions,
including input impedance and control-to-output, offering valuable resources to design feed-
back regulation and to evaluate system stability. Based on the control strategies and control
design presented in this dissertation, stable and reliable operation of dc current distribu-
tion systems with long distance cable has been achieved and demonstrated. The proposed

analysis, design procedure, stability evaluation, control strategy and protection techniques
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in this dissertation can be applied to a wide range of similar scenarios as well, which greatly

increases their value.
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CHAPTER 1
INTRODUCTION

For more than one century, the electric energy has been the dominant energy type that
is generated, transmitted and delivered to the end user in both industry and daily life in
comparison to other energy types. With respect to other energy types, electric energy has
better controllability, more potential to be converted to other energy types efficiently, and
is easy to transport and restore. From Fig. 1.1, the total electricity disposition in the US
in 2016 is 4146.428 TWh [1]. In recent years, the electricity usage has continued to grow
because of the sustainability and environmental concerns from the public and government.
Continued research and investigations have been spurred by the growing electricity usage
in the field of power generation, power distribution and power consumption equipment,

especially in power distribution.
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Fig. 1.1: Electricity usage in the United States.
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1.1 Alternating Current Electricity System

The first electrical systems created by Thomas Alva Edison were completely direct
current (dc) from generators to the end users [2]. However, at the early stage of electric-
ity development, techniques for managing and controlling the dc voltages did not exist,
which resulted in significant losses and voltage drops when the dc power was transmitted
from generators to loads, especially for long distance power transmission and distribution.
In order to overcome the serious limitations and resolve the issues, George Westinghouse
proposed the development of alternating current (ac) electrical systems. The ac systems
allow large amounts of power to be transmitted over long distances from one location to
another through transmission lines at a convenient and efficient level by using means of
transformers, which had been developed by Nikola Tesla recently at that time [3]. There-
fore, the ac system won the well-known “battle of the currents”, became dominant and
has been considered the better solution for power generation, transmission and distribution
since then.

The diagram of an ac electricity system is shown in Fig. 1.2. The ac distribution system
has several advantages including easy and efficient voltage transformation, mature circuit
breaker protection, and voltage stability and control [4]. One of the greatest benefits of the
ac system is that the ac voltage can be easily and efficiently elevated for distribution over
distance and again lowered for the end users by using different transformers, as illustrated
in Fig. 1.2. The system protection techniques for ac distribution systems are much more
mature than for dc distribution systems through the use of circuit breakers. The alternating
nature of the ac system results in periodic zero voltage crossings, which helps the circuit
breaker to extinguish a fault current arc and protect the system. For power distribution
systems, system stability is always a concern. For the ac system, the advantage is that the
stable voltage can be controlled independently from real power through the management of

reactive power.

1.2 Direct Current Electricity System

Although the ac system is still the fundamental electricity type, significant technical
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Fig. 1.2: Diagram of an ac electricity system.

developments in direct current electricity systems have been established in the electricity
industry as well as power electronics over the last century [5]. The changes and developments
motivate researchers and industries to reevaluate which one is the better solution, ac or dc,
from the aspects of efficiency, economic and technology.

The significant changes are from loads, sources and energy storages. Nowadays, es-
pecially for the domestic and commercial users, many electrical loads inherently need dc
power supply, such as advanced lighting systems including LED lighting [6] and electronic
ballasts [7], televisions, monitors, communication appliances including mobile phones and
modems, computers including the servers in data centers [8,9],printers, and electric vehi-
cles [10]. From Fig. 1.3, 70 TWh, or 1.8% of the total US electricity consumption, was
consumed in data centers [11]. Presently, each electronic load generally still has its own
dedicated power supply powered from ac system which requires double conversions (ac-dc
and dc-dc), while the ac-dc conversion stage could be avoid if powered from a dc system.

On the other hand, new energy sources have been emerging and widely employed in
recent decades. The renewable energy usage grew an average of higher than 5% per year

over 2001-2017 from its most recent low in 2001, and keeps increasing. Many renewable
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Fig. 1.3: Data center electricity usage in the US.

energy sources, including photovoltaic panels (solar energy), are dc power supplies naturally.
Wind energy can also be better optimized if at least part of the wind turbine’s capacity
is coupled through power conversion which generally includes a dc bus [12]. The multiple
conversion losses introduced by the conversion from dc to ac and later back to dc can be
avoided if dc system is used.

One drawback for an ac system is that the ac electrical energy intrinsically can not
be stored, which means that power generation and consumption have to happen at the
same time. In order to improve the efficiency, reliability and controllability of the electrical
system, a lot of effort has been made to develop different types of energy storage. Nowadays,
in parallel with the renewable energy usage growth, energy storage systems have been widely
used in electrical systems. Some of the most important and commonly used energy storage
systems, including batteries, fuel cells, super capacitors and flywheels, have dc voltage
inherently [13]. Hence, by using a dc system instead of ac system, more efficient and
reliable, cheaper, simpler (for both control and manufacturing) energy storage systems can

be achieved.
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With the consideration of all the above points, people have started to reevaluate the
better solution for electrical systems including generation, transmission and distribution,
and have done a lot of research on the possible roles of dc systems in direct current elec-
tricity systems, i.e. smart grid, micro-grids, renewable energy adoption. In [2], the authors
discussed the possible economic advantages that dc distribution can have over ac distribu-
tion theoretically, and revealed that using a three-line dc distribution can have considerable
economic advantages over three phase ac systems. In [3], the authors presented loss com-
parison between ac and dc distribution systems, and concluded that ac and dc distribution
systems can have the same merit when the loads are equal in ratio under the current power
system infrastructure. In [4], the author concluded that the use of residential dc distribu-
tion by itself was predicted to be disadvantageous because of the inefficiency of converting
bulk ac power to premise dc power. However, the author also showed that this may change
when dc generations feed directly into a premise dc bus. In [14], the authors evaluated the
losses in ac and dc micro-grids for residential complexes with PV system and gas engine
co-generation, and showed that the total losses of the dc system are around 15% lower
than that of the ac system for a year. The authors also mentioned that the dc system
losses can be lower than the presented results if energy storage systems are included. For
the future electronic energy network, it is anticipated that the widespread and increasing
usage of new technologies in alternative, sustainable and distributed energy sources, power
electronics, and energy storages will prefer dc electrical energy systems for higher efficiency,

better controllability, utilization and availability of electricity [15].

1.3 DC Power Distribution Systems

Design and control of dc power distribution systems for different applications is an
emerging research area with complex technical challenges. The diagram of a typical dc
power distribution system is illustrated in Fig. 1.4. The dc power distribution system
generally consists of a front-end rectifier and a dc distribution network, as shown in Fig. 1.4.
The front-end rectifier is the connection between the dc distribution network and the ac

transmission system, and converts the ac power to dc power. The front-end rectifier is a load
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for the ac system, while it is the power source for the dc power distribution network. The
front-end rectifier can either regulate its output voltage or output current, which depends on
the specific application scenario. The dc distribution network consists of loads and different
dc-dc converters for different purposes. The dc-dc converters are applied to implement the
voltage conversion or current conversion in the dc distribution network in order to deliver
desired power to loads. Depending on the architecture in the dc distribution network, the
dc power distribution system can be classified as dc voltage distribution system and dc

current distribution system.

1.3.1 DC Voltage Distribution Systems

The architecture of a typical dc voltage distribution system is illustrated in Fig. 1.5.
As shown in Fig. 1.5, the source draws power from an ac transmission system or some other
energy sources, and regulates the voltage on dc bus 1. The loads and dc-dc converters are
connected onto the dc bus 1 in parallel. Depending on load specifications, the load may
connect to the dc bus 1 directly,or connect to the dc bus 1 through a dc-dc converter. For
some applications, it might be necessary to have a two-stage dc-dc conversion between dc
bus 1 and the load, e.g. load 3 shown in Fig. 1.5. In a dc voltage distribution system, there
might be more than one dc bus to satisfy the requirements for different voltage levels. As
illustrated in Fig. 1.5, there are two dc buses. The voltage on dc bus 2 is regulated by dc-dc
converter 1n. The dc-dc converter 1n draws power from dc bus 1 and deliver it to a smaller
dc voltage distribution network.

The dc voltage distribution has been applied in a variety of applications, such as data
centers, aircraft industry, dc micro-grids and ocean observatory systems, thanks to its high
efficiency, high power density along with other benefits [16-23]. In [16-18], the authors
pointed out that the overall efficiency improves from 67% to 77% by changing the ac power
distribution architecture applied in the data center to a dc power distribution architecture.
In [22,23], the authors compared ac power distribution and dc power distribution for an
ocean observatory system, and concluded that dc power distribution is preferred for long

distance subsea power distribution.
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As shown in Fig. 1.5, the dc voltage distribution system is made up of smaller subsys-
tems (dc-de converters). Usually each subsystem (dc-de converter) is designed based on its
own stand-alone operation. As a result, after system integration, the interaction between
subsystems may cause performance degradation, even system instability [24]. Based on this,
a lot of research have been done regarding the stability issues of a dc voltage distribution
system [19,24-29]. In [24-27], the authors focused on the impedance based stability analy-
sis for a dc voltage distribution system and presented impedance specifications for a stable
dc voltage distribution system. In [28,29], the authors developed local stability criterion
based on impedance analysis for a dc voltage distribution system, and presented a control
strategy for a dc voltage conversion system consisting of multiple converter modules based

on the stability analysis.

1.3.2 DC Current Distribution Systems

The architecture of a typical dc current distribution system is illustrated in Fig. 1.6.
For the dc current distribution system, as shown in Fig. 1.6, the shore-based source draws
power from an ac transmission system or other energy sources, and regulates the current
in the trunk cable #1. The loads and dc-dc converters are injected into the trunk cable
in series. One should notice that the dc-dc converters distributed along the trunk cable
have a constant input current instead of traditional constant input voltage. Similar with dc
voltage distribution case, the load may connected to the trunk cable #1 directly, or connect
through a dc-dc converter, e.g. the load 2 shown in Fig. 1.6. As shown in Fig. 1.6, it is
also possible that more than one trunk cables are needed to satisfy the requirements for
different current levels. The dc-dc converter 1n draws the power from trunk cable #1 and
deliver it to a smaller dc current distribution network.

As shown in Fig. 1.6, the dc current distribution system is also made up of smaller
subsystems (dc-dc converters). Usually each subsystem (de-dc converter) is designed based
on its own stand-alone operation. Each subsystem and dc-dc converter should be stable
individually. Even though, the integrated system may have stability issues from the inter-

actions of the feedback loops created by the input/output impedances of the interconnected
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Fig. 1.6: Diagram of a typical dc current distribution system.

converters, which brings challenge to system control analysis and design.

The dc current distribution system has been applied in applications such as the un-
derwater telecommunication systems and the ocean observatory systems [30,31]. For the
subsea applications, the dc current distribution is preferred over dc voltage distribution for
its benefits of robustness against cable impedance and cable faults. For the dc current dis-
tribution system applied in subsea scenario, the constant current flows through the trunk
cable, and the return current flows through sea water, which means that no cable is needed
for current return. As a result, the cost of the system can be reduced significantly. In the
Japanese ARENA project, supplying constant current to a mesh-like undersea cable-network
for an undersea observation system is presented using current to current converters with-
out control [32]. In both conventional underwater telecommunication systems and ocean

observatory systems, as well as other dc current distribution applications, the observation
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nodes are injected into the trunk cable, as illustrated in Fig. 1.7. In Fig. 1.7, the trunk

cables generally have a length of tens of kilometers or even longer, and each dc-dc converter

represents an observation node which draws the power

to the load such as sensors.

from trunk cable and provides power
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1.4 Current to Current DC/DC Converters

From Fig. 1.6, it can seen that the dc-dc converters employed in a dc current distribu-
tion system have a constant input current and as a result, a variable input voltage, instead
of a constant dc input voltage in conventional dc voltage distribution scenario. In a variety
of industrial applications, including LED drivers [33], battery charging [34] and capacitor
charging [35], output current regulated power supplies are required. Also, in the dc current
distribution system itself, output current regulated dc-dc converters are required for gener-
ating different current levels in the system. So, there is a motivation to investigate current
to current de-dc converters.

Resonant converters are widely applied in various applications such as Uninterrupted
Power Systems (UPSs), dc distribution systems and wireless power transfer (WPT) sys-
tems for high efficiency, high power density and low EMI [36-41]. Most of the research in
the literature focuses on constant voltage input to resonant converters [36-48]. In [40],
the authors showed that an LCL resonant network can be employed in a WPT system to
generate a constant current running through the primary track, irresponsive to the change
of the load. The authors also mentioned that the LCCL resonant network can provide a
higher maximum track current compared to the LCL topology. In [49-51], the authors
also mentioned that the LCL-T resonant converter behaves as a current-source under cer-
tain operating condition. Furthermore, in [52], the authors presented a detailed analysis,
optimization and design guidelines of the LCL-T resonant converter for its operation as a
constant current power supply. However, for the current to current converters, constant
dc input current is applied instead of dc constant input voltage. The behavior of a series
resonant converter (SRC) differs significantly with constant current input, a behavior that
has not been studied in detail in the literature. The difference in the behavior also intro-
duces challenges to the design, modeling, control, capability and applications of the SRC

with constant input current and variable input voltage.

1.5 Proposed Design and Control Approaches

After comparison of several converter topologies, the SRC is selected as the current
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to current dc-dc converter topology in this dissertation. This dissertation presents the
unique features, develops the design procedures, derives the small signal model, performs
the stability analysis and designs the controller for the SRC with constant input current used
in a dc current distribution system. The system modeling, stability analysis, and control
design is also developed in this dissertation, with the consideration of cable impedance.
With the proposed design and control approaches, the entire dc current distribution system
archives a stable operation with the output current of each converter regulated without
communication among those converter modules.

A design procedure for the SRC with constant input current is developed based on
the steady state analysis. This work extends previous steady state analysis technique for
constant voltage input resonant converters to the constant current input resonant converters.
To demonstrate the derivation of steady state solutions for resonant converters with constant
input current like the SRC, the fundamental approximation is applied [53].

A frequency domain approach for the small signal model of the SRC with constant input
current and variable input voltage is developed with the application of a generalized phasor
transformer model. This work extends previous frequency domain small signal modeling
approaches in the area, especially with regard to phasor modeling approach for switching
converters. To derive the control equations and impedance equations for the controller
design and stability analysis of the converters, the generalized phasor transformer is directly
applied.

An in-depth analysis of the system stability including the long distance submarine cable
modeling is also given in this dissertation. The impedance model of the submarine cable
is developed, and the relation between closed-loop input impedance and open-loop input
impedance of the converter is derived with the SRC as an example. The stability analysis of
the system consists of one or more cables and one or more SRCs gives guidance on how to
design the controller for the modules in a dc current distribution system to obtain a stable
system behavior.

System control design including the controller design for each SRC module, control
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strategy of the overall system and practical details related to system control, operation
and protections are also provided. The individual local output current regulation is im-
plemented for each SRC without communication required. The operation and protection
related practical details ensure that the normal start-up and shut-down of the system are
smooth and controlled, while the entire system, including the shore power supply and the
SRC modules can be protected during fault scenarios.

To provide hardware verification for the analysis and design presented, a set of proto-
type SRCs with a 250 kHz switching frequency have been built, and a set of cable emulator
for 100 km submarine cable have also been built. Each SRC module is designed to operate
with a 1 A dc constant input current, and an output current of 0.33 A with the power of
1 kW. Using these prototypes, hardware results are presented for each design, and modeling
and control areas developed. In addition to the hardware results conducted on the proto-
types, simulation results from MATLAB, Simulink, PLECS and LTSpice are provided to
demonstrate the theory and analysis throughout.

Chapter 2 of this dissertation covers the technical background materials related to
the work that has been done here. A full review of efforts presented in literature on the
topics discussed in this dissertation is given, as well as the challenges in the dc current
distribution system. Several different candidate topologies for current to current converters
are compared and discussed with the conclusion of employing the SRC. The distribution
efficiency of dc voltage distribution and dc current distribution is analyzed with the roadway
dynamic wireless power transfer taken as an example.

Chapter 3 presents a detailed steady state analysis of the SRC with constant input
current, and as a result, variable input voltage. From the steady state analysis results,
the unique features of the SRC are summarized. Based on the unique features, design
challenges and constraints are given. A design procedure is developed with the consider-
ation of resonant components variations, transformer parasitics and switching frequency
optimization.

The approaches employed to drive the small signal model of the SRC are covered in
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Chapter 4. Derivation of the phasor transformer are introduced first, followed by the phasor
model for each of the main components in the converter, and finally explicit expressions of
control to outputs, control to inputs, input and output impedances for the SRC are derived.

Using the models and results from Chapter 4, Chapter 5 discusses the stability of a dc
current distribution system. The impedance model for the submarine cable is developed, and
the relation between closed-loop and open-loop input impedance of a converter is derived.
The results can be applied to other converter topologies, as well as systems using submarine
cables. Based on these results and the stability criteria for a current cascaded system, the
stability analysis of the dc current distribution system is presented.

In Chapter 6, the control design related techniques for the entire system are covered
for both normal operation and fault scenarios. Using the results from Chapter 4 and
analysis from Chapter 5, the control strategy and controller design for the SRC is presented.
Operational study of a dc current distribution system is conducted, and the protection
techniques are developed for different types of faults.

Simulation and hardware results used to validate the proposed analysis, design and
approaches of previous chapters are presented and discussed in Chapter 7. Different levels
of simulations and hardware experiments are discussed, ranging from a single converter
level to a system level with real scenario required startup, shutdown and fault scenarios.

Conclusions and future work directions are given in Chapter 8.



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

15

CHAPTER 2
REVIEW OF TECHNICAL BACKGROUND

The work presented in this dissertation builds on a wide range of previous techniques
and theories. In order to put the dissertation in context with existing literature, a brief
technical background of relevant fields is given in this chapter. Analysis and discussion on

some general technical background for this dissertation is also presented in this chapter.

2.1 Converter Topologies for DC Current Distribution in Literature

A dc current to dc current converter employed in a mesh-like scientific underwater
cable network is proposed in [32,54]. The proposed topology is shown in Fig. 2.1. From
Fig. 2.1, it can be seen that it is a push-pull based topology which takes a dc input current
and converts it into a dc output current. The dc constant input current I;, is switched
by the switching devices FET 1 and FET 2, and fed into the transformer. The output of
the transformer is rectified and filtered. The input current and number of windings of the
transformer determine the output current. The proposed topology is still a voltage fed
topology due to the presence of capacitor C; . However, the presented topology operates
in open-loop mode without feedback controller. As a result, the output characteristics are
very sensitive to any variations in the converter and system, and the loss of the core and
switching loss have large influence on the output characteristics.

In [55,56], the authors presented a current-fed de-dc converter for a dc current power
distribution system in a subsea application. The proposed topology is illustrated in Fig. 2.2.
As shown in Fig. 2.2, the primary full-bridge switches need to have reverse voltage blocking
capability, which is implemented by IGBT in series with diode. The proposed topology
is a real current-fed topology instead of using a voltage-fed topology in a constant input
current scenario, since the output current of the primary full-bridge is a phase shifted

square waveform. However, the efficiency of the converter is reduced because of the series
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connection of IGBT and diode, and the switching frequency of the converter is limited
because the use of IGBT, which is not preferred for high power density and magnetic size
reduction.

In [57], the authors presented an active clamping zero-voltage switching (ZVS) PWM
current-fed half bridge converter, as shown in Fig. 2.3. The active clamping switch ab-
sorbs the voltage surge across the turned-off switch, and helps to achieve ZVS for all power
switches. In [58], an active-clamped ZVS current-fed push-pull isolated dc/dc converter for
renewable energy conversion applications is proposed, as illustrated in Fig. 2.4. The pro-
posed converter conserves small input current pulsation, high-voltage conversion ratio, ZVS
and zero-current-switching (ZCS) operation for primary switches and rectifier diodes, re-
spectively, over a large load range. The additional active clamping circuit serves to suppress
the voltage spike across all primary switches, as well as assists in achieving ZVS operation.
In [59], the authors proposed a simple, current-fed, ac-dc, single stage, single phase, isolated,
high power factor with two switches referenced to the same ground for HB-LED driver ap-
plication, the circuit diagram of which is shown in Fig. 2.5. The proposed topology is based
on the push-pull converter. In [60], an improved modulation scheme for a current-fed dual
active bridge to reduce converter loss in battery energy storage applications is proposed by
the authors. The circuit diagram of the current-fed bidirectional dc-dc converter is shown in
Fig. 2.6. The proposed modulation can minimize the conduction loss by deriving the modi-
fied operation modes. All the current-fed topologies presented above in literature are PWM
converters, however, for application scenarios which requires low electromagnetic interfer-
ence (EMI), high power density and high efficiency, resonant converters are preferred over
the PWM converters, which has not been studied in literature for dc current distribution

applications.

2.2 Resonant Converters
Resonant converters contain resonant networks, which consist of one or more inductors
and one or more capacitors. The voltage and current waveforms of the resonant tanks

vary sinusoidally during one or more subintervals of each switching period [53]. A general
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Fig. 2.1: Circuit diagram of the current to current converter topology presented in [54].
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Fig. 2.2: Circuit diagram of the current to current converter topology presented in [55].

diagram of resonant converters that consist of a dc¢ input, a switch network, a resonant
network, a transformer, a rectifier network, a filter network and a dc load is illustrated in
Fig. 2.7.

The switch network shown in Fig. 2.7 can be any switch networks, such as full-bridge,
half-bridge and push-pull, which converts the dc input to an ac square wave at the switching
frequency fs. The produced ac square is applied to the resonant network which generally
responds primarily to the fundamental component of the applied ac square waveforms and
exhibits negligible response at the harmonics of f;, as illustrated in Fig. 2.8. If it is a
resonant inverter instead of a resonant dc-dc converter, the load will be connected to the

resonant network output terminals instead of the transformer 7. The transformer T provides
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Fig. 2.4: ZVS active-clamped current-fed push-pull converter topology presented in [58].
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Fig. 2.5: AC-DC PFC single stage dual inductor current-fed push-pull converter topology
presented in [59].
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Fig. 2.7: A general diagram of resonant converters.

isolation between primary and secondary, as well as voltage step up and down functions.

In applications where isolation is not required, the transformer can be avoid. Then, the

sinusoidal waveform is applied to the rectifier network to converter it back to dc quantity.

The rectifier can be diode full-bridge, diode half-bridge, diode voltage doubler, normal full-

bridge or half-bridge with active switches. The output of the rectifier is connected to the

filter network, and then to the dc load.

For the switch network, different control schemes can be employed, such as switching
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Fig. 2.8: The resonant tank network responds primarily to the fundamental component of
the driving waveforms.

frequency control and phase shift control, depends on the topology that is used. For the
resonant network, a variety of networks with the combinations of resonant inductors and
resonant capacitors can be employed. Several basic and well-known ones, series, parallel,
LCC and LCL tank networks are illustrated in Fig. 2.9.

The major advantage of resonant converters is their reduced switching loss, via mech-
anisms known as ZCS and ZVS. The turn-on and/or turn-off transients of the switches can
occur at zero crossings of the resonant converter quasi-sinusoidal waveforms, which elim-
inates some of the switching loss mechanisms. Hence, resonant converters can operate at
higher switching frequency because of the reduced switching loss, which results in higher
power density and smaller magnetic component sizes. ZVS can also eliminate some of the

sources of converter-generated EMI, which is also one of the benefits of resonant converters.
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Fig. 2.9: Several basic and well-known resonant tank networks.

Although the resonant converter can be designed to obtain good performance with high
efficiency at a single operating point, it is typically a challenge to have good performance
over a wide range of load. Resonant currents may circulate through the tank elements, even
when the load is removed, leading to poor efficiency at light load. Another disadvantage
of resonant converters is that the quasi-sinusoidal waveforms exhibit greater peak values,
which results in an increased conduction losses that can offset their reduced switching losses.

The resonant converters have been widely used in a variety of applications, and a lot
of research efforts have been made on the analysis, design and control of the resonant con-
verters. However, most of the research in the literature focus on constant dc voltage input
resonant converters [42-48,52]. The behavior and related analysis, design, control of reso-

nant converters with constant dc input current have not been well studied in the literature.
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2.3 Analysis Tools for Resonant Converters

2.3.1 Steady State Analysis Tools

The sinusoidal approximation, or commonly referred to as fundamental approximation
as well, which assumes that the resonant tank sufficiently filters the higher order harmonics
injected by the bridge and the power is primarily transferred by the fundamental component
of the resonant current, is well established and widely applied to design and steady state
analysis of SRCs [36-38,53,61]. The relation between a switch network output voltage vs(t)
and its fundamental component v (t) is shown in Fig. 2.10.The sinusoidal approximation
allows closed-form expressions of the steady state solution for SRCs to be derived using
standard linear ac analysis. This approach is quite accurate for operation in the contin-
uous mode with a high-Q response, but becomes less accurate when the tank is operated
with a low Q-factor (e.g. @ < 2.5) or for operation of resonant converters in or near the
discontinuous conduction mode [53,61].

In [62,63], state space approach for steady state analysis of resonant converters are
presented by the authors. The state space approach requires finding all the operating
modes of the resonant converter, which is difficult to determine at the initial design stage,
as a result, it is not very helpful for the design of resonant converters.

In [64], the authors presented a graphical state-plane technique to perform the steady
state analysis for a series resonant converter. By using inductor current and capacitor
voltage of the resonant tank circuit as the two coordinates, steady-state operations of the
resonant converter are graphically portrayed on a state plane. The state portrait clearly
show the instantaneous resonant tank energy, output power, switching frequency and con-
trol. However, it becomes difficult for the resonant converters with more than two resonant
components.

In [65], the authors presented a new analysis approach to modeling resonant converters
that can be used to determine closed-form expressions for the exact resonant network wave-
forms based on step-superposition technique. The presented approach is good for analysis

of resonant waveforms, including the start-up waveforms, but it is difficult to apply to the
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Fig. 2.10: Switch network output voltage and its fundamental component.

steady state analysis and design of the resonant converters.
After considering the aforementioned steady state analysis approaches for the resonant
converter, the sinusoidal approximation analysis is employed for the calculation, analysis

and design of the work presented in this dissertation.

2.3.2 Small Signal Modeling Tools

Several different small signal modeling approaches have been presented to model the
frequency dynamics of resonant converters. In [66], the authors proposed a method from
combination of state-space analysis in continuous-time and discrete-time domain, without
linear ripple approximation. The proposed method is shown to be accurate by experimental
results. However, because of the matrices employed in the method, it is difficult to determine
the functions in expression form, and as a result, the results are computed numerically.
In [67-70], the authors presented small signal modeling methods for resonant converters
based on the discrete-time domain analysis or the sampled-data analysis. The discrete-time
based model can predict the small-signal behavior up to the switching frequency since it
captures the inherent sampling nature of the converters. However, these methods are too

complex for practical use, and are very difficult to extract physical insight of the resonant
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converters. In [71], the authors pointed out that the state space averaging cannot be applied
to analysis and control design of resonant converters because the resonant circuits have state
variables with a predominantly oscillatory behavior, and proposed a small signal modeling
approach for a series-parallel resonant dc-dc converter based on the generalized averaging
analysis of first harmonic. However, only the numerical solutions can be used to plot the
transfer functions.

Although the small-signal models shown in [66-71] are shown accurate enough to
present the beat frequency dynamics, none of the models have been widely used because all
of them have complicated mathematics instead of using circuit-oriented approach. In [72],
the authors proposed a low-frequency continuous time two-port y parameter equivalent
circuit model based on the discrete-time result. However, the equivalent circuit model is ac-
curate only when the perturbation is at low frequency and it cannot predict beat frequency
dynamics. In [73], the authors proposed a third-order equivalent circuit for the SRC, which
is simplified from the fifth-order presented in [74] based on extended describing function
concept. The third-order equivalent circuit model provides analytical solutions for all the
transfer functions and is shown to be accurate from the simulation and experimental results.
However, it is only for the switching frequency control analysis, and does not give analysis
on small signal modeling based on phase shift control.

A new modeling technique based on phasor transformation is proposed by C. T. Rim
and G. H. Cho in [75]. This approach gives explicit and simple equations with fruitful
physical insight. The model captures low-frequency dynamics of the SRC: in the case
where the switching frequency deviates from the resonant frequency, the SRC is modeled as
the first order system, and in the case of operating at resonance, the SRC is modeled as the
second order system. The dynamic phasor technique has been successfully applied in small
signal behavior modeling of electronic ballasts [76, 77], multi-angle phase shift modulated
resonant converters [47] and uniformly sampled phase-shift modulators [78,79].

The object of phasor transformation is to remove the rotation feature from the fun-

damental sinusoidal waveforms and analyze the dynamics of the static envelopes. The
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transformation approach was first proposed in [75], where a sinusoidal waveform can be

represented by as complex phasor:

z(t) = Re[Z(t)e!*=!], (2.1)

where Z(t) is the time-varying phasor corresponding to z(t). This transformation method
is suitable for small-signal modeling with amplitude modulation, where the switching fre-
quency ws is constant, and the small variations in the amplitude of x(¢) are modeled by
small variations in Z(¢). Hence, a time-invariant small-signal model can be derived. The
derivation of the phasor models for basic circuit elements have been shown in [75]. Those
models are now briefly re-derived as a reference, as well as extended for use in phase mod-
ulated H-bridges and diode rectifier doubler. By applying (2.1) to the v-i equations of the
basic circuit elements, the phasor transformation for those circuit clements can be derived,
as shown in Fig. 2.11.
For the inductor, the v-7 equation is

dir(t)

L
dt

= (t). (2.2)
The phasor transformation of the inductor current and inductor voltage are:

ir(t) = Re[ir(t)e?*], (2.3)

v (t) = Re[v(t)es!). (2.4)

Substituting (2.3) and (2.4) into (2.2), the phasor equation for the inductor can be derived

as

L%[Rem(t)ew]] — Re[o. (t)e**], (2.5)

LRe[%eijt + jwsire?s'] = Re|(L

% + jwsLip)e’!] = Re[vy(t)e?“"). (2.6)
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Fig. 2.11: Phasor transformations for basic elements in the SRC. Left: time domain. Right:
phasor complex time domain.

From (2.6), we can get the phasor equation for the inductor as

dig(t)
dt

L + jwsLip = UL(t). (2.7)

The circuit form of (2.7) can be used for the benefit of well established circuit analysis
techniques, as illustrated in Fig. 2.11(b). For the capacitor, by following a similar procedure
for the inductor, the the v-i equation

dvc(t)
dt

C =io(t). (2.8)

in phasor transformation domain can be expressed as

dvc(t)

Cdt

+ jwsCveo = ic(t). (2.9)

The circuit form of (2.9) is illustrated in Fig 2.11(c). Similarly, the phasor transformation
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of resistor, full bridge and transformer connected with diode voltage doubler are shown in
Fig. 2.11(a), Fig. 2.11(d) and Fig. 2.11(e), respectively.

In this dissertation, the dynamic phasor transformation approach is employed to de-
velop the small-signal model for the SRC with constant dc input current. The developed
small-signal model provides abundant physical insight of the SRC, and explicit expressions
for all the transfer functions including control to output current and output voltage, control
to input voltage, input and output impedances, which is very helpful for the control analysis

and design of the SRC.

2.4 Stability Analysis Review

When two power converters are cascaded together, there is a stability concern even
both of them are stable individually. Since most of the application scenarios around us
require more than one power converters, people have put a lot of efforts to study the
stability of the systems. Generally, there are two main causes of stability degradation
for a dc power distribution system: 1) interactions of the feedback loop created by the
input/output impedances of the interconnected converters and 2) the constant power load
effects that exhibit negative incremental impedance [80]. These two causes can compromise
the stability of both the converters and the complete interconnected dc power distribution
system. Several approaches have been proposed for modeling the dynamics of such a system
including eigenvalue based full system modeling [81-85], nonlinear modeling [86-89] and
impedance-based modeling techniques. Among these, impedance-based modeling techniques
have been most popular and have been shown to facilitate design specifications for sources
and loads [24,27,90-92]. Using impedance modeling, several criteria have been proposed to
analyze stability of the system. Majority of these criteria rely upon the Nyquist and/or Bode
plots for analyzing the stability, where several sources and loads are grouped together with
other sources and loads, respectively, and the ratio of the impedances, which is termed as
the minor loop gain, of the grouped subsystems is plotted along with the region of stability.
In general, the system is guaranteed to be stable if the trajectory of the minor loop does

not violate the conditions defined by each criterion, provided individual converters/loads
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are individually stable [90]. However, these criteria need to be reevaluated with a new set
of source and load subsystems when the direction of power flow changes.

There has been research performed to analyze the stability of a dc distribution system,
which is mainly found with dc microgrids [21,93-98] and electrical ships [99-103]. An
overview of the existing work is presented next for system stability analysis.

One of the most widely used stability criteria, the Middlebrook stability criterion simply
restricts the minor loop gain within a circle of radius less than unity, and thus ensures
stability and presents a simple procedure for designing source and load impedances with
their ratios smaller than unity [104]. The criterion results in the most conservative design
of passive components, which tend to be bigger in size and are usually bulky [90,104]. With
the prior knowledge of both the source and load impedances, the gain margin phase margin
(GMPM) criterion relaxes the constraints imposed by the Middlebrook criterion [91]. The
Nyquist diagram allows designs to go beyond the unit circle to the boundary defined by
two lines at angle of + phase margin (PM) from the negative real axis and extending
from infinity to the circle defined by the Middlebrook criterion as presented graphically in
Fig. 2.12. This criterion is very simple and is highly design oriented, and hence advantageous
for the preliminary design of a system. However, the criterion predicts instability of a stable
system when direction of power is reversed or when the operating mode of the source and
load systems is swapped. In contrast to describing the stability for single lumped load and
source subsystems, a more realistic scenario comprising multiple sources and load converters
can be analyzed with an opposing argument criterion [24,27,92]. This criterion essentially
imposes a condition of a vertical line, as shown in Fig. 2.12, that the Nyquist diagram is
allowed to remain on the right side of the line, and its position on the axis is defined by the
inverse of the gain margin (GM) [24,92].

Energy source analysis consortium (ESAC) criterion further reduces the design con-
servativeness while keeping the same level of GM and PM as the opposing argument cri-
terion [83,84,96,100]. The region to the left of the indicated boundary in Fig. 2.12. is

considered to be forbidden. With this approach, a 3D region with phase, frequency and
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Fig. 2.12: Review of stability criteria from the literature.

magnitude of load admittance is used to formulate a forbidden volume that when not inter-
sected indicates a stable system. Root exponential stability criterion (RESC) is proposed
to improve the robustness of the ESAC while calculating the load admittance, where the
path of the RESC in the s-plane is always well defined and is represented by a continuous
function [101]. The region to avoid with the RESC is comparable to that of an ESAC. With
the passivity based stability criterion [99,105], all the sources and loads are combined as a
single system that is connected to a dc bus, and the impedance of the system is measured
by an external module responsible for injecting perturbation signals, deducing stability, and
stabilizing the dc bus. This criterion ensures stability when bus impedance has no right-half
plane poles, and the impedance has some positive resistive component at all frequencies of
interest. The stability margins however are not easy to deduce with this criterion, and,
furthermore, necessary and sufficient conditions for stability are not easily deduced given

that the criterion cannot be related to the Nyquist criterion [105].
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As presented above, most of the research on stability analysis are for dc voltage power
distribution systems. However, the stability criterion for a current cascaded system is
different from a voltage cascaded system, and the research results from the literature for
dc voltage distribution systems can not be directly employed in dc current distribution
scenario. The stability issue of dc current distribution systems has not been well studied in
the literature yet. For the stability analysis of a current cascaded system, in [106], the author
presented impedance-based stability criterion for grid-connected inverters, which can be
used as a reference for the stability analysis and control of a dc¢ current distribution system.

The cable impedance in the system is also considered in the analysis in this dissertation.

2.5 System Operation and Protection

For a dc current distribution system, the operation is different from a dc voltage dis-
tribution system. The most significant difference is that the converters in a dc current
distribution system are connected in series, while the converters in a dc current voltage
distribution system are connected in parallel. For the dc current distribution system, the
current needs a path to flow through the trunk cable even before the system is turned
on, otherwise, the shore power supply which provides the dc distribution current will see a
open circuit load, which should be avoid for a current source.The inherent features of the dc
current distribution system bring challenge for the system operation, which have not been
well studied in the literature yet. The operation of an SRC employed as a current regulated
power supply in a dc current distribution system subject to startup and shutdown transient
and open and short circuit fault conditions are investigated in this dissertation.

An SRC with a resonant capacitor clamping circuit to protect the SRC during fault
transients was presented in [107], as illustrated in Fig. 2.13. In Fig. 2.13, the diodes Ds,
Dy, Ds and Dg are used to clamp the voltage of the resonant capacitor C, to the input
voltage V;,. However, from the resonant capacitor terminals to ground voltage analysis,
the capacitor terminal voltages are expressed as V;, £0.5v0, when @1 and @5 are on, which
is a general case for phase shift modulation control [43,44]. In this case, for phase shift

modulation controlled SRC, circulating currents between the resonant tank and the input
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Fig. 2.13: SRC with constant voltage input and resonant capacitor voltage clamping circuit.

filter are unavoidable. On the other hand, for the SRC with constant current input, the

voltage across the resonant capacitor is higher than the input voltage for certain load range

as presented in [108], which means that the protection approach shown in Fig. 2.13 cannot

be used since it alters the steady state operation.
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CHAPTER 3
ANALYSIS AND DESIGN OF SERIES RESONANT CONVERTERS WITH
CONSTANT INPUT CURRENT

Previous analysis of resonant converters have largely focused on constant dc voltage
input scenarios, while the research shown in the literature on converter topologies used in
dc current distribution systems has focused on non-resonant topologies. In this chapter, the
series resonant converter (SRC) with constant dc input current and variable input voltage
is studied in detail. Section 3.1 presents the steady state operation of different resonant
converters, including SRC, parallel resonant converter (PRC), LCL resonant converter and
dual active bridge series resonant converter (DABSRC), with constant dc current input,
and discussed the topology selection based on the comparison. The stress analysis for the
components employed in the SRC with constant input current is performed in Section 3.2.
In Section 3.3, the output characteristics of the SRC with constant input current is derived
to show the different behavior of the converter with respect to the case with constant input
voltage. Based on the analytical results, design considerations and procedures for the SRC
with constant input current is developed in Section 3.4. In order to get an optimized design,
the modeling of the high voltage transformer is presented in Section 3.5 to model the para-
sitics of the high voltage transformer, while design optimization is discussed in Section 3.6.
Two design examples of the SRC with constant input current are shown in Section 3.7 to
demonstrate the analysis, design considerations and design procedures developed in this

chapter. The chapter summary is given in Section 3.8.

3.1 Resonant Converter Topology Comparison and Selection
The steady state analysis and output characteristics of the resonant converters with
dc voltage input have been well investigated in the literature, however, the behavior of the

resonant converters with constant dc current input have not been studied. In order to show
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which topology should choose for a specific application scenario, the steady state solutions,
output characteristics and comparison of four different commonly used resonant converter
topologies are presented in this section. The fundamental approximation is employed for

the calculation and analysis in the following subsections [53].

3.1.1 Steady State Analysis of SRC

Figure 3.1 illustrates the SRC topology with dc constant input current. The resonant
tank, which consists of a capacitor C, and two inductors, each L,/2, is connected to an
active full bridge at the input side and a diode half-bridge voltage doubler at the output
side. The input active bridge consists of devices @ ... @4 , while the output bridge consists
of diodes Dy and Dy. A 1: n power transformer, which has two primaries with the same
number of turns and two secondaries with the same number of turns connected in series,
provides isolation between the input and output. The input is a constant dc current source
as shown in Fig. 3.1, and a phase-shift modulation strategy controls the switches of the
SRC [43,44].

The equivalent circuit of the SRC illustrated in Fig. 3.1 is shown in Fig. 3.2. For
steady state analysis, the two resonant inductors shown in Fig. 3.1 are replaced by a single
inductor L, and the transformer is replaced by a two winding transformer with the same
turns ratio. For the active full bridge, an average approximation is applied to the input,
while sinusoidal approximation is applied to the output. The input side is modeled as a
controlled current source and the average value of the input current is related to the resonant
tank current. The output side is modeled as a controlled voltage source and the magnitude
of the fundamental component is related to the input voltage.

For the secondary side diode half-bridge, the scenario is similar. Sinusoidal approxi-
mation is applied to the input, while average approximation is applied to the output. The
input side is modeled as an equivalent resistor as the input voltage is in phase with the
input current. The output side is a controlled current source as the average value of the
output current is related to the resonant tank current.

For the resonant inductor and capacitor, they are directly presented in the equivalent



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

34
) p——
Iout
+ %' E}Q:& E} D, & -
s .77
A 1:n b
+ Lo/2 } Ty
I COU
CTDQVM::CM vag(t) C, == on(t) = % Vout
.1 ' n. Rload
L } ]
b c
QH1@ T
2 4
C -
_ —|E|}—|E} pg Lo
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Fig. 3.2: Equivalent circuit of the SRC topology.

circuit as they are linear components. In Fig. 3.2, the equivalent resistance R., the input

current I;, and controlled voltage source vs; are expressed as

2
Re = PRloada (31)
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21,
I = =22 sin(g) cos(ps), (3.2)
i 2
— 2y, sin(%) sin(wst) 3.3)
Vgl = —Vin sm(§ sin(wst). (3.

In (3.2) and (3.3), s is the phase shift angle of resonant tank current i5; with respect to
vs1, Is1 is the peak value of resonant tank current 451 , ws is the angular switching frequency
and « is the phase shift angle of the active full bridge, whose range is from 0° to 180°. The
definition of the phase shift angle « is illustrated in Fig. 3.3.

In Fig. 3.2, reflecting the equivalent resistance R, to the transformer primary side, the

fundamental component of the resonant current 4s; can be calculated as

151 = %%Vm sin(%) sin(wst — @s) = I sin(wst — @5), (3.4)
where,
A= (=2 Ripaa)? + (wsLy — ——)2 (3.5)
7’L27T2 load ws (USC I

wel, — L
ps = arctan(%), (3.6)

WRload

14

As illustrated in Fig. 3.2, the relation between output current and the peak value of

the resonant tank current I5; can be expressed as

1 1 4 e
Iout = al—sl = ZWWTL Sln(g). (38)

For a resistive load, the output voltage and output power are

1 4 L«
Vout = Iout Rivad = vazn Sln(g)Rloadv (39)
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Fig. 3.3: Definition of phase shift angle a.

1 4 e
72‘/171 Sln(*))2Rload- (3'10)

Pout — V;)utlout - (ZTL?T 9

Considering the ideal case with no losses, the input power of the SRC is equal to the

output power,

1 4 L0
?%n Sln(g)) Rload. (311)

Pin:‘/inlg:Pout:(Zn

From 3.11, an expression for the SRC input voltage V;, can be obtained as

n2mtA%]
Vin = - 3.12
16sin?($) Rioad (3.12)

Substituting (3.12) into (3.8), (3.9) and (3.10), the output current, output voltage and

output power of an SRC with constant input current can be expressed as

nw2Al
Iou = - a g ) 3.13
' 4 Sln(§ ) Rioad ( )
nw2Al
Vout = g, 3.14
¢ 4sin(%) ( )
2.4 4212
Poup = —— 3 (3.15)

16 sin? ( %)Rload )
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The resonant frequency w, and the normalized switching frequency F' are defined as

1
Wo = = (3.16)
F:?:f. (3.17)

The characteristic impedance Z, and loaded quality factor @) of the resonant tank are

L, 1
Zy= | 2 = woLy = , 1
. w oC (3.18)
22 22
Q:é:nﬂZoznTrngr. (3.19)
Rle 2Rload 2Rload
Substituting (3.18) and (3.19) into (3.5),
A= (=2 Rigad)? + (sl — ——)2 = Z, | = 4+ (F = L2 (3.20)
= 22 load W Luy w:C, = 4o Q2 7 .

Substituting (3.20) into (3.12) - (3.15), the input voltage, output current, output volt-
age and output power of an SRC with constant input current can be expressed in forms of

normalized switching frequency F' and the resonant tank @Q as

Vi = s (14 Q3 = 1) (3:21)
Tt = gt (14 Q2F = ), (3.22)
Vot = graatnt (14 QH(F = 1)?), (3.23)
Pos= (14 QF — 1)) (3.24)
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Equations (3.21) - (3.24) are the steady state solutions for an SRC with constant current
input. From the steady state solutions, it can be seen that the behavior of the SRC with
constant current input is quite different from the constant voltage input case, and several
conclusions can be drawn. 1) For a certain converter design and load resistance, the gains
from phase shift angle («) input to output current, output voltage and output power are all
negative, which means maximum phase shift (180°) results in minimum output power, while
lower phase shift leads to a higher output power. 2) The SRC has a non-zero minimum
output power. The minimum output power is related to the transformer turns ratio, the
input current, the load resistance and the resonant tank parameters. 3) The input voltage
and output power can either increase or decrease while the load resistance decreases, which
depends on the relation between R, and resonant tank parameters. The above conclusions
drawn from the steady state solutions also present challenges for designing an SRC with
constant current input. For the output current regulation case, it is necessary to guarantee
that the minimum output current is lower than or equal to the objective for the entire load
range, which is a requirement for the output voltage regulation case as well. The challenge
is that the SRC may not be able to force its input voltage down, which causes the output

current or the output voltage to be higher than the control objective.

3.1.2 Steady State Analysis of PRC

Figure 3.4 illustrates the PRC topology with dc constant input current. The resonant
tank, which consists of a capacitor C, and two inductors, each L,/2, is connected to an
active full bridge at the input side and a diode rectifier at the output side. The input active
bridge consists of devices @) ... Q4 , while the output bridge consists of diodes Dy ... Dy. A
1: n power transformer provides isolation between the input and output, as well as voltage
step-up or step-down. The input is a constant dc current source as shown in Fig. 3.4, and
a phase-shift modulation strategy controls the switches of the PRC.

Similar with the SRC, the equivalent circuit of the PRC shown in Fig. 3.4 can be derived
as illustrated in Fig. 3.5. For steady state analysis, the two resonant inductors shown in

Fig. 3.4 are replaced by a single inductor L, . For the active full bridge, the input side is
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Fig. 3.4: PRC topology with a constant input current.

modeled as a controlled current source and the average value of the input current is related
to the resonant tank current, while the output side is modeled as a controlled voltage source
and the magnitude of the fundamental component is related to the input voltage. For the
resonant inductor and capacitor, they are directly presented in the equivalent circuit as
they are linear components.

In Fig. 3.5, the equivalent resistance R, the input current I;, and controlled voltage

source vg1 are expressed as

2
Re = gRloada (325)
21
Iy, = 771 sin(%) cos(ps), (3.26)
4 oo, .
Vgl = ;Vm sm(§) sin(wst). (3.27)

In (3.26) and (3.27), ¢, is the phase shift angle of resonant tank current is; with
respect to vs1, Is1 is the peak value of resonant tank current 47, ws is the angular switching

frequency and « is the phase shift angle of the active full bridge, whose range is from 0° to
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Fig. 3.5: Equivalent circuit of the PRC topology.

180°. The definition of the phase shift angle « is the same as that defined in SRC, which is
illustrated in Fig. 3.3.
The resonant frequency w,, normalized switching frequency F', characteristic impedance

Z, and loaded quality factor @) of the resonant tank are defined as

! (3.28)
WO - ) .
LPCP
fs Ws
F==:2==22 2
fo Wo (3 9)
L 1
Zy= 4| =L =w,L, = , 3.30
Op Wolsp won ( )

Q= = = = 127 RipaawoCp. (3.31)
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From Fig. 3.5, the resonant capacitor voltage V¢, and output voltage V,,: can be

derived as

B 4V sin(5)Q
Vep = 2+ Q21— F?2)?’ (3.32)
Vout = BVin sin(5)Q (3.33)

nm2/F2 + Q2(1 — F?)?’

Note that the input voltage is not constant in the equivalent circuit show in Fig. 3.5.
The input voltage is determined by the constant input current, phase shift angle and load.
For a lossless power converter, the output power should be equal to the input power, which
can be used to derive the input voltage expression. The input voltage Vj, can be expressed

as below in terms of I,

Ln[F? + Q%*(1 — F?)2) 22

Vi — . 3.34
b n?sin®(§) Rioad (3:34)
Substituting (3.34) into (3.33), we can get the equation for V., as
IinZo
Vout = ————y/ F2 2(1 — F?)2, 3.35
Based on (3.35), the PRC output power P,,; can be given as
I2[F? + Q*(1 — F2)?) 22
Pout — Z’Vl[ + Q ( ) ] o . (336)

n? sin? ( % ) Rioad

Equations (3.34) - (3.36) are the steady state solutions for a PRC with constant current
input. From the steady state solutions, similar conclusions can be drawn for the PRC with
constant current input. 1) For a certain converter design and load resistance, the gains
from phase shift angle («) input to output current, output voltage and output power are all
negative, which means maximum phase shift (180°) results in minimum output power, while
lower phase shift leads to a higher output power. 2) The PRC has a non-zero minimum

output power. The minimum output power is related to the transformer turns ratio, the
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input current, the load resistance and the resonant tank parameters.

3.1.3 Steady State Analysis of LCL Resonant Converter

The circuit diagram of the LCL resonant converter with constant dc input current
is shown in Fig. 3.6. The converter includes a H-bridge, a resonant tank network, an
isolation transformer and a diode voltage doubler. The input active bridge consists of
devices (... (4, while the resonant tank network consists of a first inductor L, a parallel
capacitor C and a second inductor kL. A 1: n power transformer provides isolation between
the input and output as well as voltage step-up or step-down. The output voltage doubler
consists of diodes D; and Ds, and capacitors C; and (5. The phase-shift modulation
strategy is employed to control the LCL resonant converter.

The equivalent circuit of the LCL resonant converter illustrated in Fig. 3.6 is shown
in Fig. 3.7. For the active full bridge, an average approximation is applied to the input,
while sinusoidal approximation is applied to the output. The input side is modeled as
a controlled current source and the average value of the input current is related to the
resonant tank current. The output side is modeled as a controlled voltage source and the
magnitude of the fundamental component is related to the input voltage. For the secondary
side diode half-bridge, the scenario is similar. Sinusoidal approximation is applied to the
input, while average approximation is applied to the output. The input side is modeled as
an equivalent resistor as the input voltage is in phase with the input current. The output
side is a controlled current source as the average value of the output current is related to
the resonant tank current. For the resonant tank network components, they are directly
presented in the equivalent circuit as they are linear components.

In Fig. 3.7, the equivalent resistance R, and controlled voltage source vs; are expressed
as

2
Re = PRloada (337)

4
st = —Vin sin(%) sin(wst). (3.38)
m
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Fig. 3.7: Equivalent circuit of the LCL topology.

In (3.38), ws is the angular switching frequency and « is the phase shift angle of the

active full bridge, whose range is from 0° to 180°. The definition of the phase shift angle «
is given in Fig. 3.3.

43
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From Fig. 3.7, the relation between the output current I,,; and the peak value of

resonant tank inductor current i/, can be derived as

1
Towt = —I51. (3.39)
nmw

Reflecting the equivalent resistance R, to the transformer primary side, the fundamen-

tal component of the resonant current i5; can be calculated as

14
1s] = Z—V;n sin(g) sin(wst — @s) = Is sin(wst — pg), (3.40)
7r 2
where,
14 L«

ISl = Z;‘/;n Sln(g). (341)

2
A= \/(WRload)Q(l —w2LC)? + [(k 4+ DwsL — kL2Cw3)?, (3.42)

T

Substituting (3.41) into (3.39), we can get

&, (3.43)

1 4
— Vi sin( 5

Iout = x
Anm?

Note that the input voltage is not constant in the equivalent circuit show in Fig. 3.7.
The input voltage is determined by the constant input current, phase shift angle and load.
For a lossless power converter, the output power should be equal to the input power, which
can be used to derive the input voltage expression. The input voltage V;, can be expressed

as below in terms of I;,, phase shift angle o and load resistance Rjyqq,

Pin — %nlzn = Lout = gutRloadv (344)

B nr*A%L,,
16 Sin2(%)Rlaod‘

Vin (3.45)
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Substituting 3.45 into 3.43, we can get

I A
Towt = —————, 3.46
ot on sin(§) Ry, (3:46)

where

2Ri0ad

/ oa
Re=—5 5 (3.47)

Define the resonant frequency w,, normalized switching frequency F', characteristic

impedance Z, and loaded quality factor () of the resonant tank as

wo - 9 348
VIC (3.48)
fs Ws
F==—=—. 4
fo Wo (3 9)
L 1
Zo =1\ = =wolL = , 3.50
C T w0 (3:50)
0 Zo nn2Z, _ n2mlw, L n2mr? (3.51)

B Rf/@ B 2Rload B 2Rload - 2RloadWOC.

Substituting (3.48)-(3.51) into (3.42) and (3.46), the output current of LCL resonant

converter with constant dc input current is expressed as

I;

(L - F2)2 4 Q21+ k(1 - F2)P2, (3.52)
2nsin(§)

Iout =

With a resistive load, the output voltage and output power are given as

Ian oa
Vout = 72nsiri(%d) \/(1 — F?2)2 4+ Q%1+ k(1 — F?)]?, (3.53)
P 12, Rioad 212 2 2012
out = {QA=F) "+ Q1+ k(1 -F)}. (3.54)

4n?sin?($)
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Equations (3.52) - (3.54) are the steady state solutions for an LCL resonant converter
with constant dc current input. Similar with what have been discussed for other resonant
converters, the behavior of the LCL resonant converter with constant dc current input is

quite different from the constant voltage input case.

3.1.4 Steady State Analysis of DABSRC

Figure 3.8 illustrates the DABSRC topology with dc constant input current. The
resonant tank, which consists of a capacitor C, and two inductors, each L, /2, is connected
to an active full bridge at the input side and an active full bridge at the output side. The
input active bridge consists of devices @ ... Q4 , while the output bridge consists of devices
@5 and @s. A 1: n power transformer, which has two primaries with the same number
of turns and two secondaries with the same number of turns connected in series, provides
isolation between the input and output. The input is a constant dc current source as shown
in Fig. 3.8, and a phase-shift modulation strategy, which controls the three phase shift
angles in the converter, controls the switches of the DABSRC. The three phase shift angles
are the phase shift between leg A and B, between leg D and leg C and between leg A and
leg D. In order to analyze the DABSRC, the power flow of the L.C series resonant tank with
two ac voltages illustrated in Fig. 3.9 is analyzed. In Fig. 3.9, the phasor relation between
v; and vy can be expressed as

V2

- = ke I¥ 3.55
o e ¥, (3.55)

where k > 0 is the ratio between the magnitudes of v and v;, and ¢ is the phase shift of

vy with respect to v;. The resonant tank network current ¢ can be derived as

. v—ve gwC B
Z_ij—kM%_l—w?LC(Vl Va). (3.56)

With the following definitions and assumption:

Wo
=— <1 3.57
r o < 1, ( )
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Fig. 3.8: DABSRC topology with a constant input current.

. L, Cr

.7’ YN |

[

v () ® v (t) ®
Fig. 3.9: Series L-C resonant tank operating between two sinusoidal voltage sources.
1

o = 9 358
w 76 (3.58)

L 1
Zo = \/; = U)oL = woc, (359)

o

Hy(r) = 2 (3.60)

The resonant tank network current ¢ can be expressed as

) jCT\/lLT 1 /L 2 1 .HO(T)
Z—%(Vl_%) —J; 67“ T2_1(U1—02) =—J 7 (v — v2). (3.61)
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From (3.61), it can be seen that the tank current 7 is orthogonal to the differential
voltage 11 — v applied to the L-C series resonant tank. Since H,(r) > 0, the tank current
i lags the differential voltage v; — v by 90°.

From (3.55) and (3.61), the complex power flowing from v; to vy can be calculated as

S =wv9i* = ’UQ(—]'H;E)T (v1 — v2))
= va(j H;(T) (v1 = v2)")
BO[ ") o (3.62)
= vo07 (j ;o (1- ?1)*)
Hy(r)

The active power flowing from v; to v can be derived from (3.62) as the real part of

the complex power S
_ Joaf-e]

Pout = %[S] 7

H,(r) sin(¢p). (3.63)

From (3.63), it can be seen that the ¢ between vy and v; controls the active power
flow through the series LC resonant tank. The power always flows from the leading voltage
source to the lagging voltage source.

The equivalent circuit of the DABSRC illustrated in Fig. 3.8 is shown in Fig. 3.10. For
steady state analysis, the two resonant inductors shown in Fig. 3.8 are replaced by a single
inductor L, and the transformer is replaced by a two winding transformer with the same
turns ratio. For the input active full bridge, an average approximation is applied to the
input, while sinusoidal approximation is applied to the output. The input side is modeled
as a controlled current source and the average value of the input current is related to the
resonant tank current. The output side is modeled as a controlled voltage source and the
magnitude of the fundamental component is related to the input voltage. For the secondary
active full bridge, the scenario is similar. For the resonant inductor and capacitor, they are

directly presented in the equivalent circuit as they are linear components.
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Fig. 3.10: Equivalent circuit of the DABSRC topology.

In Fig. 3.10, the controlled voltage source vs; , and controlled voltage source wv;; are
expressed as

4 .
Vg1 = j;V}n sin(%)e‘”*‘f‘, (3.64)

; . (PDCN —j PAB
v”:j;Voutsm( Je I (Pap+=57),

(3.65)
In (3.64) and (3.65), wap is the phase shift angle between leg A and leg B, pap is the

phase shift angle between leg A and leg D, and ¢p¢ is the phase shift angle between leg D
and leg C.

Referring Fig. 3.10 back to Fig. 3.9, v; and v can be expressed as

V1 = Vs1 = J—Vin sin(%)e_j“’g, (3.66)
T

1 4 4
Vo = —U)1 = j—%ut Sin(@)eij(wADerAB).
n nmw 2

2

(3.67)
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From (3.63) and (3.64)-(3.67), the output power flow through the DABSRC is
~ 8VinVourHo(r) . 0aB. . ,¥DC, . ©DC — PAB
Py = g sin( 5 ) sin( 5 )sin(eap + 5 ). (3.68)

Note that the input voltage is not constant in the equivalent circuit show in Fig. 3.8.
The input voltage is determined by the constant input current, the three phase shift angles
and load. For a lossless power converter, the output power should be equal to the input
power, which can be used to derive the output voltage expression. The output voltage Vi,

and output current I,,; can be expressed as

2
nw*ZoLin,
Vour = s (PAB Y ain ( PDC Y o PDC—¥PAB\’ (3.69)
8H,(r) sin( 5 ) sin( s )sin(pap + 5 )
27,1
Lot I Zolin (3.70)

" 8RipaaH,(r) sin(£42) sin(£5<) sin(pap + £2C52AB)"

Equations (3.69) and (3.70) are the steady state solutions for a DABSRC with constant
current input. From the steady state solutions, it can be seen that the outputs of the
DABSRC with constant current input can be controlled by the three phase shift angles, as

well as the power flow.

3.1.5 Converter Topology Selection

From the steady state analysis of the commonly employed resonant converters with
constant dc input current, which are series resonant converter, parallel resonant converter,
LCL resonant converter and dual active bridge series resonant converter, several general
features can be given. First, for a certain converter design and load resistance, the gains
from phase shift angle inputs to output current, output voltage and output power are all
negative, which means maximum phase shift (180°) results in minimum output power, while
lower phase shift leads to a higher output power. Second, the resonant converters have a
non-zero minimum output power. The minimum output power is related to the transformer

turns ratio, the input current, the load resistance and the resonant tank parameters.
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On the other hand, different resonant converter has different characteristics. For the
SRC, the converter has a load independent output current behavior if it operates at reso-
nance. For the PRC, the output behaves as a load independent natural voltage source when
operates at resonance. For the LCL resonant converter, it can be design to have a load inde-
pendent current or load independent voltage behavior at its output. For the DABSRC, the
converter has a load independent output voltage controlled by the three phase shift angles.

Depending on the application scenario, the resonant converter topology should be se-
lected properly. For the work presented in this dissertation, the converter draws power
from the dc constant current input, and provides power to the load with a regulated out-
put current. Among the four different resonant converters, the SRC and LCL resonant
converter are capable of providing a load independent output current, and have a nature
current source behavior. However, the LCL resonant converter has more components, and
does not operate at resonance in order to achieve the aforementioned properties. Based on
the steady state solutions and the above analysis, the SRC is selected to be the dc current

to dc current converter in this work.

3.2 Component Stress Analysis of the SRC
It is important to understand the component stress in a converter in order to have
optimized converter design. The component stress in the converter determines the selection

of devices, helps the converter loss analysis, and provides guideline for PCB layout.

3.2.1 Resonant Inductor Current Analysis
The conduction loss of the converter is directly related to the resonant inductor RMS
current. With the fundamental approximation, from (3.7), (3.20) and (3.21), the resonant

inductor rms current can be expressed as

mly 1
2\/§sin(g)\/1 + Q*(F — F)Q (3.71)

[Lr,rms =
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For the output current regulated case, sine of half of the phase shift angle I§ can be

calculated from (3.22) as

e I, \/ 1
—) = 1 2A(F — =)2 3.72
Substituting (3.72) into (3.71), the resonant inductor rms current can be expressed as

Iou
ILr,rms = ni@ t- (373)

From (3.73), it can be seen that the resonant inductor rms current is directly determined
by the transformer turns ratio n and output current, and independent from the normalized
switching frequency F, as well as @ (load). This can be justified since the output current is

the resonant inductor current rectified by the secondary diode half-bridge voltage doubler.

3.2.2 Resonant Capacitor Differential Voltage Analysis

The differential voltage across the resonant capacitor governs its rating and size. From
(3.4), (3.20) and (3.21), the fundamental component of the resonant tank current is; can
be derived. Based on that, the peak value of the differential voltage across the resonant

capacitor can be derived as

mlyZo ) \/1 +QF - 1y, (3.74)

Vo, = =~
“ = oF sin(§ F

Substituting (3.72) into (3.74), with output current regulated, the peak value of the
resonant capacitor differential voltage can be expressed as

Ve — mr]outZo‘

) - (3.75)

From (3.75), the peak value of the resonant capacitor differential voltage is deter-
mined by the transformer turns ratio, the output current, the resonant tank characteristic

impedance and the normalized switching frequency, and independent from the @ (load).
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From (3.75), V¢, can be further expressed in terms of F, ) and Rj,.q by replacing Z, with

@ and Rj,qq, resulting in
VC’ _ 2IoutCQI%load

" nrF

(3.76)

From (3.76), it can be seen that the relation between the normalized switching fre-
quency F and the maximum () can be obtained for a certain design with requirements for
Ve, Iowt and minimum Rjy,4. As an example, the relation between F' and the constraint
(3.76) for @ of the resonant tank is illustrated in Fig. 3.11. In this example, V¢ is 600 V,
Iyt is 330 mA, transformer turns ratio n is 2 and minimum Rj.q is 450 Q. In Fig. 3.11,
the designed operating point should be in the region below the curve in order to have V¢,

lower than desired value.

3.2.3 Resonant Capacitor Terminal to Ground Voltage Analysis

The resonant capacitor terminal to ground voltage analysis can guide the PCB layout
to guarantee that the voltage isolation level from terminals of the resonant capacitor to
ground is high enough to handle the potential between them. The one-cycle operation of
the SRC topology is composed of a sequence of linear circuits, each of which corresponds to a
specific switching interval. As shown in Fig. 3.12, there are six equivalent circuit topologies
based on the switching states. The resonant capacitor terminal to ground voltages for each
switching interval can be derived by solving the circuits illustrated in Fig. 3.12.

In Fig. 3.12, Vg is the reflected output voltage on each of the transformer primary sides,
Vin is the input voltage at a particular operating point. For different circuit topologies in

Fig. 3.12 (a) to Fig. 3.12 (f), the circuit behavior can be described by the following equations,

diy,
L% vy 3.77
o ve, (3.77)
L, di
UC',«Q = V/ + ZL’V‘ = V — UC7»7 (378)

2 dt
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Fig. 3.11: Maximum () versus normalized switching frequency F according to (3.76) under
the condition of Vo, = 600 V, I, = 330 mA, n = 2 and minimum load resistance is 450
Q.

ve,.1 = ve,2 +ve,., (3.79)

where the value of V and V' for different circuit topologies are listed in TABLE 3.1.

From (3.77) - (3.79) and the values in TABLE 3.1, the capacitor terminal to ground
voltages V¢, and V¢, 4 in different switching intervals can be calculated as tabulated in
TABLE 3.2. From TABLE 3.2, the equations for V¢, and V¢, , are related to the switching
status of the SRC, while the polarity of V¢, in the equations is determined by the direction
of the resonant inductor current. When @; and @3 are on (c and d), V¢,; and V¢, are
expressed as Vi, + 0.5v¢, and Vy, — 0.5v¢,, respectively, which means that one of the two
terminal voltages is higher than Vi, by half of |v¢, |.

For a conventional SRC with constant voltage input and using phase shift modulation
control, 180° phase shift angle results in maximum output power for a given load. For an
SRC with constant current input using phase shift modulation control, 180° phase shift

angle results in the minimum output power for a given load. In general, for both cases, the
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Fig. 3.12: Circuit topologies of SRC. (a) @2, Q4 on (ir, > 0). (b) Qi, Q1 on (ig, > 0).
(C) Ql, Qg on (Z'LT > O) (d) Ql, Qg on (iLr < O) (e) QQ, Qg on (iLT < 0) (f) QQ, Q4 on
(iLr < 0).

Table 3.1: VALUE OF V AND V' FOR
DIFFERENT CIRCUIT TOPOLOGIES OF
THE SRC

Circuit Topologies |4 |4

2Vg Ve
Vin —2Vg Ve
2Vg Vin + Vg
2Vg Vin — Vg
2Ve = Vin Vi — Vg
2Vg -Vg

- 0 &0 T D

phase shift angle range is designed to be less than 180° for the desired load range in order
to keep some margin. As a result, there is always a switching interval when @; and @5 are

on and the capacitor terminal voltages are expressed as Vi, = 0.5v¢,.
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Table 3.2: RESONANT CAPACITOR TERMINAL TO GROUND VOLTAGES
FOR DIFFERENT CIRCUIT TOPOLOGIES OF THE SRC

Circuit Topologies vorl VCor2
a 0.5v¢, -0.5v¢,
b 0.5Vin +0.5vc,. 0.5V — 0.5v¢,
C Vin + 0.5v¢, Vin — 0.5v¢,
d Vin + 0.5v¢, Vin — 0.5v¢,
e 0.5Vin 4+ 0.5v¢, 0.5V, — 0.5v¢,
f 0.5v¢, -0.5v¢,

3.2.4 Power Loss Analysis
Based on the resonant inductor rms current analysis presented in Section 3.2.1, the
conduction losses can be analyzed. The conduction losses in the individual components are

expressed as

29272
1% . R,,oD
PQl = PQ2 = PQS = PQ4 = I%/r,rmsRonQD = nn ou2t OTLQ 5 (380)
2 n?n?12,(Resk.r, + REsr.c,)
Pank =17, ,,..(REsr L, + Resr.c,) = 5 ; (3.81)
Rrrr.s n?Rrrr_pri + Rrrr.s
Pt’ransformer = I%v‘,rms (RTFR,PT'i + n2 ec) = 7T2I§ut< T12 66)7 (382)

where R, is the on state resistance of the MOSFETSs, D is the switch conducting duty
cycle that is 0.5 for the applied phase shift modulation control, Rgsr_r- and Rgsr_cr are the
ESRs of the resonant inductor and resonant capacitor respectively, Rrrr_pr; and R7pr_Sec
are the winding resistances of transformer primary and secondary respectively.
The total conduction loss in the converter expressed in terms of I,,; and transformer
turns ratio n is given by
n2n2]2 212

Pross = TM(ROTLQD + Resr.r, + REsr.c, + Rrrr_pri) + =

tRTFR,Sec

5 (3.83)
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From (3.83), it can be seen that the conduction loss is higher with higher transformer

turns ratio n for the same output current.

3.3 Owutput Characteristics Analysis of the SRC

From the steady state analysis presented in Section 3.1.1, it has been seen that the
behavior of the SRC with constant input current differs from the constant input voltage case.
Different design considerations and constrains are required because of the new behaviors
found in this work. In order to develop the design constrains, the output characteristics are

further analyzed in this section based on the steady state analysis results.

3.3.1 Output Power Analysis

For output current regulation, it is desirable that as the load resistance decreases the
output power decrease monotonically as well over the full load range. These conditions can
be derived by further analysis of the steady state solutions.

In order to do further analysis, the output power equation (3.24) is rewritten in a form

as
I? nintz2 1
P, g Riogd + ——2(F — =) = K Z, 3.84
t 4n281n2(%)[ load T 4Rload( F)] ( )
where
12
K=—39___ (3.85)

nirtz2 1
Z =R ——To(F — )2, 3.86
load + 4Rload ( F) ( )

In (3.84), K can be considered as a constant for a given input current, phase shift
angle and transformer turns ratio. The output power is then directly proportional to Z.
The condition mentioned above requires that Z should decrease with the load resistance.

The derivative of Z with respect to Rj.q is employed to solve the condition, which is

o0z nintz?2 1
— 1" Zorp_ )2 3.87
ORjoad 4Rl20ad ( F ) ( )
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If 0Z/0Rqq is not negative, the condition is satisfied, which can be expressed as
4_4 72

n*n*Z 1

1— 2(F—=)* >0, (3.88)
4Rl20ad F

n?r?Z, 1 1
R > F——l=2=0< —. 3.89

From (3.89), the relation between output power and load resistance is determined by
the resonant tank parameters, switching frequency, and the transformer turns ratio. The
relation between the normalized switching frequency F and the constraint (3.89) for @ of
the resonant tank is illustrated in Fig. 3.13. The output power decreases while the load
resistance decreases only if @ is less than 1/|F—1/F|, which is the gray shaded region shown
in Fig. 3.13. The output power reaches its minimum value when @ is equal to 1/|F —1/F],
which is the solid line in Fig. 3.13. The output power increases while the load resistance
decreases if @) is greater than 1/|F — 1/F|, as indicated by the white region in Fig. 3.13.
For a system with output current regulation, the resonant tank parameters and normalized
switching frequency should be designed properly so that the SRC operating point lies in

the gray shaded region as shown in Fig. 3.13, for the entire load range.

3.3.2 Current Gain Analysis

For output current regulation, the current gain for maximum phase shift (180°) must
be designed to be lower than or equal to the objective for the entire load range so that
phase shift modulation can be employed to control the output current and meet the control

objective. The current gain is defined as

1 out

M = .
I I,

(3.90)
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Fig. 3.13: Maximum () versus normalized switching frequency according to ((3.89).
Based on the analysis presented in Section 3.1.1, the current gain can be derived as
1+ Q2(F — +)2
M; = \/ — (3.91)
2nsin(§)
Defining m as the desired current gain gives the constraint,
1+ Q2(F — L)2 (2mnsin(%))2 — 1
v —__ r) m:>Q<\/ 2 (3.92)
2nsin(§) |F— %|

In (3.91), the current gain increases as the load resistance decreases for a given converter
design, so the lightest load (lowest load resistance) operating point should be considered
while designing the converter. In other words, (3.92) needs to be satisfied for the lightest
load in order to obtain desired behavior for the entire load range.

The transformer turns ratio requirement can also be derived from (3.92). In (3.92),

since @ of the resonant tank should be a positive real value, the constraint becomes

(2mn sin(%))2 >l=n> (3.93)

2msin(§)
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So, the minimum transformer turns ratio can be expressed as
1

The transformer turns ratio needs to be higher than the minimum value shown in
(3.94). As an example, the constraints presented in (3.92) with current gain m = 1/3 for
different transformer turns ratios are illustrated in Fig. 3.14. With m = 1/3, the minimum
transformer turns ratio ., is 1.5. In Fig. 3.14, the constraints for n equal to 2, 3 and 4 are
presented. From Fig. 3.14, it can be seen that higher @ is allowed for the same normalized
switching frequency F' with higher transformer turns ratio n. On the other hand, higher
transformer turns ratio means higher resonant inductor rms current and higher conduction

loss from (3.73) and (3.83).

3.3.3 Current Source Behavior Analysis
From (3.91), the current gain M7 is a function of quality factor @), normalized switching
frequency F', transfer turns ratio n and the phase shift angle . By close examination of
(3.91), it can be seen that the current gain M; becomes independent of @ (load) if the
normalized switching F' is equal to 1. Furthermore, when F' is equal to 1, M; can be
expressed as
Tout 1

M= = 3.95
", T 2n sin(§) (3.95)

From (3.95), the current gain of the SRC with constant current input only depends
on the transformer turns ratio » and the SRC input bridge phase shift angle «, and is
independent of the load resistance Rj,qq, which means the SRC has a current source output
behavior. From (3.95), it can be seen that, for the SRC with constant current input,
maximum phase shift (180°) results in minimum current gain, while lower phase shift angle

leads to a higher current gain. When the phase shift angle « equals to 180°, the minimum
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Fig. 3.14: Maximum (@ versus normalized switching frequency according to (3.92) for differ-
ent transformer turns ratios; green dash-dotted line is for n=4, red dashed line is for n=3
and blue solid line is for n=2.

5
)j 3 ! | I T T T T T T T T

E — Q=05

g 2.5¥ Q:l |
i - Q=2 A
£ £

: DAL LT ]
NN T

MENNNGY a5 cans

e SN\ |
N et

go'5¥ .............................. |
SERNY

or—- O 1 1 1 1 1 1 1 I | | I I

= 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

Normalized switching frequency F

Fig. 3.15: Minimum converter current gain My ., versus normalized switching frequency
F for different ) values with n = 2.

current gain can be expressed as

From (3.96), it can be clearly seen that the minimum current gain of the SRC with
constant current input is determined by the transformer turns ratio m. As a result, the

transformer turns ratio n must be properly designed so that the minimum current gain is
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lower than the objective, considering the input current variation. As an example, the plots
of minimum current gain M;_,;, versus the normalized switching frequency F' are illustrated

in Fig. 3.15 for different @ values with transformer turns ratio n = 2.

3.4 Design Considerations and Procedures

Because of the different behavior of the SRC with constant dc input current found in
this work, the conventional design considerations and procedures for SRC with constant dc
input voltage presented in the literature can not be applied. In this section, two application
scenarios are considered. The first one is a design with non-zero minimum output power,
and the other one is a design with current source behavior. For the design with non-zero
minimum output power, the converter needs less assistance for ZVS operation. For the
design with current source behavior, the converter can work with short-circuit output while
regulating the output current. Based on the practical application, one can choose the proper

design that satisfies the objectives.

3.4.1 Considerations and Procedures of Design with Non-Zero Minimum Out-
put Power
The converter can be designed by combining the constrains from input voltage analysis,
current gain analysis and resonant capacitor differential voltage analysis. The designed
operating point should be within the gray shaded region in Fig. 3.13 and the region under
the solid curve in Fig. 3.11 and Fig. 3.14. Also, lower () means lower harmonic rejection for
a certain normalized switching frequency. As an example, the designed operating point and
the constraints from earlier analysis in terms of relation between @Q),q, and F' are illustrated
in Fig. 3.16. In Fig. 3.16, the red cross marks the designed operating point, the solid line is
(Qmaz versus normalized switching frequency F' according to (3.89), the dashed line is Qas
versus F' according to (3.76) and the dash-dot line is @Qmqy versus F according to (3.92).
From Fig. 3.16, one can notice that the designed operating point gives the maximum () for
this design scenario.

In practice, the values of resonant components may vary with manufacturing and with
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Fig. 3.16: Maximum @ versus normalized switching frequency according to (3.89), (3.76)
and (3.92) under the condition of V¢, = 600 V, I, = 330 mA, n = 2 and minimum load
resistance is 450 (2. Red cross: ideal operating point. Red dotted rectangular area: possible
operating region of the ideal operating point with variation of resonant components. Green
plus sign: designed operating point. Green solid rectangular area: possible operating region
of the designed operating point with variation of resonant components.

time. In this case, the operation changes from a single point to a possible region. The area
of the possible operating region depends on how much variation the components have. As
illustrated in Fig. 3.16, while considering +5% variation in the values of resonant compo-
nents, the designed operation changes from the red cross point to the red dotted rectangular
area. From Fig. 3.16, it can be seen that half of the rectangular area is beyond the con-
straints derived earlier, which means that the steady state solution may not always exist
for the entire desired load range. So, it is important to consider the variation of the res-
onant components while designing an SRC with constant current input. In this case, the
whole possible operating region instead of just a single operating point should satisfy the

constraints derived earlier.

3.4.2 Considerations and Procedures of Design with Current Source Behavior
As analyzed in Section 3.3.3, the normalized switching frequency is chosen to be one

in order to obtain current source behavior at the output of the SRC with constant current
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input. As a result, according to (3.71) and (3.74) the resonant inductor rms current and

resonant capacitor voltage are independent from the load as well, which can be written as

mlg

2v/2sin(%)’ (397

IL,.,rms =

o1
V =9 3.98
Cr,rms Qﬂsin(%) ( )

From (3.97), it can be seen that the rms current of the resonant inductor only depends
on dc input current and phase shift angle «. From (3.95), for a given current gain, the
required phase shift angle « is determined by the transformer turns ratio n. So, the rms
current of the resonant inductor is actually determined by the dc input current and trans-
former turns ratio n for a given current gain. Since the resonant inductor rms current is
independent from the load as well, it should be constant for the entire load range for a given
design and dc input current.

Equation (3.98) shows that the rms voltage of the resonant capacitor depends on the
characteristic impedance Z, of the resonant tank, the input current and the phase shift
angle a. By looking at (3.97) and (3.98) carefully, one can notice that the rms voltage of
the resonant capacitor is the rms current of the resonant inductor I, ., multiplied by the
characteristic impedance Z,. Similar to I, ,ms , the resonant capacitor rms voltage should
be constant for the entire load range for a given design.

For a given application scenario, the SRC with constant current input and regulated
output current can be designed by applying (3.95), (3.97) and (3.98). The design procedure
is summarized as follows.

1) Calculate the possible current gain range based on the given input current range
and desired output current.

2) Determine the transformer turns ratio based on the minimum current gain and (3.96)
with the considerations of design margin and losses. One should notice that lower phase

shift angle o means higher rms resonant inductor current, which means higher losses, so it
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is important to keep a proper margin in order to obtain higher efficiency.

3) Substituting (3.96) into (3.97) and (3.98), the rms values of the resonant inductor

current and the resonant capacitor voltage are expressed as

Toy
ILr,rms = nt/i t’ (399)

TL?TZOIOut

VCr,rms - \/§ (3100)

4) From (3.99), it can be seen that the resonant inductor rms current is determined
once the transformer turns ratio n is selected.

5) Based on the desired voltage stress on the resonant capacitor, the designed trans-
former turns ratio n, the desired output current and (3.100), the characteristic impedance
Z, of the resonant tank can be calculated.

6) The desired operating frequency of the SRC generally is a known parameter for a
design scenario. Based on the calculated characteristic impedance Z,, the desired switching
frequency and (3.18), the value of either resonant inductor or resonant capacitor can be
determined.

7) Based on the result from last step and (3.16), value of the other resonant component
can be calculated.

For the design of an SRC with constant current input and regulated output current,
one should notice that the minimum quality factor @) of the resonant tank is at full load.
Lower voltage stress on the resonant capacitor means lower characteristic impedance Z,,
which results in lower quality factor @ at full load. Lower quality factor () means higher
harmonic components in the SRC, which is not desired. However, on the other hand,
higher quality factor () means lower resonant capacitance for a given switching frequency.
In practice, the transformer used in the SRC has a parasitic capacitance, especially for a high
frequency, high isolation voltage transformer. In this case, high quality factor @ at full load

may result in a condition that the transformer parasitic capacitance is comparable to the
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resonant capacitance, which is also not desirable. So, an SRC with constant current input
and regulated output current should be designed according to the analysis and procedure
presented in this paper along with other considerations such as load range and parasitic

parameters of the employed transformer.

3.5 High Voltage Transformer Modeling

The isolation feature of the SRC is achieved through an isolation transformer. The
parasitic components in a high voltage transformer need to be taken into account in trans-
former and power converter design and analysis for their significant effects on overall per-
formance. The parasitic components of transformers used in resonant converters have sig-
nificant impact on their overall performance, including waveform distortion and reduced
efficiency [109].

References [110-115] provide several approaches for modeling, calculation, and deter-
mination of parasitic parameters in high frequency transformers based upon the magnetic
and electric field analysis. However, those approaches need either a large amount of informa-
tion about the geometry and electrostatic behavior of the transformer or sophisticated field
analysis. In [116] and [117], the authors presented a two-port network and step response
approach to experimentally determine the stray capacitances in high frequency transform-
ers. The two-port network approach requires significant computational power and requires
that the transformer windings be separated from the magnetic core for measurement, which
can be difficult or destructive once the core is set in a planar design. The step response
approach requires a non-linear magnetic core model and can be difficult and inaccurate for
high frequency designs due to oscillations in the excitation current and strong sensitivity to
small deviations in the time duration measurement.

This section presents simple but accurate techniques for experimental determination of
parasitic parameters in high frequency two-winding transformers. The proposed approach
does not require a magnetic core model, information about the geometry and electrostatic

behavior of the transformer, or complex field analysis.
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3.5.1 Model of a High Voltage Transformer

Figure 3.17 shows the typical equivalent circuit model of a two-winding transformer
including parasitic effects, where Vp and Vg are the primary and secondary terminal volt-
ages, Ry, and R, are the resistances of the primary and secondary windings, Lj, and L;, are
the leakage inductances of the primary and secondary, L,, is the magnetizing inductance,
RcRC is the equivalent core loss resistance, and Cp, Cg and Cpg are used to account for
the self-capacitance of the primary and secondary windings and the mutual capacitance
between the primary and secondary windings, respectively.

The leakage inductances in a high frequency transformer are small compared to the
magnetizing inductance in general. For example, a 400 kHz, 500 W planar PCB transformer
with 10 kV voltage isolation (Np=8, Ng=32) has leakage inductances of 25.77 pH for
primary winding and 15.77 uH for secondary winding (referred to the primary side) while the
magnetizing inductance is about 1.5 mH. The voltage drop across the leakage inductances
is insignificant, and hence the effect of Cpg is insignificant [117].

For a high frequency transformer, shields enclosing the windings are generally applied
to limit common-mode currents and reduce electromagnetic noise. For the high voltage, high
frequency planar PCB transformer, each winding is enclosed by a copper foil. In addition,
the separation between primary and secondary windings is over 2 ¢m in order to provide
high voltage isolation, as illustrated in Fig. 3.19. The dielectric effect of the shields plus
the large separation of the windings significantly reduce the mutual capacitance between
primary and secondary windings.

Based on the above analysis, the equivalent circuit model for a high frequency trans-
former shown in Fig. 3.17 can be simplified as the equivalent circuit model shown in Fig. 3.18,

where the mutual capacitance between primary and secondary is ignored.

3.5.2 Measurements of the Parameters
The measurements of the transformer model parameters has two parts: one is the
magnetizing inductance, leakage inductance and winding resistances, which does not require

energizing of the transformer; the other one is the parasitic capacitances.
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Fig. 3.17: Equivalent circuit model of a two-winding high voltage transformer with parasitic
components included.
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Fig. 3.19: Photo of the PCB based 13 kV isolation transformer.



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

69

For measuring the magnetizing inductance, leakage inductance and winding resistances,
since the transformer is not energized during the measurements, the parasitic capacitances
and equivalent core loss resistance in Fig. 3.18 can be removed and the equivalent circuit
becomes the one shown in Fig. 3.20. The magnetizing inductance and leakage inductances
can be calculated from a set of open circuit and short circuit measurements by using an
RLC meter at operating frequency, while the winding resistance can be measured directly
from a multi-meter.

In Fig. 3.20, the measured inductance on the primary side, with secondary side open
circuit is

Lp.o=Lip+ L, (3.101)

and the measured inductance on the secondary side, with primary side open circuit is

Ls.o = Lis +n° Ly, (3.102)

while the measured inductance on secondary side with primary side short circuit is

Ls.s = Lig +n*(Lip || Ly,). (3.103)

In (3.103), since Ly, is much larger than L;p, (3.103) can be simplified as

Lss=1Lis+ 7”L2Llp. (3.104)

From (3.101), (3.102) and (3.104), the magnetizing inductance and leakage inductances

can be calculated by using the equations

Lip= = - —, (3.105)

_ Lso+Lss—n*Lpo

LlS 2 ’

(3.106)
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Fig. 3.20: Equivalent circuit model for static measurement of a two-winding transformer.

n?Lpo—Lss+Lss
L = o . (3.107)

For the equivalent circuit model shown in Fig. 3.18, if the transformer is excited from
the primary side by a square wave voltage with the secondary side open circuit, all the
components can be referred to secondary side as illustrated in Fig. 3.21, where nVp is the
excitation voltage referred to the secondary side, Vg, is the open circuit voltage measured
on the secondary side. At this point, since the resistive components do not change the
resonant frequency in a RLC circuit, the resistive components are not included.

The transformer is excited by a square wave voltage Vp and the secondary side open
circuit voltage Vs, , voltage across the secondary parasitic capacitor Cg, is measured, as
shown in Fig. 3.21. Since the equivalent circuit shown in Fig. 3.21 is an RLC circuit, the
measured Vs, has a resonant behavior caused by the leakage inductances (referred to the
secondary side) and the secondary side parasitic capacitance, as illustrated in Fig. 3.22.
By measuring the resonant period of Vs, the secondary side parasitic capacitance can be

calculated through
1

Cs = (2r/T)2(n2Lip + LIS)’

(3.108)

where T is the measured resonant period as shown in Fig. 3.22, L;p and L;g are the measured
leakage inductances calculated from (3.105) and (3.106).

The determination technique for the primary side parasitic capacitance Cp is similar,
the details and analysis of which is not presented. The measured and experimentally deter-

mined parasitic parameters of the high voltage transformer are tabulated in TABLE 3.3.
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Fig. 3.21: Equivalent circuit model for determination of secondary side parasitic capaci-
tance.
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Fig. 3.22: Excitation voltage on primary side and measured secondary side open circuit
voltage. Light blue (CH2): primary voltage; Purple (CH3): secondary voltage.

Table 3.3: DETERMINED PARASITICS
OF THE TRANSFORMER

Parasitic Parameters ‘ Value

Rip(2) 0.62
R;s(£2) 3.34
Llp(,u,H) 25.8
Lis(uH) 63.2
L (mH) 1.5
Cs(pF) 59.4
Cp(pF) 36.5

3.6 Design Optimization of the SRC

The design procedure of an output current regulated SRC with constant current input
presented in Section 3.4. However, the design was not fully optimized to account for the
parasitics associated with the high voltage isolation transformer modeled in Section 3.5.

This section develops a new design optimization procedure to account for transformer para-
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sitics in the design of SRCs used in dc current distribution systems. The design optimization
guarantees that the steady state solution of the output current regulated SRC with constant
input current exists for the entire expected load range, maintains the minimum circulating
current in the resonant tank across the entire load range without active control techniques,
and provides help in meeting ZVS requirements and reduces component stresses.

As presented in Section 3.4.2, the output current regulated SRC with constant current
input is designed to operate at normalized switching frequency F' equals to 1 in order to
obtain a natural current source behavior. The resonant tank quality factor @ is determined
by load. Hence, the only parameter left for design optimization is the switching frequency.
For an SRC, with the transformer being a part of the tank network, the equivalent circuit
seen by the primary-side H-bridge is shown in Fig. 3.23. In Fig. 3.23, Z;, is the input
impedance of the modified tank network, L, is the resonant inductor, C, is the resonant
capacitor, R, is the ac equivalent load resistance reflected to transformer primary side, and
other components are the transformer parasitics reflected to primary side. From Fig. 3.23,
it can be noticed that the original resonant inductance is increased due to the presence of
Lip and L;g, which can be easily accommodated by changing L,. Based on Fig. 3.23, Z;,

can be expressed as,

1 1 )
Zin = sLy + ——+ —— | (sLip + L || (sLis + Re || =), 1
sbet ot 5e I (sLap + sl | (sLis + Re || 27)) (3.109)

where, = || y denotes parallel combination of impedances = and y.

For the analysis, a SRC design is taken as an example. The SRC has a load range of
50 W to 500 W with 0.33 A output current. The SRC is designed to operate at resonance
with a minimum quality factor @ of 1.2. The desired switching frequency range for the
SRC is 100 kHz to 500 kHz with EMI and other considerations. With the knowledge of
switching frequency (resonant frequency), desired load range and minimum quality factor,
the resonant inductance and resonant capacitance can be calculated for each switching
frequency.

Substituting the L, and C, values into (3.109), the phase angle of Z;, (¢z,, ) for each
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Fig. 3.23: Equivalent impedance network seen by the primary H-bridge.
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Fig. 3.24: Phase angle of Z;, (¢z,,) VS Ripaq at different f;.

load resistance can be derived. By sweeping the switching frequency, a set of ¢z, versus
load resistance curves can be obtained, as shown in Fig. 3.24. It can be observed here that
tank current lags tank input voltage at low f; and leads at high f;. In Fig. 3.25, a plot is
shown for the summed power factor across the load range, for different f;. From Fig. 3.24
and Fig. 3.25, it can be seen that 250 kHz is the optimum choice of the switching frequency
for the given transformer, since ¢z, is about 0° for the entire load range with negligible

variation.
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Fig. 3.25: Summation of power factor across load variation vs f.

3.7 Design Examples

3.7.1 Design with Non-Zero Minimum Output Power

Design for a 400 kHz, 450 W SRC with 1 A constant input current, 330 mA regulated
output current and 600 V resonant capacitor peak voltage based on the above analysis, is
presented as an example.

For this design, the current gain m is 1/3, so the minimum transformer turns ratio is
1: 1.5 according to (3.94). The transformer turns ratio is selected to be 1 : 2 considering
the design margin and lower component stresses and losses.

As shown in Fig. 3.16, by applying the constraints from (3.89), (3.76) and (3.92), the
designed operating point should be the red cross point while the variation of the resonant
components is not considered, which has F = 1.04 and Q. = 13. However, the variation

of the resonant components has to be considered based on the above analysis. In this
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design scenario, +5% variation of the resonant components is considered. As illustrated
in Fig. 3.16, the green plus sign marks the designed operating point, while the red solid
rectangular area shows the possible operating region. From Fig. 3.16, it can be seen that
the whole possible operating region (green solid rectangular area) satisfies the constraints
derived from earlier analysis, which means that the proposed design can tolerate +5%
variation of the resonant components.

The designed operating point has Qg = 11 and F' = 1.02, which means that the
resonant frequency is 392 kHz with 400 kHz switching frequency. The desired load range
for the SRC is 450 W to 50 W. Since the output current is regulated, the ¢ is minimum
at full load and maximum at minimum load, which means that ) = 11 for minimum load
and @ = 1.2 for full load.

The values of the resonant inductor and capacitor can be calculated from the designed
Q, F and the load resistance for the minimum load according to (3.16),(3.17) and (3.18),
which are tabulated in TABLE 3.4 along with other parameters for this design example.
In practice, the actual resonant frequency may deviate from the designed value because
the values of the components may not be exactly the same as the designed values. Thus
manual or automated tuning of the switching frequency may be needed in order to obtain

the designed normalized switching frequency F.

3.7.2 Current Source Behavior Design

Design of a 1 kW SRC with 1 A constant input current, 330 mA regulated output
current and 400 V resonant capacitor rms voltage is presented as an example to demonstrate
the analysis and design procedure developed in this chapter. For this design, the current
gain m is 1/3, so the minimum transformer turns ratio is 1 : 1.5 according to (3.96). The
transformer turns ratio is selected to be 1 : 2 considering the design margin and lower
component stresses and losses.

From (3.99), it can be seen that the resonant inductor rms current is a function of
output current and transformer turns ratio n, which is 1.47 A according to (3.99) and the

designed transformer turns ratio n. From (3.100), it can be seen that the resonant capacitor
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Table 3.4: PARAMETERS OF THE DESIGN EXAMPLE

Input current [A] 1
Output current [mA] 330
Load range [W] 450 - 50
Switching frequency [kHz] 400
Transformer turns ratio 1:2
Normalized switching frequency F 1.02
Q 1.2-11
Resonant inductor [pH] 102
Resonant capacitor [nF] 1.6
MOSFETS (SiC) C2M1000170D
Gate driver IXDN609YI

rms voltage is determined by the transformer turns ratio n, the resonant tank characteristic
impedance Z, and output current [I,,;. For this design, based on the desired voltage stress
on the resonant capacitor, the designed transformer turns ratio n, the desired output current
and (3.100), the characteristic impedance Z, of the resonant tank then can be calculated.
According to the analysis presented in Section 3.6, the switching frequency is selected to be
250 kHz. The designed operating point has @, = 0.6 and F' = 1, which means that the
resonant frequency equals to the switching frequency 250 kHz. The desired load range for
the SRC is 0 W to 1 kW. Since the output current is regulated, the ) is minimum at full
load, which means that @ = 0.6 for full load.

The values of the resonant inductor and capacitor can be calculated from the designed
Q, F and the load resistance for the maximum load according to (3.16),(3.17) and (3.18),
which are tabulated in TABLE 3.5 along with other parameters for this design example.
In practice, the actual resonant frequency may deviate from the designed value. From
Fig. 3.15, it can be seen that the current gain is minimum when the switching frequency
is equal to the resonant frequency, thus tuning of the switching frequency can be applied
based on this fact to obtain a current source behavior. Tuning can be applied manually or

adaptively using techniques such as an adaptive step-size controller [118].
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Table 3.5: PARAMETERS OF THE CURRENT SOURCE
BEHAVIOR DESIGN EXAMPLE

Input current [A] 1
Output current [mA] 330
Load range [W] 1000 - 0
Switching frequency [kHz| 250
Transformer turns ratio 1:2
Normalized switching frequency F 1
Qmin 0.6
Resonant inductor [©H] 174
Resonant capacitor [nF] 2.33
MOSFETS (SiC) C2M1000170D
Gate drive +18V/-5V pulses with 100 ns dead-band
Gate driver IXDN609YI

3.8 Summary

This chapter studies the steady-state operations of resonant converters with constant
dc input voltage instead of conventional constant dc input voltage, and develops design
procedures for the design of SRCs with constant dc input current. Based on the steady
state operation analysis of the resonant converters, this work found that all four commonly
used resonant converters, SRC, PRC, LCL resonant converter and DABSRC, when used
with a constant input current, behave differently in comparison to the case with constant
input voltage. From the comparison, the SRC is selected as the converter topology for
the dc current to current converter used in a dc current distribution system because of
the natural current source behavior at its output while operating at resonance along with
other benefits. For the SRC with constant dc input current, the component stress, loss
distribution and output characteristics are analyzed in detail for developing the proposed
design considerations and procedures. A design optimization is presented to eliminate the
parasitics of the high-voltage transformer by optimizing the switching frequency. Two design
examples, one with non-zero minimum output power and the other one with current source

behavior, are given to demonstrate the presented analysis and design procedures.
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CHAPTER 4
SMALL SIGNAL ANALYSIS OF THE SERIES RESONANT CONVERTER WITH
CONSTANT DC INPUT CURRENT

As regulated output is required for most of applications, the control-to-output trans-
fer function is needed to design the feedback loop. For applications that involve multiple
SRCs, such as dc voltage distribution and dc current distribution, input impedance is re-
quired to evaluate system stability. For either of these purposes, small-signal modeling is
indispensable.

The small signal model for an SRC aims to generate transfer functions for the aver-
age output current and independent input (voltage or current) as functions of the control
angle and dependent input (current or voltage). This chapter develops and validates small
signal models using dynamic phasor modeling techniques for phase-shift modulated SRCs
with constant input current and derives explicit analytical expressions for all key transfer
functions, including input impedance and control-to-output. The small signal models and
transfer functions are suitable for feedback loop design, system stability evaluation and re-
lated design oriented analysis. Section 4.1 derives the phasor transformed equivalent circuit
of SRC with constant current input using the phasor transformation technique presented
in Section 2.3.2. The small signal expression of the resonant tank current is derived in
Section 4.2 based on the simplified phasor transformed equivalent circuit. In Section 4.3,
the key transfer functions of the SRC with constant input voltage are derived. Based on the
small signal model of the SRC with constant input voltage, Section 4.4 presents the small
signal input voltage and small signal output current for the SRC with constant current

input. The chapter summary is given in Section 4.5.

4.1 Derivation of the Phasor Transformer Model

In Section 2.3.2, the phasor models of the basic circuit elements, including resistor,



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

79

inductor, capacitor, H-bridge and diode voltage doubler, are presented in Fig. 2.11. For
the purpose of deriving explicit expressions for all transfer functions, the phasor domain
model of the series resonant tank, which is an inductor in series with a capacitor, is still
too complex to utilize, as shown in Fig. 4.1(b). When the switching frequency is within
a narrow range around the resonant frequency, the series resonant tank is a second order
model, while it is a first order model when the switching frequency is beyond that range [75],
as illustrated in Fig. 4.1(c). For the two scenarios where the resonant tank is represented
as a first order model and a second order model, the small signal derivation process is
similar. Since the SRC design in this work operates at resonance, which means that the
resonant tank can be simplified as an inductor in the phasor domain as shown in Fig. 4.1(c),
derivation and analysis for the series resonant tank represented as a second order model is
presented in this chapter.

For the SRC topology illustrated in Fig. 3.1, the phasor transformed equivalent circuit
can be derived based on the phasor models for basic elements in the circuit presented in
Fig. 2.11. The derived phasor transformed equivalent circuit of the SRC with constant
input current is illustrated in Fig. 4.2.

In Fig. 4.2, I, is the constant input current, Cy, is the input capacitor, C, is the
equivalent output capacitor which is C,,; in parallel with the series connection of ¢} and
(5 in Fig. 3.1, Rjyqq is the load resistance, 5p is the primary phasor transformer, 2sL is the
model for the resonant tank, and Sg is the secondary phasor transformer combined with
the physical power transformer. From Fig. 4.2, it can be seen that in the equivalent circuit,
the dc quantities are represented in their original format, the ac quantities are represented
in phasor format, and the phasor transformer realizes the conversion between them.

As shown in Fig. 2.11 and Fig. 4.2, the primary phasor transformer Sp is

. 2\/5.(g

§p = ——sin 2), (4.1)
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(a) (b)

Fig. 4.1: Simplified phasor models for the series resonant tank.
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Fig. 4.2: Second order phasor transformed equivalent circuit of the SRC with constant
current input.

where « is the phase shift between the primary H-bridge legs. The secondary phasor

transformer Sy is
O
Y20,

nm

5s = (4.2)

where n is the power transformer turns ratio, and @ is the phase shift between the secondary

voltage and current.

4.2 Small Signal Tank Current
As the first step, or for an SRC with constant input voltage, the input voltage is

assumed to be an independent input variable to the converter. Applying the primary phasor
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transformer shown in (4.1), the primary H-bridge output voltage in the phasor domain is

24/2
Ugp = VinSp =V; {SZTL(Z) (4.3)

Taking the partial derivative of (4.3) with respect to « and Vj,, the small signal re-

sponse of Uy, with respect to perturbations in « and vz, can be expressed as

L 2V2

Vab =

- sin(%)f)m V4 ‘fcos(;)‘)a. (4.4)

Hence, the small signal equivalent circuit seen from the output of the primary H-bridge
can be derived as shown in Fig.4.3.

Since the secondary side is a diode rectifier doubler as shown in Fig. 3.1, the angle 6
in the phasor equation (4.2) is zero, which means the phasor is real instead of complex as
shown in (4.5). With a real phasor transformer, the components and variables on one side
can be reflected to the other side, which is similar with a normal transformer. By reflecting
the equivalent output capacitor C, and load resistor Rj,,q to the primary side of phasor
transformer Sy using (4.5), the equivalent small signal circuit can be derived as illustrated
in Fig. 4.4.

V2

S5g = —. 4.5
fg =L (45)

From Fig. 4.4, by applying (4.4), the small signal expression for the envelope of the

resonant current ¢ can be derived as

5 nmw 14+ sRipaaClo
i = —
T V2 Ripaq + n2m2sL + n271252 Rypqq LCo

(2 sin(%)@m + Vi cos(%)a). (4.6)

4.3 Small Signal Model Derivation of SRC with Constant Input Voltage
For the small signal modeling of SRC with constant input voltage, the small signal
input voltage v;, and the small signal phase shift angle input & are the two independent

inputs, while the input current 1in and output current lout are the two small signal responses.
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Fig. 4.3: Small signal equivalent circuit of an SRC with constant current input seen from
the primary H-bridge output in phasor domain.
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Fig. 4.4: Small signal equivalent circuit of an SRC tank current in phasor domain.

4.3.1 Small Signal Input Current

According to phasor transformer 5p, the average input current can be expressed as

Im = RC[ZT . Sp] = iT sin(g). (4.7)

By taking the partial derivative of (4.7) with respect to a and ir, the small signal

response of input current with respect to the perturbations in o and it can be derived as

S)a. (4.8)
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From Fig. 4.2, the steady state phasor ir can be derived as

- Lot . N Lout

1T = gg = \/§ (4.9)

Substituting (4.6) and (4.9) into (4.8), the small signal response of input current can

be expressed as
3im = 20 sin(%)(2n sin(%)@m + Vi, cos(%)d)Go + oy cos(g)d, (4.10)

where
o 1+ sRipaaCo
Ripaa + n2m2sL + n2n2s2 Rpeq LC,

Go (4.11)

From (4.10), the transfer function from the phase shift control input to the input

current of the conventional SRC with constant input voltage is

G _ i _ 20°Vinsin($) cos($)(1 + $RioaaCo)
e a Rioaa + n2m2sL + 7"L27T282RloadLCo

a
+ nlous COS(§), (4.12)

and the input admittance is

i 4n?sin?(2)(1 + sRipaaC
Yip=n— 0 SIQHQ(Q)( 2 oad o __ (4.13)
Vin Ripaq + n?m2sL +n?m2s2Ryp,qaLC,
4.3.2 Small Signal Output Current
From Fig. 4.3, the small signal current i; can be expressed as
i1 = ir5s. (4.14)

The small signal output current i,,; can be expressed in terms of i1 as

%out = (1 + SRloadCo)%l- (415)
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Substituting (4.6) and (4.14) into (4.15), the small signal output current of the SRC

with constant input voltage can be derived as

ava o A
- 28in(§ )i + nVip cos(§)d
o Rioaq + n?m2sL + n?mw2s2 Ry0q LC,

(4.16)

From (4.16), the transfer function from the phase shift control input to the output

current of the conventional SRC with constant input voltage is

i nVi, cos(%
Giout,a = Zofut = o (2) ’ (417)
& Ripad +n2m2sL + n2n2s2Ryyqq LC,

and the transfer function from the input voltage to the output current of the conventional

SRC with constant input voltage is

G o %out _ 2Sin(%) X (418)
Lout-Vin ﬁln Rload + n27T2SL + ’I’L27T2S2Rl0adLCO

4.4 Small Signal Model Derivation of the SRC with Constant Input Current

For the SRC with constant input current, however, the challenge is that the small signal
input voltage 0;, becomes a variable which depends on & and %g , instead of an independent
input. The two independent inputs are the small signal input current E'g and the small
signal phase shift angle input &, and the two small signal output responses are the input

voltage ¥, and output current 7,y¢.

4.4.1 Small Signal Input Voltage

According to Fig. 4.2, the relation between ¥;, and %m is expressed as

A 1 S 2
Vi, = @(zg — in). (4.19)

Substituting (4.10) into (4.19), the small signal input voltage of the SRC with constant

input current can be expressed as
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1
sCin

A~

Din = {iy — 2n sin(%)[Qn sin(%)@m + nVin COS(%)@]

1+ SRloadCo
Ripad + n2m2sL + n27T2S2RloadLCO

+ nloys COS(%)@}, (4.20)

which can be rewritten as

1 . N
Dim, = E{ig —2n sin(%)[2n sin(%)@m + nVin cos(%)d]ﬁ + nlous cos(%)o?}, (4.21)
where, N and D are defined as
N =1+ sRjpqaClo, (4.22)
D = Rjpaq + n°12sL + n?7%s? Ripaa LC,. (4.23)

The small signal input voltage equation (4.21) can be simplified as

.1 1 N o5 . 50 . 1 9 .« a N
Vi, = @zg ~ o 5471 sin (E)vm e 2V, 51n(§)cos(§)5a
1 o,
— En_[out COS(§)OZ, (424)
N a 1~ 2n2Vipsin(2)cos(2)N + nlyy cos(2)D
1 N onZsin2(SV18. — s in 2 2 27 & (4.9
1+ sCo D n® sin (2)]vm scng . D &, (4.25)
sCinD+N4nQSin2(%)®A 1 : _2n2Vmsin(%)cos(%)N+nI0utcos(%)D& (4.26)
SCan "o sCm g sCmD ’ ’
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D ~ 2n*Visin($) cos(§)N + nloyt cos($)D
5CinD + 4nZsin?(3)N ¢ 5CinD + Ndn? sin*(3)

&, (4.27)

Uin =

Equation (4.27) is the explicit expression of the small signal input voltage for the SRC
with constant input current in terms of the small signal input current and small signal phase
shift control input.

From (4.27), the transfer function from the phase shift control input to the input
voltage is
Din 72n2Vm sin(§) cos(§ )N + nloys cos(§)D

Guina = a $CinD + N4n? sin?($) ’ (4.28)

and the input impedance is

Vin, D
Lin = = = . 4.29
! iy 8CinD 4 4n?sin®(§)N (429)

From (5.36), it can be seen that the gain from phase shift angle & to the input voltage v;,
is negative, which means that the increasing of phase shift angle « results in the decreasing of
input voltage Vi,. The input impedance expression (4.29) is the open loop input impedance
of the SRC with constant dc¢ input current, which can be used to evaluate the stability of

the dc current distribution system.

4.4.2 Small Signal Output Current
With the expression of the small signal input voltage for the SRC with constant input

current derived above, the small signal tank current can be derived as below by substituting

(4.27) into (4.6).

> _ 2n7 sin(§) E{ D : _2n2Vin sin(§) cos(§)N + nlous cos(%)Da}
’ V2 D 'sCinD + N4n?sin?($) "’ sCinD + N4n? sin?($)
n?mVin N

7 ECOS(%)d. (4.30)
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A V2nrsin(§)N
T = 2 g+
sCinD + 4n? sin?(§)N
{n27erNcos(%) \fmrsm(%) (ZnZVinsin(z)COS( )N+nfout005(%)D)}d. (4.31)

V2D D(sCinD + N4n?sin*(5))

For the small signal output current tout Of the SRC with constant input current, the

expression can be derived by substituting (4.27) into (4.16) as

P = {ZSm(a)[ D 2 2n*Viy, sin(§) cos(§)N + ndout cos(%)Da]
o $CinD + N4n?sin%(%) ¢ sCinD + N4n? sin?(§)

+ nViy, cos( )&}, (4.32)
5 1 2sin(§)D .

fout = sCinD + N4n? sin?($) "9

_ 2nsin(g ) 2n2Vip sin($) cos($)N + nlou COS(%)Dd+ nVip COS(%)& (4.33)
D sCin D + N4n? sin (2) D

By simplifying (4.33), the explicit expression for the small signal output current 4oy of

the SRC with constant input current can be given as

A 2nsin(§) » nVipcos(2)sCin — 2n% oy sin($) cos($)

_ 4.34
Lout sCinD + 4An2 Sin2(%)N 9 sCinD + 4n? SinQ(%)N ( )

From (4.34), the transfer function from the phase shift control input to the output

current is

o _ Tout _ nVin cos(§)sCin — 212 sin(§) cos(§) (4.35)
fout=% T G sCinD + 4n? sin?($)N ’ '

and the transfer function from input current to the output current is

%out 2n Sin(%)
Gi i =5 = . 4.36
tout-tin ) sCinD + 4n? Sil’lz(%)N ( )

Lin

From (4.35), it can be seen that the gain from phase shift angle & to the output
current 7,y is negative, which means that the increasing of phase shift angle a results in

the decreasing of output current 7,,;.
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4.5 Summary

This chapter derives the small signal models and explicit analytical expressions for all
transfer functions of an SRC with both constant input voltage and constant input current to
help researchers and engineers to implement the feedback loop design and stability evalua-
tion. This chapter also solves challenges in both the steady state operation and small signal
analysis of the SRC with constant input current introduced by the variable input voltage.
The models allow both steady state and small signal quantities to be derived without undue

complexity.
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CHAPTER 5
STABILITY ANALYSIS OF DC CURRENT DISTRIBUTION SYSTEMS

The integrated dc distribution system may become unstable even if the converters are
stable individually. There are two main causes of stability degradation for a dc power distri-
bution system: 1) interactions of the feedback loop created by the input/output impedances
of the interconnected converters and 2) the constant power load effects that exhibit negative
incremental impedance [80]. Hence, it is necessary to evaluate the stability of a dc power
distribution system during the analysis and design process to guarantee a stable system
behavior.

In this chapter, the stability analysis of dc current distribution systems is presented with
the considerations of the two main causes of stability degradation and the cable impedance
in the system. The stability analysis criterion of a constant current cascaded system and
the general control strategy are developed in Section 5.1. The impedance model of a long
distance cable is derived in Section 5.2 by taking the submarine cable as an example. The
relation between closed-loop and open-loop input impedance of power converters is found
in Section 5.3, where the SRC with constant input current is taken as an example. Based
on the developed cable impedance model and closed-loop input impedance of the converter,
the stability of a dc current distribution system consists of one cable and one converter is
analyzed in Section 5.4, while the stability of a dc current distribution system consists of
multi-cables and multi-converters is studied in Section 5.5. The summary of this chapter is

given in Section 5.6.

5.1 Stability Analysis Criterion of a Constant Current Cascaded System
It is well known that stability is a major concern for dc distribution systems because the
integrated system may become unstable even though the subsystems are stable individually.

Significant analysis and design has been applied to dc voltage distribution systems, while
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stability and related control strategy are not well studied for dc current distribution systems,

especially for the scenarios with long transmission cables. In this section, the stability

analysis and related control strategy of a dc current distribution system are presented

followed by discussions.

The block diagram of a dc current cascaded system with two power converters is shown

in Fig. 5.1. In Fig. 5.1, the two power converters, which are source subsystem and load

subsystem, are connected in series. Vj is the input voltage of the source subsystem, while

1yt is the output current of the load subsystem. The Gsgyree is the input-to-output transfer

function of the source subsystem, and the Gjyuq is the input-to-output transfer function of

the load subsystem. The currents I, and I;, are the same, which is the dc link current

regulated by the source subsystem. The impedance Z, represents the output impedance of

the source subsystem and the impedance Z;, is the input impedance of the load subsystem.

The two subsystems are assumed to be stable individually, which means that

I
Is = Gsource% = Gsource TR
Vs

Iout
Iout = GloadIin = Gload = .
Iin

(5.2)

For the cascaded system, the overall input-to-output transfer function can be expressed

as
Iout Iout Im Is

G = = — .
overall ‘/8 Im Is V;

Substituting (5.1) and (5.2) into (5.3), we can get

I;
Goverall = GloadTGsource-
s

(5.3)

(5.4)

Since the subsystems are stable individually, the stability of the cascaded system is

then determined by I;,/I. For the dc current cascaded system, the circuit diagram of the

block diagram shown in Fig. 5.1 can be plotted as illustrated in Fig. 5.2.
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subsystem / I subsystem
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+
Vs Gsource ‘—‘ ’_’ Gload
:— ‘ o o ——o
Zo Zi
Fig. 5.1: Block diagram of a dc current cascaded system.
Is Im _______ Iout
> -— L °
| |
| |
| i
| |
o |l [lo|
ZO : Zin : Zo_load
| |
T ] °
Gload
Fig. 5.2: Circuit diagram of a dc current cascaded system.
From Fig. 5.2, the transfer function from I to I; can be derived as
Iin _ Zoll Zin _ 2o (5.5)
Is Zz Zin + Zo
Substituting (5.5) into (5.4), we can get
Zo
Goverall = GloadGsource Zm T Zo’ (56)
Goveratt = CrondG CRCe ! (5.7)
overall — YUload sourceZTT 1 = UloadT source Tm + 17 .
with
Zin
T = . 5.8
m ZO ( )

From (5.7), it can be seen that the term T}, can be used to evaluate the stability of the
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dc current cascaded system. Similar to the minor loop gain defined in a voltage cascaded
system [104], Ty, = Zin/Z, is defined as the minor loop gain for a constant current cascaded
system, which is employed to determine the stability of a dc constant current distribution
system.

If multiple load subsystems are distributed along the constant current trunk, the overall
Zin will be the sum of each load subsystem’s input impedance plus the impedance of the
entire trunk cable, since they are connected in series. If |Z,|>> |Z;| for all frequencies,
the whole dc constant current power distribution system is stable, assuming that the load

subsystems are individually stable.

5.2 Modeling of Long Distance Cables

The architecture of the undersea dc current distribution system including a shore based
power supply, a submarine dc transmission cable with multiple sections and multiple SRC
modules is illustrated in Fig. 5.3. The submarine/trunk cable shown in Fig. 5.3 generally
has a length of tens of kilometers or even longer. For stability analysis in dc distribu-
tion systems, the transmission line is often ignored or modeled as an equivalent inductor
or inductor in series with a resistor [27,119,120]. However, for the dc current distribu-
tion, as aforementioned, it is generally employed in relatively long distance applications,
where the distributed high capacitance of the transmission cable is too significant to be
neglected, especially for submarine dc transmission cables. In this section, models of the
long transmission cables are developed with cable impedance expressions derived for better
understanding of the cable dynamic behavior.

As aforementioned, the transmission line is usually equivalent as an inductor or an
inductor in series with a resistor. However, because of the relatively long distance from the
shore power supply to the SRCs, and according to the cable parameters listed in TABLE 5.1,
the distributed capacitance of the submarine transmission cable can no longer be ignored
during the system design and stability analysis. In other words, the lumped inductor
approach and the lumped inductor in series with the lumped resistor approach are not

accurate enough to model the submarine transmission cable for stability analysis because of
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Fig. 5.3: Architecture of an undersea dc current distribution system consists of a shore
power supply, a long submarine cable with multiple sections and multiple SRCs.

the considerable distributed capacitance along the cable. Hence, in this work, the cascaded

m-section approach is adapted to model the submarine cable for exploring the dynamic
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performance [121,122].

The schematic diagram of a single-phase transmission cable of length [ is shown in
Fig. 5.4. In Fig. 5.4, [ is the length of the cable, n is the number of 7m-sections used to model
the cable, and R, L and C are the lumped resistance, inductance and capacitance of each
m-section, respectively. From Fig. 5.4, it can be seen that the cascaded m-section model for
the transmission cable essentially is a lumped model of the distributed cable parameters,
which means that the model will be more accurate with more 7-sections employed. However,
on the other hand, the model will have higher complexity with more m-sections, which is
also not preferred for analysis and hardware evaluation. So, one has to make a balance
between the accuracy of the model and the complexity of the model based on the interested
frequency range.

The bode plots of a transmission cable impedance modeled with different number of
m-sections are illustrated in Fig. 5.5 and Fig. 5.6. The cable parameters used for Fig. 5.5 and
Fig. 5.6 are listed in TABLE 5.1. The input impedance of the cable with the other terminal
open is shown in Fig. 5.5, while Fig. 5.6 shows the input impedance of the cable with the
other terminal shorted to ground. From Fig. 5.5 and Fig. 5.6, it can be seen that the 5
m-sections model has a good match with higher order models for the frequency range up to
1 kHz, which is much higher than the interested frequency range of the application scenario
studied in this paper. The 5 m-sections model is then employed for the analysis shown in this
paper, as well as developing the cable emulator for experimental demonstration in this work,
since the 5 m-sections model provides a good balance between accuracy and complexity.

In order to obtain a better understanding of the cable dynamic behavior, and provide
analytical expressions for system design and stability analysis, the cable input impedance
expressions for different scenarios are derived in this section based on the 5 m-sections model.
The circuit diagrams, based on the 5 w-sections model, for the cable input impedance
calculation are shown in Fig. 5.7, Fig. 5.8 and Fig. 5.9. Fig. 5.7 is the circuit diagram for
the scenario where the other terminal of the cable is open, Fig. 5.8 is the circuit diagram

for the scenario where the other terminal of the cable is short to ground, and Fig. 5.9 is the
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Table 5.1: PARAMETERS OF THE CABLE
Length [km] 100
Unit resistance [(2/km] 1
Unit inductance [mH/km)] 0.128
Unit capacitance [uF /km] 0.2
Number of m-sections 1, 5, 10, 20, 40
e »|
< : d
R L L L L
o i I o A :'."rv"..' i...j\,n",".. ¢ H S AN ' °
02 Ciz - iz O Cti C /2
l 1 2 .- n-1 n
= GND

Fig. 5.4: Schematic diagram of a single-phase transmission cable of length |.

circuit diagram for the scenario where the other terminal of the cable has an impedance Z.
The circuit diagrams shown in Fig. 5.7, Fig. 5.8 and Fig. 5.9 are basic circuits com-
prising resistors, inductors and capacitors. The input impedance can be solved according

to the circuits by applying circuit analysis knowledge. In Fig. 5.7, Z; is expressed as

2 2+sRC+s’LC  Zg
Zi=R+sL+ 5= el =0 (5.9)
where Zj is defined as
Zy =2+ sRC + s LC. (5.10)

Based on (5.9), from Fig. 5.7, the cable impedance with one terminal open can be

derived as

1 Zo
Zy = = , 5.11
T sC+ L SO+ Zo) (5.11)

ZO + (ZO + 1)(20 — 2)
sC(1+ 270 + (Zo +1)(Zo — 2) (5.12)

Z3:R+3L—|—ZQZ
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Fig. 5.5: Input impedance of the transmission cable when the cable is open.

1 Z8 -2
O+ 4 sC(Z5+20—1)

Zy

Z3 — 32
SC(Z% + ZO — 1)7

Z5:R+8L+Z4:

go_ Z§ — 37
Tt £ T SCZ+ 23220 1)’

Z¢ — 472 +2

Zy =R+ sL+ Zg = :
[ BeT 7 By Ry Ay
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(5.13)

(5.14)

(5.15)

(5.16)
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Fig. 5.6: Input impedance of the transmission cable when the cable is terminated in a short

circuit.
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Fig. 5.7: Circuit diagrams for input impedance calculation of the transmission cable with a
length of [ and open terminal modeled by 5 m-sections model.

go_ L 7y —AZE +2
YT sC otk sC(Zi+ 23 - 328 — 220 +1)

(5.17)
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Fig. 5.8: Circuit diagrams for input impedance calculation of the transmission cable with a
length of | and short terminal modeled by 5 m-sections model.
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Fig. 5.9: Circuit diagrams for input impedance calculation of the transmission cable with a
length of [ and impedance of Z at the other terminal modeled by 5 w-sections model.

Z8 — 523 + 52

: 5.18
sC(Z§+ 23 —3Z3 —2Zp+ 1) (5.18)

Zg=R+sL+ Zg =

1 2(Z3 — 523 +52)
anble,open = SC 1 = 5 1 3 2 . (519)

Equation (5.19) is the expression for the input impedance of the cable with the other

terminal open. In Fig. 5.8, Z; and Z> are expressed as

Zi =R+ sL, (5.20)

1 B R+ sL _ R+sL
R+sL 14+ sRC+s2LC  Zy

Zy = sC + (5.21)
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where 7 is defined as

Zy =1+ sRC + s’LC. (5.22)

Based on (5.21), from Fig. 5.8, the input impedance of the cable with the other terminal
short to ground can be derived as below. Since the calculation procedure is similar with
the terminal open case, the final expression is provided below without showing the detailed

derivations.
2(R+ sL)(Z§ +4Z3 +32% — 27y — 1)
Z8 +5Z5+ 523 —5Z3 — 520+ 1)

anble,short = (523)

For the scenario that the other terminal of the cable is connected to an impedance Z,
the input impedance of the cable can be calculated from Fig. 5.9. The final expression can

be expressed as

2224 — 52,23+ AZ. + (AZ% — 6)Ze + ZgZ)

Zablez = . (524

Ned ™ SO Za+2)(Ze23 —3ZeZog+ Z) + (AZ2 + 8Z4 — 6) Ze) + 824 — 12 (5:24)
where

Z.=2R+Z)+s(2L + RCZ) + s’LCZ, (5.25)

Zy=2+sRC + s°LC, (5.26)

Ze=R+sL. (5.27)

In (5.19), (5.23) and (5.24), R, L and C are the lumped resistance, inductance and
capacitance of each m-section, respectively. Z is the impedance connected between cable
terminal and ground. When a certain length cable is modeled by a 5 m-sections based model,
the R, L and C of each cell can be calculated, which can be used to build the per-unit scale
laboratory emulator. From Fig.5.4, it can be seen that the m-section model has a lumped
capacitor at the cable terminals. However, the real transmission cable is generally inductive

at its terminals. To improve that, a model with the combination of m-section and T-section
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Fig. 5.10: Schematic diagram of the 5 m-section combined with 2 T-section model.

are used in this work, as shown in Fig.5.10. In Fig.5.10, the 5 m-sections at the center model
the major length of the cable while the two T-sections at two ends model a short length to
improve the model accuracy. When a certain length cable is modeled by the 5 7-sections
plus 2 T-sections model, the R, L, C, L' and € of each cell can be calculated based on
the parameters of the cable, which is used to build the per-unit scale cable emulator that
is used in laboratory tests. As a result, the laboratory emulator has the same impedance
as the real cable in the case of the same per-unit length parameters and the same cable
length. Since the cable length modeled by the T-section is quite short compared with the
length modeled by the m-section model, for the system stability analysis, the 5 m-sections
model is used. For the laboratory cable emulator, the 5 m-sections plus 2 T-sections model

is used to simulate the inductive behavior at the terminals of the cable.

5.3 Relation between Closed-loop and Open-loop Input Impedance of Con-
verters

The open-loop input impedance of a converter can be derived from its small signal
model. However, the closed-loop input impedance of the converter is needed for the system
stability analysis since the output of the converter is required to be regulated for most of
the applications. The closed-loop input impedance of a converter is complex and can not
be derived from the small signal model directly. In this section, the SRC with constant
current input and regulated output current is taken as an example to analyze the relation

between closed-loop and open-loop input impedances, the small-signal control diagram of
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which is illustrated in Fig.5.11. The analysis can be applied to other converters easily.
In Fig.5.11, for the closed-loop operation, Az'ref = 0. From Fig.5.11, we can get
& = H(s)Ge(5) K (8)iout, (5.28)
’AL'out = dGia(S) + ginGiJ’m (S) (529)
Substituting (5.29) into (5.28), & can be expressed as
a = H(S)GC(S)K(sﬁout [GGin(s) + gm(}'um(s)]. (5.30)
From (5.30), in terms of in, @ can be expressed as
H(s)G, G R
o HEOGC)K (G () 531)
1 — H(s)G(5)K(5)Gia(s)
For a closed-loop converter, the small signal input voltage ¥, is expressed as
Vip, = Zmim =+ vaﬂ(s)d, (5.32)
where Z;, is the open-loop input impedance of the converter.
Substituting (5.31) into (5.32), we can get
H(s)G:(8)K(s)Gi,, (8)Gu,. ()~
0, = (Z; in ns - 5.33
Ui = it T ()G K () Gials) (53
From (5.33), the closed-loop input impedance of the converter can be derived as
H K(s)G; G
Zin,cl — Zzn + (S) (S) (S) iin (S) Vin OC(S)' (534)

1 — H(s)Ge(s)K(s)Gial(s)
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Fig. 5.11: Small signal control diagram of an SRC with constant current input and regulated
output current.

In (5.29) to (5.34), Z;, is the open-loop input impedance of the converter, and

A

G (s) = 22| (5.35)
lin a=0
va,a(s) = d g :0, (536)
_ gout
Gials) = 25|, - (5.37)

For the frequency range around the crossover frequency, (5.34) is more accurate than the
approximation that the closed-loop input impedance is a negative resistor below crossover

frequency and is the open-loop input impedance above crossover frequency.

5.4 Stability Analysis of a System Consists of One Cable and One SRC

As presented in Section 5.1, the minor loop gain of a constant current cascaded system,
which is defined as T,,=Z;,/ Z,, can be employed to evaluate the stability of a dc current dis-
tribution system. For a current cascaded system with long transmission cable, as illustrated
in Fig.5.12, Z;, is the closed-loop input impedance of the load converter, while Z, is the out-
put impedance of the system seen by the load converter. The closed-loop input impedance

of the load converter can be calculated from (5.34). Instead of the output impedance of
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the current source, Z, becomes the input impedance of the cable with the other terminal
connected to an impedance Z, where Z is the output impedance of the current source.
If the output impedance of the current source is available, the Z, can be calculated from
(5.24). However, in some practical applications, the output impedance of the source may
not be available a priori. In this case, for the current source, the output impedance can be
assumed to be infinite within its bandwidth, which means the current source is assumed
to be an ideal current source within its bandwidth. In this case, the impedance seen by
the load converter Z, becomes the cable impedance with the other terminal open, which is
given by (5.19).

In order to demonstrate the analysis proposed in this section, a system consists of a
1 A dc current source, a 100 km submarine cable and an SRC with 0.33 A regulated output
current operating at 500 W output power is taken as an example. The circuit diagram of
the system is illustrated in Fig.5.12. In this example, a simple integrator is employed to
control the SRC. The 100 km submarine cable is modeled by the 5 7-sections model with
the parameters tabulated in TABLE 5.1. According to the above analysis, Z, of the system
can be derived according to (5.19), the bode plot of which is shown in Fig.5.13.

For the SRC with 1 A input current, 0.33 A output current and 500 W output power,
the closed-loop input impedance can be assumed to be the negative resistor, which is 53.7
dB, within the controller bandwidth for the initial design. From Fig.5.13, it can be seen
that Z, has a magnitude of less than 53.8 dB for frequency range higher than 16.3 Hz,
which means the controller bandwidth of the SRC should be lower than 16.3 dB in order to
obtain stable behavior. Based on this, the SRC controller can be initially designed. Then,
based on (5.19) and (5.34), the Nyquist plot of the resulted minor loop gain T, can be
easily plotted to verify the design and check the stability margins.

The Nyquist plots of the minor loop gain T}, for three controller designs are illustrated
in Fig.5.14, Fig.5.15 and Fig.5.16, to check the stability of the designs. In Fig.5.14, the
controller is 500/s, which results in a controller bandwidth of 9.65 Hz. In Fig.5.15, the

controller is 1000/s, which results in a controller bandwidth of 18.8 Hz. In Fig.5.16, the
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Fig. 5.13: The bode plot of the Z, of the system under study.

controller is 1033/s, which results in a controller bandwidth of 19.4 Hz. According to the
above analysis based on the negative resistor assumption, 9.65 Hz controller bandwidth is
stable, and the other two controller designs are unstable. However, from Fig.5.14, Fig.5.15
and Fig.5.16, all three controller designs are stable with different margins. The disagreement
comes from the assumption that the closed-loop input impedance is a negative resistor
within controller bandwidth and is the open-loop input impedance beyond the controller
bandwidth. Hence, the assumption can be used as a start point for the design, while Nyquist
plot of the system minor loop gain T}, based on (5.19) and (5.34) should be employed to

verify the stability, and check the stability margin.
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Fig. 5.14: Nyquist plot of T}, for the controller 500/ s.

The three controllers shown in Fig.5.14, Fig.5.15 and Fig.5.16 are all stable from the
Nyquist plot. However, they are not the same. The controller design shown in Fig.5.14 has a
lot of margin, which means that the system can maintain stable even with a big disturbance.
The controller design shown in Fig.5.15 has a little bit of margin, which means that the
system may become marginally stable with a disturbance. The controller design shown in
Fig.5.16 barely has stable margin, which means that the system may become unstable even

with a small disturbance.

5.5 Stability Analysis of a System Consists of Multi-cables and Multi-SRCs
Generally, a dc current distribution system includes more than one cable sections and

more than one de-dc power converter modules. A system which has two 100 km and two

SRCs is illustrated in Fig. 5.17 as a case study. For the stability analysis, the SRC shown

in Fig. 5.17 can be modeled by its closed-loop input impedance, as illustrated in Fig. 5.18.
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Fig. 5.15: Nyquist plot of T), for the controller 1000/s.

In Fig. 5.18, the closed-loop input impedance can be calculated from (5.34) based on
the operating point. Zs in Fig. 5.18 can be calculated from (5.24) by having Z1 (Z;,_o) as
the impedance connected to the other terminal, as shown in Fig. 5.18. As an example, the
bode plots of Z; and Z; shown in Fig. 5.18 are presented in Fig. 5.19. The cable parameters
used in this example is tabulated in TABLE 5.1, and the SRC operates at 1 A input current,
0.33 A output current with 1 kW output power.

From Fig. 5.19, it can be seen that the impedance Z;, which is the closed-loop input
impedance of the SRC, can be employed to represent the impedance Z» in Fig. 5.18 for
the system stability evaluation during the system design stage. Also, it can be seen that
|Z1] is higher than |Zs| from Fig. 5.19, which means that the system has a little bit more
stability margin by using Z; to represent Z, for the system stability analysis. On the other

hand, the sub-system in the green dashed box should be stable individually, which means
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Fig. 5.20: Simplified impedance model of a dc current distribution system with two 100 km
cables and two SRCs.

that | Zcapie_open| should be higher than |Z;| with some margin. In Fig. 5.18, the impedance
Z> can be approximated as the parallel combination of Zcgpe open and Zi. In hence, the

impedance Z can be approximated as the impedance Z; for system stability analysis.
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Fig. 5.22: Simplified impedance model of a dc current distribution system.

Based on the above analysis, the impedance model shown in Fig. 5.18 can be simplified
as illustrated in Fig. 5.20. In a similar approach, the bodes plots of Z; and Z; shown in
Fig. 5.20 are presented in Fig. 5.21. Here, the two SRCs are assumed to be identical to
simplify the math. From Fig. 5.21, it can be seen that Z; can be used to represent Z, in
Fig. 5.20, where Z; is the sum of input impedances of the two SRCs.

For a general dc current distribution system contains multiple cables and multiple
SRCs, by applying the above analysis, the system can be simplified as illustrated in Fig. 5.22.
For the simplified impedance model presented in Fig. 5.22, the [ km cable is the trunk cable
that connects the shore-based power supply and the first SRC module. Then, the analysis

proposed in SECTION 5.4 can be employed to evaluate the stability of the entire system
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since the simplified impedance model .

5.6 Summary

This chapter studies the stability of dc current distribution systems with the consid-
eration of cable impedances. First, the impedance based stability analysis criterion for dc
current distribution systems is derived, where T,, = Z;,/Z, is defined as the minor loop
gain to evaluate the stability of dc constant current distribution systems. Second, the long
distance cable used in a dc current distribution system is modeled by taking submarine cable
as an example, in which case the cable capacitance can no longer be ignored, and the cable is
modeled by a number of m-sections or T-sections instead of inductors in series with resistor
or simple inductors. The explicit expressions of the cable impedance under different condi-
tions are derived. Third, the relation between closed-loop and open-loop input impedances
of power converters is derived by using the SRC with constant dc input current as an ex-
ample, which is more accurate than simply assume that the closed-loop input impedance is
a negative resistor below crossover frequency and is the open-loop input impedance above
crossover frequency. Based on the aforementioned analysis, stability evaluation of a sys-
tem consists of one cable and one SRC is presented to demonstrate the proposed stability
analysis. On top of that, the stability analysis for a dc current distribution system includes

multi-cables and multi-SRCs is discussed.
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CHAPTER 6
SYSTEM CONTROL DESIGN

The unique features, different steady state and dynamic behaviors of dc current distri-
bution systems and the SRCs with constant input current used in the dc current distribution
systems introduces challenges to the control of the entire system, including protection of the
SRCs. This chapter proposes solutions to solve the challenges related to control, operation
and protection of the dc current distribution systems.

In this chapter, based on the stability analysis presented in CHAPTER 5, the control
strategy and controller design for the SRC with constant dc input current in a dc cur-
rent cascaded system is presented in Section 6.1, while Section 6.3 discusses the output
impedance requirements and control design of the shore-based output current regulated
power supply. The operational techniques of dc current distribution systems are studied
in Section 6.4, including the startup and normal shutdown strategies, and discussions on
hardware requirements related to system operation. The possible fault scenarios and corre-
sponding protection techniques for the SRCs with constant dc input current are analyzed in
Section 6.5. The FPGA implementations, including normal operation, integral controller,
synchronous rectification and protections, are presented in Section 6.6. The summary of

this chapter is given in Section 6.7.

6.1 Control Strategy and Controller Design for the SRC without Cable Impedance

6.1.1 Control Strategy

If the output impedance of the source is known, the impedance specifications presented
in [27,28] can be used to develop a control strategy that guarantees the stable operation
of the dc power distribution system. However, in some practical applications, the output

impedance of the source may not be available a priori. In these cases, the impedance
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specifications mentioned in the literatures become difficult to implement. For the undersea
constant current dc power distribution system investigated in this work, the shore based
current source is a commercial product without an output impedance description, while the
controller bandwidth is known.

For an output current or output voltage regulated converter, the closed loop input
impedance is a negative resistance over a frequency range lower than the crossover frequency,
while it is the open loop input impedance over the frequency range higher than the crossover
frequency. If the shore based current source has a crossover frequency higher than the load
SRC module, the load impedance seen by the source at higher frequencies is the open
loop input impedance of the SRC module. In this case, the high output impedance of the
constant current source covers the stability condition up to its crossover frequency, and
overall stability is guaranteed if the SRC modules operate stable in open loop mode with
the source for the entire load range and all operating points.

For each SRC module, a single loop current control can be employed with a crossover
frequency lower than the shore based current source crossover frequency. A simple PI
controller or integrator can be used to implement the control as shown in Fig. 6.1. In
Fig. 6.1, a 180° inversion is included in the feedback loop due to the negative gain of
the SRC from phase input to current output, as seen in (3.22). The saturation block in
Fig. 6.1 is employed to limit the minimum phase shift due to the resulting high input voltage
discussed in the steady state analysis. Fach SRC module in the system is controlled by its
own controller independently.

For a dc current distribution system with significant cable impedances, the above pro-
posed control strategy needs to be improved. The stability analysis presented in Section 5.4
and 5.5 are employed to help designing the controller for the SRCs in the system. In order
to obtain a stable system behavior, the assumption that the closed-loop input impedance
is a negative resistor within controller bandwidth and is the open-loop input impedance
beyond the controller bandwidth can be used as a start point for the controller design,

while Nyquist plot of the system minor loop gain T}, based on (5.19) and (5.34) should be



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

113

SRC

SRC gat Controller
signals R

Phase shift PI/

modulation

Fig. 6.1: Controller architecture.

employed to verify the stability, and check the stability margin.

6.1.2 Discussion

For a cascaded system which contains output regulated power converters, the regulated
converter presents a constant load to the source subsystem because all load is on the reg-
ulated side of the converter. For example, if the input current drops, the power converter
compensates and the input voltage increases. This means that the source subsystem will
see a negative load resistance, and the system may become unstable.

In the design of RF integrated circuits (IC), a resistor in parallel with the input to the IC
or in series with the output (as appropriate) is employed as a solution to avoid oscillation
caused by the negative resistance [23]. The power loss associated with this technique is
acceptable in RF work, but not in a power system. For a power system, especially for a
constant voltage cascaded power system, the general approach is to design an input filter for
the load power converter accordingly. However, for a dc constant current power distribution
system, the approach applied in RF work may be acceptable as well because of the different
structure it has.

For the undersea constant current power distribution system investigated in this dis-
sertation, the entire trunk cable generally has a length of tens of kilometers or even longer.

The conventional underwater telecommunication cable is generally used as the trunk cable
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for its high quality, high reliability and relatively low cost. The underwater telecommunica-
tion cable has a typical resistance of around 1 2/km, which means that the total resistance
of the trunk cable in an undersea constant current power distribution system is several
hundred ohms. Since the regulated power converters are distributed along the trunk cable,
the trunk cable resistance is in series with the input impedance of those power converters.
In other words, the load impedance seen by the source subsystem is the sum of the negative
resistances from the regulated power converters and the positive resistance from the trunk
cable. Since the trunk cable resistance is unavoidable in such a scenario, the trunk cable is
able to assist the system to be stable and avoid oscillation.

The control strategy presented in this section is robust against cable faults and con-
verter faults as well. When the trunk cable is broken at any point, the trunk cable current
shunts to sea water, the output voltage of the shore based current source on the land will
automatically vary so that the voltage at the fault point becomes ground voltage and the
current from the source to the fault point remains constant. The SRC modules in the series
chain are controlled independently, so the energized modules can still operate as normal.
The fault point can also be located by measuring the dc resistance between the source
output and the ocean. When there is a converter fault in the system, such as the SRC mod-
ule’s output open circuit fault, the controller will short the input of that module to bypass
the trunk current to the rest of the system. The shore based current source on the land
will automatically maintain the trunk current to be constant, and the rest of the system
can operate without disturbances. In addition, shorting the input of an SRC module will
reduce the total input impedance of the load subsystem while the output impedance of the
source subsystem remains the same, so the whole system will be still stable as analyzed in

Section 5.1.

6.2 Controller Design for the SRC Considering the Cable Impedance
In general, the controller design of a power converter is based on the loop gain analysis
to archive expected individual stability and dynamic behavior. However, for a dc current

distribution system, the controller design of the SRC also depends on the system stability
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analysis in order to ensure the system wide stable operation. As presented in Section 5.4,
the closed loop input impedance of the SRC Z;, . is a function of the controller G.(s). In
this work, the SRC controller is designed based on the system stability analysis, and double
checked in the loop gain analysis to make sure that the SRC is stable individually.

The controller bandwidth from the stability analysis presented in this work is in the 10
Hz range, which is low enough to ensure the individual stability. The loop gain analysis is not
presented in this work because of that. The dc current distribution scenario investigated in
this work does not have high dynamic performance requirements, since it is a slow system
because of the long distance, and the loads are almost constant in the system. Since a
very low bandwidth controller is needed, a simple controller structure can be employed
to implement the controller, such as PI controller or integrator. The controller structure
used in this work is an integrator. For the applications that needs wide bandwidth control,
additional research is needed based on the stability analysis, which is discussed in Chapter 8

as one of the future research directions.

6.3 Shore-based DC Current Power Supply Design

In a dc current distribution system for undersea application, the shore-based dc current
power supply provides a regulated current to the trunk cable and the SRC modules deployed
in the system. The shore power supply needs to be capable of regulating the distribution
current with no load but trunk cable in the system, and with full load in the system. As
a result, the output voltage of the shore power supply needs to vary within a wide range
from no load to full load.

One candidate topology for the shore power supply is the grid-tied three-phase ac-dc
converter using DABSRC and a three-phase unfolder presented in [123]. The topology
presented in [123] has smaller dc-link capacitance, negligible unfolder switching losses,
reduced line filter sizes, and faster dynamic response. In [124], the authors presented multi-
mode control techniques of series and parallel connected DABSRC modules, which means
that the shore power supply can be designed in a modularized way by using the Unfolder-

DABSRC topology. The inputs of the unfolders can be either in parallel or series depending
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on the grid that the shore power supply is tied to. The outputs of the DABSRCs can be
designed in series and controlled by using the techniques presented in [124] to implement a
relatively low output current regulation with a wide range of output voltage variation.

The integrated dc distribution system may become unstable even if the shore-based dc
current power supply is stable individually, because of the interactions of shore power supply
output impedances and the rest of the system, as analyzed in Chapter 5. As illustrated in
Fig. 6.2, the shore-based dc current power supply can be modeled as an ideal current source
in parallel with its output impedance, the cable can be modeled by the m-section model,
and the SRCs can be modeled by their closed-loop input impedances.

As shown in Fig. 6.2, the minor loop gain Ty, = Zyest/ Zoutr can be used to evaluate the
system stability, as well as to derive the output impedance specification for a stable dc cur-
rent distribution system design. The impedance Z.. is a combination of cable impedances
and closed-loop input impedances of the SRCs. The input impedances of the SRCs can be
calculated from (5.34) based on the small-signal model derived in Chapter 4. The impedance
Zyrest can then be calculated from (5.24) and input impedances of the SRCs with necessary
iterations. With the calculated impedance Z,.s, according to the stability criterion, the
output impedance specification of the shore-based dc current power supply can be devel-
oped to guide the control design. The system stability can then be evaluated accurately
by plotting the Nyquist plot of the minor loop gain T, = Zyest/ Zout, as demonstrated in
Section 5.4.

Based on the analysis presented in Section 5.5 for a system with multiple cables and
multiple SRCs, the system impedance model shown in Fig. 6.2 can be simplified as shown
in Fig. 6.3, where the shore-based dc current power supply is modeled by an ideal current
source and its output impedance, and the rest of the system is modeled by the series
combination of the closed-loop input impedances of the SRCs in the system.

In Fig. 6.3, the impedance Z,,; is the output impedance of the shore-based dc current
power supply, and the impedance Z,s is the series combination of the closed-loop input

impedances of the SRCs. By applying the stability analysis shown in Section 5.1 and 5.4, the



DocusSign Envelope ID: 4933E4BB-A992-4COF-A067-E26289B337AA

117

Z,,”/,/(,A 1 Zz'nicl,l Z( able,2 Zinﬁ(:l,? Zi'u///v ,3 Z/ able,n Zinﬁcl,n

e I s S S S o S UPPR m———

Iin

[}

L}

[}

[}

L}

7 L}
out 1
L}

L]

L}

!

J- ZO’lL!f
GND

I
Zrest

Fig. 6.2: Impedance model of the dc current distribution system for shore power supply
stability evaluation.

output impedance specification of the shore-based dc current power supply can be derived

for a stable dc current distribution system.

6.4 Operational Study of a Current Distribution System

In a dc current distribution system for subsea applications, as illustrated in Fig. 5.3,
the shore-based power supply is controlled as a current source converter with a variable
output voltage. The overall link voltage is controlled by the shore-based power supply to
maintain a continuous link current at a desired value. The SRC modules in the system are
connected in series through the trunk cables, which is different from the dc voltage distri-
bution architecture. The difference in the system architecture also introduces challenges to
the operation of the entire system.

If the circuit of SRC with constant current input shown in Fig. 3.1 is directly employed
as the SRC module in Fig. 5.3, the entire system cannot operate because the MOSFETs in
the primary bridge are enhancement type MOSFETs which are normally open. Since the
SRC modules are connected in series, as shown in Fig. 5.3, open state of the MOSFETs
means that the main trunk cable is open. One possible solution would be to provide an
auxiliary supply separate from the trunk cable to supply power to the auxiliary circuits
of the SRC modules. However, in such a long distance dc¢ current distribution system for
undersea applications, it is impractical with the consideration of cost, voltage drop and
system reliability. Hence, the auxiliary power for the SRC module is provided by the trunk
cable, which requires a continuous current flow through the trunk cable in order to deliver

auxiliary power to the SRCs. In this case, a closed circuit path for the trunk cable current
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Fig. 6.3: Simplified impedance model of the dc current distribution system for shore power
supply stability evaluation.

is required at startup.

The proposed circuit diagram in this work is illustrated in Fig. 6.4. In Fig. 6.4, the
MOSFET (@5 is a depletion type MOSFET and r is the current sensing resistor in that
branch. This bypass branch in the SRC modules, which is ()5 in series with r in the solid
green box in Fig. 6.4, and the submarine cable in the system provide a continuous path
for the main trunk current even before any SRC module in the system is energized. The
depletion type MOSFET ()5 needs to be selected to be capable of handling the power

dissipation during startup and shutdown of SRC modules.

6.4.1 Startup Sequence

Based on the above analysis, a three-step startup technique for system operation is
proposed in this section, as shown in Fig. 6.5.

For the startup, the first step is to turn on the shore power supply and provide the
desired distribution current to the rest of the system, which is used to power all the auxiliary
power supplies of each SRC. When the auxiliary power supply is on, a certain amount of
time delay is required before taking the next action in order to ensure that all the auxiliary
power supplies in the system are turned on.

The second step is to pass the trunk current from the bypass branch to the SRC input.
In this step, the SRC operates at 180° phase shift in open loop mode, which provides
minimum output current to the load. The bypass branch current controller ramps down
the current flow through the bypass branch from full trunk current to 0. The ramp time

and the load of the SRC at 180° phase shift determines how much energy is dissipated in
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Fig. 6.4: Proposed circuit for the SRC with constant input current employed in a dc current
distribution system.

Step 1 Step 2 Step 3
Shore-based | Start up, regulate Closed loop operation, Closed loop operation,
dc current trunk current to regulate trunk current regulate trunk current
power supply = the desired value to the desired value to the desired value

Not energized, e Energized [, iuio

tion ! .
Ezapnaf}? conduct all trunk e Ramp down the i Energized, controlled
current by default bypass current = : to be open
0 |
. . Liistrapution] | ‘ X
SRC Not energized, the e Energized dl : Closed loop operation,
switches are open 180° phase shift ~ | regulate output current
0 |

Fig. 6.5: The block diagram of the three-step startup technique for a dc current distribution
system.

»
»

the bypass branch during the startup. The SRC modules in the system can do this at the
same time or in a sequence. The second step is completed once the full trunk current flows
through the SRC instead of the bypass branch.

The third step is to enable the SRC to start regulating its output current and to close
the feedback control loop. In this step, the shore power supply is regulating the distribution
current, and the bypass branch is controlled to behave as an open circuit switch. When the

third step is finished, the system goes into normal operation mode.
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6.4.2 Shutdown Sequence

For the shutdown, the scenario is similar. The block diagram of the proposed three-step
shutdown technique is illustrated in Fig. 6.6.

As shown in Fig. 6.6, the first step is to open the feedback loop of the SRC, and have
it operates in open loop mode. The phase shift angle « is then ramped up to 180° from the
value it has. The shore power supply and the bypass branch are working normally in this
step.

The second step is to bypass the trunk current from the SRC input to the bypass
branch. In this step, the SRC operates at 180° phase shift in open loop mode, which
provides minimum output current to the load. The bypass branch current controller ramps
up the current flow through the bypass branch from 0 to full trunk current. The ramp time
and the load of the SRC at 180° phase shift determines how much energy is dissipated in
the bypass branch during the shutdown. The SRC modules in the system can do this at the
same time or in a sequence. For the shutdown, the phase shift ramp up in step one and the
bypass branch current ramp up can be done simultaneously or in a sequence. The second
step is completed once the full trunk current flows through the bypass branch instead of
the SRC.

The third step is to turn off the shore power supply, which will also turn off the
auxiliary power supplies of each SRC. The entire system is powered off when the third step

is completed.

6.5 Protection of the SRC

For a dc current power distribution system for subsea application, the maintenance and
the replacement of the SRC modules in the system are quite challenging after the system
is installed. As a result, the requirements on reliability and life time of the system and
the SRC modules used in the system are high. The protection techniques presented in this
section are suitable for practical implementation to improve reliability and life of both dc

current distribution systems and SRCs with constant input current. The two major fault
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Fig. 6.6: The block diagram of the three-step shutdown technique for a dc current distri-

bution system.

scenarios investigated in this section are output open circuit fault and output short circuit

fault.

6.5.1 Series Resonant Capacitor Voltage Clamping Technique

As discussed in Section 2.5, the resonant capacitor clamping circuit presented in [107],

as illustrated in Fig. 2.13, causes unavoidable circulating currents between the resonant tank

and the input filter for phase shift modulation controlled SRC, as analyzed in Section 3.2.3.

On the other hand, for the SRC with constant current input, the voltage across the resonant

capacitor is higher than the input voltage for certain load range as presented in Section 3.2.2,

which means that the protection approach shown in Fig. 2.13 cannot be used since it alters

the steady state operation.

The proposed protection circuit is illustrated in the dashed blue box in Fig. 6.7. As

shown in Fig. 6.7, the resonant capacitor voltage is clamped to the voltage of a floating

capacitor C, which holds the peak voltage across the resonant capacitor regardless of the

relation between the resonant capacitor voltage and the input voltage. In Fig. 6.7, R is

a bleed resistor in parallel with the floating capacitor C'. During steady state, since the

floating capacitor holds the resonant capacitor peak voltage, no current flows through the

clamping diodes (D3 — Dg) expect for a small current to feed the bleed resistor R.

For the SRC without a protection circuit, the energy stored in the input capacitor Cj,
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Fig. 6.7: The proposed protection circuit for clamping the resonant capacitor voltage of the
SRC with constant input current.

is transferred to the resonant tank during an output short circuit fault transient. With
the protection circuit shown in Fig. 6.7, the energy stored in the input capacitor Cj, is
transferred to the resonant tank and the floating capacitor C. In this case, during fault
transients, the voltage across the resonant capacitor can be well limited to protect the
converter.

The energy stored on a capacitor is calculated from
L

Hence the energy stored in those three capacitors before the fault happens can be expressed
as

1
ECin = 5 Can2

wm?

(6.2)
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1

ECT = 507“/7‘27 (63)
1

Ec = 5CVCZ, (6.4)

where Vj, is the dc input voltage, V¢, is the peak voltage of the resonant capacitor Cy,
and V¢ is the peak voltage of the floating capacitor C, which equals to V..

From (6.3)-(6.4), the total energy stored on resonant capacitor C, and the floating
capacitor C is

1
Eg, + Ec = 5(Cr + )V, (6.5)

During an output short circuit fault transient, the energy stored in the input capacitor
Cin is transferred to the resonant tank and the floating capacitor C'. Hence, the total energy

Eioia1 stored on C,. and C becomes
1 2, 1 2
Eiotal = Ec, + Ec + Ec,, = 5(07“ + )V + 5 CinVin- (6.6)

With the energy transferred from the input capacitor Cj,, the voltage across the reso-

nant capacitor and floating capacitor increases by

CinV2
AV =[V3 + & Ve (6.7)

From (6.7), the floating capacitor required for limiting the voltage across the resonant

capacitor to a certain voltage increment AV can be derived as

CinViy,
= Worave_vz o (6:8)

6.5.2 Additional Techniques
For output short-circuit fault, the resulting large surge output current may damage the

current sensing circuit if resistive current sensing is employed. From reliability aspect, it is
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Fig. 6.8: The proposed protection circuit for output current limiting of the SRC with
constant input current.

preferred to have an output current limiting circuit for protection, especially for low output
current, high output voltage applications. The proposed output current limiting circuit is
illustrated in the dotted red box in Fig. 6.8. In Fig. 6.8, () is a depletion type MOSFET
and 7y is the feedback resistor. As shown in Fig. 6.8, the negative voltage from r; is applied
to the gate terminal of () to control the equivalent resistance presented by (g, since Qg
operates in the linear region. The proposed current limiting circuit does not require any
active drive or auxiliary circuits. The current limiting circuit does introduce additional
power loss during the normal operation because of the low output current that flows the
high on-resistance of the depletion type MOSFET. In this work, the current limiting circuit
introduces an additional 20 (Q resistance that consumes 2 W during normal operation, which
is negligible compared with 1 kW output power.

For the dc current distribution system, the module that has fault needs to be bypassed

in order to keep the rest of the system operating. As discussed earlier, the capacitance of the
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submarine cable is significantly high due to its parameters and length. Since the modules
are connected in series, bypass of one module means discharging the cable capacitance in
its forward current path. In this case, uncontrolled cable discharging may result in large
current through other SRC modules in the system, and finally cause the entire system
shutdown. To guarantee the normal operation of the complete system, a two-level fault
response strategy is proposed in this work. The first level is to disable the gate signals
of the primary switches, and the second level is to use the bypass branch to control the

discharging of the cable to make sure that the distribution current stay within the range.

6.6 FPGA Implementation

An FPGA based controller for the SRC with constant input current has been developed
based on the control analysis and design from previous sections. Implemented on a Xilinx
SPARTAN-6 FPGA device and coded in Verilog Hardware Design Language (Verilog HDL),
the controller implements a number of control functions to achieve a stable and reliable
behavior. The FPGA used has a 100 MHz system clock which is increased to 300 MHz
using a clock manager PLL. The converter switching frequency is set by stepping down the
300 MHz clock to 250 kHz, and allows for 11 bit resolution for the phase shift modulation.
The 3.3 ns timing resolution when using the 300 MHz clock with 11 bit phase shift resolution
means that a maximum error of 0.083% is introduced into phase control angles by the phase
shift modulator. All sensing are done with 12 bits of precision and internal computations

on sensed variables are performed with 12 bit resolution.

6.6.1 System Startup and Shutdown

The block diagram of the startup and shutdown module implemented in the FPGA
is illustrated in Fig. 6.9. In Fig. 6.9, the blue signals are the input signals to the module,
the green signals are the output signals to other modules, and the light blue ones are the
internal signals and registers. The module is driven by a ramp clock generated from the
300 MHz clock. The ramping speed is determined by both the ramp clock and the ramp

step.
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Fig. 6.9: Block diagram of startup and shutdown module implementation.

6.6.2 Integral Controller Design

The digital integral controller used for output current regulation of the SRC with
constant dc input current is implemented as a direct form I controller as shown in Fig. 6.10.
The sensed output current is subtracted from the reference current to get the signed error
signal. A signed multiplier with two twelve bit inputs is used ot multiply the controller
error signal by gain K,. The resulting 24 bit number is extended with 12 bits of zeros
and then shifted by K bits in order to complete the full gain multiplication. This result
is then downsized with saturation to 24 bits before summed with the previous state. This
summation is done by extending each input by a single bit, and saturating the result back
down to 24 bits. This result is stored as the previous state every switching clock cycle, and
is threshold limited to 367. The upper 12 bits of this result is then subtracted from 599,

which means 180° phase shift. The result is then used as the new command variable which
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is connected to the PWM generation module in order to generate new phase shift angles

for the SRC.

6.6.3 Implementation of Synchronous Rectification

For the secondary bridge in the SRC, diodes are generally used as the switching devices
to reduce the control complexity and obtain unity power factor operation. However, diodes
gives higher conduction loss in most of the applications compared with the scenario with
MOSFETSs, because of the forward voltage drop. In order to have lower loss and keep the
unity power factor operation feature, MOSFETs are generally used in the secondary H-
bridge and synchronous rectification (SR) technique is applied. The first step of the SR is
to generate a square waveform signal from the transformer secondary current based on its
polarity. The generated square waveform is sent to FPGA, where the SR module generates
the gate signals with certain deadtime based on the input square waveform signal.

This section presents the implementation of the synchronous rectification in the FPGA
by using case statements. The SR signal has two states, 0 and 1, which means that 1 bit
is required to represent its state. In order to generate deadtime, timers are needed for the
on-time and off-time duration timing. The different states of the on-timer and off-timer for
250 kHz operation with 300 MHz clock signal and maximum 100 ns deadtime are tabulated
in TABLE 6.1. From TABLE 6.1, it can be seen that the on-timer and off-timer has 4
states, respectively. In hence, 2 bits are required to represent the on-timer states, and 2
bits are required to represent the off-timer states. As a result, a 5 bits register is required
to represent all the possible combinations of the SR signal, on-timer and off-timer state for
the SR implementation.

With the 5 bits register, 32 possible states are there. For the SR implementation in
the FPGA, the next step is to list out the actions for each state. Several different states
may end up with the same actions. A set of if statements are used to generate the state for
case statement based on status of the SR signal, and value of the on-timer and off-timer
as illustrated in Fig. 6.11. Based on the generated state, case statements are employed to

implement the SR function as shown in Fig 6.12.
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Fig. 6.10: Direct Form I implementation of the output current feedback controller in FPGA.

Table 6.1: STATES OF THE ON-TIMER AND OFF-TIMER FOR SR

States ‘ On-timer ‘ Off-timer

1 On-timer=0 Off-timer=0

2 0<On-timer<540 0<Off-timer<540
3 540<On-timer<660 | 540<Off-timer<660
4 On-timer>660 Off-timer>660

State[4] <= SR_In;

if (off _timer == 10'd0) State[3:2] <= 2'b00;

if ((off_timer > 10'd0) && (off timer < 10'd540)) State[3:2] <= 2'b01;

if ((off_timer >= 10'd540) && (off_timer <= 10'd660)) State[3:2] <= 2'b10;
if (off timer > 10'd660) State[3:2] <= 2'b11;

if (on__timer == 10'd0) State[1:0] <= 2'b00;

if ((on__timer > 10'd0) && (on_ timer < 10'd540)) State[1:0] <= 2'b01;

if ((on__timer >= 10'd540) && (on__timer <= 10'd660)) State[1:0] <= 2'b10;
if (on_ timer > 10'd660) State[1:0] <= 2'b11;

Fig. 6.11: If statements used to generate the state for case statements based on status of
the SR signal, and value of the on-timer and off-timer.

6.6.4 Protection Implementation

The SRC has two levels of protections, which are hardware protection and software
protection. For the hardware protection, the fault signals are generated by the comparators
on the PCB board. The fault signals include input over-voltage, input over-current, output
over-voltage and output over-current. The two input fault signals are used to generate one
primary fault signal using AND logic gate, as well as the two output fault signals. The
primary and secondary fault signals are then taken to the FPGA. In the FPGA, the fault
signals are filtered and then latched. Only the fault signals that last longer than 2 us are

considered as a real fault. The software protection is implemented in the FPGA based on
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always @ (posedge clk) begin
case (State)
5'b00000,5'b00001,5'b01000,5'b01001: begin
on_ timer <= on__timer +41;
out_ HI <= 1'b1;
off timer <= 10'd0;
end
5'b00010,5'b01010: begin
on_ timer <= on_ timer +1;
out_ HI <= 1'b0;
off timer <= 10'd0;
end
5'b00011,5'b01011: begin
out_ HI <= 1'b0;
off _timer <= 10'd0;
end
5'b00100,5'b00101,5'b00110,5'Hb01101,5'b01110: begin
on_ timer <= on__timer +1;
out__HI <= 1'b0;
off timer <= 10'd1;
end
5'00111,5'b01111: begin
out_ HI <= 1'b0;
off timer <= 10'd1;
end
5'110000,5'b10100,5'b10010,5'b10110: begin
off timer <= off timer +1;
out_ LO <= 1'bl;
on_ timer <= 10'd0;
end
5'11000,5'b11010: begin
off timer <= off timer +1;
out_ LO <= 1'b0;
on_ timer <= 10'd0;
end
5'b11100,5'b11110: begin
out_ LO <= 1'b0;
on_ timer <= 10'd0;
end
5'b10001,5'b10101,5'b11001,5'b10011,5'b10111,5'b11011: begin
off timer <= off timer +1;
out_ LO <= 1'b0;
on_ timer <= 10'd1;
end
5'11100,5'b11110: begin
out_ LO <= 1'b0;
on_ timer <= 10'd1;
end
endcase

Fig. 6.12: Case statements coded to implement the SR function.



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

130

the ADC readings. The fault response is only triggered when ten continuous ADC readings
are higher than the protection threshold.

After a fault is detected, the gate signals to the four switches in the primary H-bridge
are disabled, and the current reference of the bypass branch is set to control the discharging
of the cable to make sure that the distribution current stay within the range to maintain
normal operation of the entire system. The fault response part is implemented in the FPGA
through hardwired networks, which means that it barely have delay, and can have very quick

response to the faults.

6.7 Summary

This chapter investigates the design and implementation of control and protection for
both the SRCs with constant input current and the entire system. The control strategy
and controller design for the SRC are presented based on the analysis shown in Section 5.1
and 5.4, with a focus on the stability of the dc current distribution system. On top of
that, the design and output impedance requirements of the shore-based dc current power
supply are discussed based on the analysis presented in Section 5.5. The operation of
a dc current distribution system, including startup and normal shutdown sequences, is
studied and discussed for normal operation of the system. Different protection techniques
are presented and implemented to protect the SRCs, and to increase the reliability of the
SRCs. All the control and protection presented in this work are implemented on a Xilinx
SPARTAN-6 FPGA device, the implementation of which are described in detail in this

chapter.
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CHAPTER 7
SIMULATION AND EXPERIMENTAL RESULTS

This chapter presents simulation results, prototype hardware designs and experimental
results to validate the proposed analysis, design, modeling, control and protection of the
SRCs with dc constant input current for dc current power distribution applications.

Section 7.1 presents the hardware prototypes and experimental results to verify the
analysis and design of an SRC with dc constant niput current. A 400 kHz, 500 W hardware
prototype of the SRC with non-zero minimum output power has been built and tested to
validate the output characteristics of the converter. A 250 kHz, 1 kW SRC prototype with
1 A input current, 0.33 A output current and natural current source behavior has been de-
veloped to demonstrate the proposed design and analysis. In addition, LTSpice simulation
results have been used to validate the experimental measurements based high voltage trans-
former model. Hardware experiments have also been conducted on the prototype to verify
the proposed design optimization of the SRC. In Section 7.2, simulation results based on
the Matlab/PLECS full switching level simulation by using white noise injection technique
are provided to verify the expressions derived from the small signal modeling of the SRC,
for both constant voltage input and constant scenarios. Section 7.3 presents the developed
cable emulator and hardware results to demonstrate the proposed stability analysis and
control design for the dc current distribution system. The cable emulator that has been
built is used to emulate a 100 km submarine cable. Section 2.5 provides the experimental
results conducted on a scaled down version of the dc current distribution system that has
been developed with the cable emulators and the SRC prototypes to show the proposed
system operation and SRC protection techniques. The chapter summary is given in Sec-

tion 7.5.
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7.1 Design of the SRC with Constant Input Current

7.1.1 The SRC with Non-Zero Minimum Output Power

A 400 kHz, 450 W SRC with a 1 A constant input current and 330 mA output current
has been built with the parameters listed in TABLE 3.4. Phase-shift modulation is employed
as the driving scheme for the SRC. The SiC MOSFETs are driven by transformer isolated
gate drivers with +18V/-5V pulses and 100 ns dead-band between top and bottom gate
pulses of the same leg.

The hardware setup of the SRC is shown in Fig. 7.1. With 1 A input current, 85° phase
shift and 4120 © load resistance (full load), the SRC provides an output power of 450 W at
330 mA output current with an efficiency of 95%. The oscilloscope waveforms of the signals
in the converter at this operating point are shown in Fig. 7.2. The loss distribution in the
converter under this operating condition is plotted in Fig. 7.3. Zero voltage switching (ZVS)
of the MOSFETs in the primary bridge is implemented through passive ZVS assistance with
an inductor of 40 pH. The detailed analysis on ZVS can be found in [125]. In Fig. 7.3, the
MOSFETs are the primary bridge MOSFETs, while the diodes are the secondary voltage
doubler diodes.

In order to demonstrate the feasibility of the designed converter, hardware experiments
are conducted on the designed SRC with 1 A input current and 4120 € load resistance to
regulate the output current. The theoretical and experimental results of output current
versus phase shift angle with 1 A input current and 4120 €2 load resistance are illustrated
in Fig. 7.4. From Fig. 7.4, the experimental results verify the theoretical results and the
steady state analysis presented in Section 3.1.1.

Hardware experiments are also conducted for load resistance variation with 1 A input
current and fixed phase shift angle of 180° in order to validate that the output power
decreases while the load resistance decreases if the load resistance Rj,.q is greater than
% |F — %|, and output power increases while the load resistance decreases if Rjyqq is less
than %\F — % . The comparison of analytical and experimental results of output power

versus load resistance with 1 A input current and 180° phase shift are shown in Fig. 7.5.
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Fig. 7.2: Oscilloscope waveforms of the signals in the converter at nominal operating point.
The green trace (CH4) is the output current, the purple trace (CH3) is the output voltage,
the light blue trace (CH2) is the active full bridge output voltage, and the blue trace (CH1)

is the resonant inductor current.

The experimental efficiency of the SRC with 1 A input current and 330 mA regulated

output current at different loads is presented in Fig. 7.6, where it has an efficiency of 95%

at full load and an efficiency of 83% at 50 W load (11% load).

In order to validate the green solid rectangular region of the design depicted in Fig. 3.16,

experiments were conducted at each of the design corners. The oscilloscope waveforms of the
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Fig. 7.4: Analytical and experimental results of output current versus phase shift angle with
1 A input current and 4120 2 load resistance (full load).

signals in the converter at the corners are shown in Fig. 7.7. From Fig. 7.7, it can be seen that
the minimum output current of the SRC is lower than 0.33 A, and the resonant capacitor
voltage is lower than 600 V, with 450 2 minimum load resistance and +5% variation in the

values of resonant components, which matches the design goals from Fig. 3.16.
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Fig. 7.5: Analytical and experimental results of output power versus load resistance with
1 A input current and 180° phase shift.
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Fig. 7.6: Experimental results of converter efficiency versus output power with 330 mA

regulated output current.

7.1.2 Validation of the High Voltage Transformer Model
To verify the high voltage transformer model presented in Section 3.5, LTSpice is

employed to run simulations with the parameters listed in TABLE 3.3. The comparison
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Fig. 7.7: Oscilloscope waveforms of the signals in the converter at the corners of Fig. 3.16
design. (a) Operating at the right corner, (b) operating at the left corner. The green trace
(CH4) is the output current, the purple trace (CH3) is the resonant capacitor voltage, the
light blue trace (CH2) is the active full bridge output voltage, and the blue trace (CH1) is
the resonant inductor current.

between the hardware results and simulation results are illustrated in Fig. 7.8. In these
experiments, the transformer is driven by a 100 V, 400 kHz square waveform on the primary
side, or equivalently by a 200 V, 400 kHz square waveform on the secondary side.

In Fig. 7.8, (a) presents the comparison between the hardware results and simulation
results of driving from primary side, while (b) illustrates the comparison of driving from
secondary side. From Fig. 7.8, it can be seen that the simulation results match the hardware
result pretty well, which validates the high voltage transformer model.

In order to verify the model, LT Spice simulations are run for the whole SRC system with

the transformer model included. The primary bridge output voltage and resonant current
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Fig. 7.8: Comparison between the hardware results and simulation results of the high voltage
transformer model. (a) The transformer is driven by a 100 V, 400 kHz square waveform on
the primary side. (b) The transformer is driven by a 200 V, 400 kHz square waveform on
the secondary side.

waveforms are compared between hardware and simulation results. For the comparison,
the conditions are: L, is 60 pyH, C,. is 1.6 nF, f; is 400 kHz, phase angle is 85°, output
current is 0.33 A, load resistance is 4125 2, output power is 500 W, the ZVS inductor for
leg A is 38 pH, and without ZVS inductor for leg B. The comparison between hardware
and simulation results are illustrated in Fig. 7.9.

In Fig. 7.9, the top figure is the primary bridge output voltage, while the bottom figure

is the resonant inductor current. The deviation in the bridge output voltage is introduced
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Fig. 7.9: Comparison of simulation and hardware results of the SRC operating at 400 kHz,
1 A input current, 0.33 A output current, and 500 W output power.

by different ZVS behaviors in the hardware and simulation. In the simulation, the model of
switching devices are not for the ones used in the hardware. From the bottom figure, it can
be seen that the resonant inductor current simulated from the model matches the hardware

result well.

7.1.3 Design Optimization of the SRC

The waveforms of the converter operating at f;=f,=380 kHz is shown in Fig. 7.10. It
can be seen that the resonant tank current leads the H-bridge output voltage, as predicted
in Fig. 3.24. The waveforms of the converter operating at f;=f,=250 kHz are shown in
Fig. 7.11, where it can be seen that the resonant tank current is almost in phase with the
H-bridge output voltage, as designed.

The experimental measured ratio between resonant tank rms current and input dc
current versus load resistance for 380 kHz and 250 kHz switching frequency are illustrated
in Fig. 7.12. From Fig. 7.12, it can be seen that the ratio is approximately constant over
the entire load range for 250 kHz operation, while there is a large variation for 380 kHz
operation. Compared with 380 kHz operation, 250 kHz operation has lower tank rms current

for the same input and output operating conditions.
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Fig. 7.10: Experimental waveform at f;=f,=380 kHz. From top to bottom: H-bridge output
voltage, resonant tank current and resonant capacitor voltage.
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Fig. 7.11: Experimental waveform at f;=f,=250 kHz. From top to bottom: H-bridge output
voltage, resonant tank current and resonant capacitor voltage.

7.1.4 The SRC with Natural Current Source Behavior

A laboratory prototype of the SRC with 1 A constant input current, regulated 0.33 A
output current, 1 kW full output power and the parameters listed in TABLE 3.5 has been
built and tested. The photograph of the hardware prototype is illustrated in Fig. 7.13.
Passive ZVS assistance technique with a 120 pH inductor is employed to archive ZVS
operation for the SRC. The SRC has an efficiency of 94% at 1 kW output power and 0.33 A

regulated output current.
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Transformer

Fig. 7.13: Photograph of the 1 kW SRC prototype.

With 1 A input current, 180° phase shift and short circuit output, the SRC provides
an output current of 0.258 A with 1.5 A resonant inductor peak current and 430 V resonant
capacitor peak voltage. The oscilloscope waveforms of the signals in the converter are shown
in Fig. 7.14(a). With 1 A input current, 180° phase shift and half load resistance, the SRC
provides an output current of 0.242 A with 1.6 A resonant inductor peak current and 470 V
resonant capacitor peak voltage. The oscilloscope waveforms of the signals in the converter

are shown in Fig. 7.14(b). Under the above operating conditions, according to (3.97) and
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Fig. 7.14: Oscilloscope waveforms of the signals in the converter. (a) 1 A input current, 180°
phase shift, short circuit load. (b) 1 A input current, 180° phase shift, half load resistance
load. The blue trace (CH1) is the resonant current, the light blue trace (CH2) is the primary
side bridge output voltage, and the purple trace (CH3) is the resonant capacitor voltage.

(3.98), the theoretical resonant inductor peak current is constant 1.57 A and the resonant
capacitor peak voltage is constant at 397 V. From Fig. 7.14, the resonant inductor current
and resonant capacitor voltage amplitudes are seen to be approximately constant over the
full load range, in agreement with the theoretical results. The slight increase is due to the
decrease of the quality factor @ while the load increases from short circuit to full load, which
results in higher harmonic components in the resonant tank waveforms. The oscilloscope
waveforms of the signals in the converter at full load operating point (0.33 A output current,
1 kW output power) are illustrated in Fig. 7.15.

The open-loop output characteristics of the SRC with 180° phase shift and regulated

output characteristics are illustrated in Fig. 7.16. The load is varied from short circuit
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Fig. 7.15: Oscilloscope waveforms of the signals in the converter at full load. The yellow
trace (CH1) is the gate to source voltage of Leg A top MOSFET, the light blue trace (CH2)
is the switch node voltage of Leg A, the purple trace (CH3) is the resonant inductor current,
and the green trace (CH4) is the ZVS inductor current.
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Fig. 7.16: Output characteristics of the SRC prototype.
Regulated: phase shift angle ranges from 109° (short circuit) to 79° (full load).

Load resistance [k€2]

Open-loop: 180° phase shift.

to full load. In open-loop operation, compared with analytical results 0.25 A, the output

current is seen to be approximately constant at 0.25 A. From Fig. 7.16, it can be seen that

the output current is independent from the load resistance, which validates the analysis
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Fig. 7.17: Efficiency of the SRC prototype with 1 A input current and 0.33 A regulated
output current from short circuit to full load (1 kW).

and design proposed in Section 3.4.2 and 3.7.2. The slight droop in the characteristics is
due to the increase in losses in the input bridge, resonant tank and transformer. For the
regulated operation, phase shift modulation control is applied, and the output current can
be regulated to 0.33 A with 109° to 79° range of phase shift angle for the load varying from
short circuit to full load.

The measured experimental efficiency versus output power for the load varies from
short circuit (0 W) to full load (1 kW) is shown in Fig. 7.17. From Fig. 7.17, one can see
that the SRC has an efficiency of 94% at full load, an efficiency of over 90% for the load

range of 5:1 and an efficiency of over 80% for the load range of 20:1.

7.2 Modeling of the SRC

In order to verify the small signal models and transfer functions derived in Chapter 4,
simulations are run for an SRC with constant voltage input and an SRC with constant
current input. For the simulations, the white noise injection technique combined with
Matlab/PLECS switching level simulation are used to generate the transfer functions.

In the simulation, the Band-Limited White Noise block is used for the white noise
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injection. The sample time of the block is set to be 4 us. The To Workspace block is used
to sample the injection and the output response in the simulations. The sample time of
the To Workspace block is 4 us. The sampled input and output data is then analyzed in
Matlab to generate the transfer functions.

First, a Matlab function “iddata(y,u,Ts)” is used to combine the sampled input and
output data together and generates an iddata object. The “iddata(y,u,Ts)” function creates
an iddata object containing a time-domain output signal y and input signal u, respectively.
T specifies the sample time of the experimental data. Then, the generated iddata object is
sent to Matlab function “ssest(data)” to estimate the state-space model. The “ssest(data)”
function estimates a state-space model using time- or frequency- domain data, “data”. Fi-
nally, the estimated state-space model is sent to “tf(sys)” function to get its transfer function
form. The “tf(sys)” function creates transfer function model, or converts the state-space
models to transfer function form. The generated transfer function is then compared with

the theoretical result.

7.2.1 Small Signal Model of SRC with Constant Input Voltage

For the SRC with constant voltage input, it operates at a steady state with 250 kHz
switching frequency, 500 V input voltage, 120° phase shift angle and 1000 €2 load resistance.
The white noise was injected to the input voltage and phase shift angle, respectively, to
verify the derived transfer functions.

Based on the injection to the control phase shift angle «, the transfer functions from
control to output current and input current can be measured. The analytical and simulated
results of control to output current transfer functions are shown in Fig. 7.18, while the results
of control to input current transfer functions are shown in Fig. 7.19. With the injection to the
input voltage, the transfer function from input voltage to output current and input current
for the SRC with constant voltage input can be measured. The analytical and simulated
results of input voltage to output current transfer functions are shown in Fig. 7.20, while
the results of input voltage to input current transfer functions are presented in Fig. 7.21.

From Fig. 7.18, Fig. 7.19, Fig. 7.20 and Fig. 7.21, it can be seen that the theoretical
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Fig. 7.18: Theoretical and simulated control to output current transfer function of SRC
with constant voltage input and a=120°.
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Fig. 7.19: Theoretical and simulated control to input current transfer function of SRC with
constant voltage input and a=120°.

transfer functions match the measured transfer functions through simulation pretty well,

for the SRC with constant voltage input.

7.2.2 Small Signal Model of SRC with Constant Input Current
For the SRC with constant current input, the SRC operates at a steady state with 1 A
input current, 107° phase shift angle and 0.33 A output current.

Based on the injection to the control phase shift angle «, the transfer functions from
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SRC with constant voltage input and a=120°.
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Fig. 7.21: Theoretical and simulated input voltage to input current transfer function of
SRC with constant voltage input and a=120°.

control to output current and input voltage can be measured for the SRC with constant
input current. The analytical and simulated results of control to output current transfer
functions are shown in Fig. 7.22, while the results of control to input voltage transfer
functions are shown in Fig. 7.23.

With the injection to the input current, the transfer function from input current to

output current and the input impedance for the SRC with constant current input can
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Fig. 7.22: Theoretical and simulated control to output current transfer function of SRC
with 1 A constant current input, «=107° and 0.33 A output current.
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Fig. 7.23: Theoretical and simulated control to input voltage transfer function of SRC with
1 A constant current input, a=107° and 0.33 A output current.

be measured. The analytical and simulated results of control to output current transfer
functions are shown in Fig. 7.24, while the results of input impedances are illustrated in
Fig. 7.25.

From Fig. 7.22, Fig. 7.23, Fig. 7.24 and Fig. 7.25, it can be seen that the theoretical
transfer functions and input impedance expression have a good match with the measured

transfer functions and input impedance through simulation, for the SRC with constant
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Fig. 7.24: Theoretical and simulated input current to output current transfer function of
SRC with 1 A constant current input, «=107° and 0.33 A output current.
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current input.

7.3 System Stability Analysis and Control

In order to validate the stability analysis and controller design considerations proposed

in this dissertation, a 5 7w-sections based cable emulator has been built to emulate the 100 km
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submarine cable, and a 500 W SRC hardware prototype with 1 A input current and 0.33 A

regulated output current has been built for the system demonstration.

7.3.1 Cable Modeling

The hardware photo of the developed cable emulator is shown in Fig. 7.26. The param-
eters of the cable are listed in TABLE 5.1. The impedance of the cable emulator is measured
by the LCR meter Hioki IM3536. The measured and simulated impedance of the 100 km
cable are illustrated in Fig. 7.27 and Fig. 7.28, where Fig. 7.27 is the cable impedance with
the other terminal open, and Fig. 7.28 is the cable impedance with the other terminal short
to ground. From Fig. 7.27 and Fig. 7.28, it can be seen that the developed cable emulator

match the simulation results pretty well.

7.3.2 System with Two SRCs

As the first step, experiments are conducted in order to validate that the SRC module
is stable individually. The SRC module is a 100 kHz, 500 W SRC with 1:1 transformer
turns ratio, 200 pH resonant inductor, 34 nF resonant capacitor, 1 A input current and
regulated output current. An integral type controller is employed to control the output
current of the SRC, as illustrated in Fig. 6.1. The controller has been designed to have a
bandwidth of 10 Hz, and digitally implemented using a Xilinx VIRTEX 5 FPGA.

Figure 7.29 shows the waveforms for the reference step down from 0.33 A to 0.2 A,
where the blue trace (CH1) is the output current of the SRC module, the pink trace (CH3)
is the input voltage and the green trace (CH4) is the output voltage. The load resistance
used in this experiment is 1 k(2.

Figure 7.30 illustrates the hardware results for the load resistance step up from 700 2
to 1 kQ, where the blue trace (CH1) is the output current of the SRC module, the pink
trace (CH3) is the input voltage and the green trace (CH4) is the output voltage. The
output current reference used in this test is 0.33 A.

From Fig. 7.29 and Fig. 7.30, the hardware results validate that the SRC module is

stable individually by using the controller which has a crossover frequency lower than the
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Fig. 7.27: The measured and simulated impedance of the 100 km cable emulator with the
other terminal open.

source controller bandwidth.

The scenario investigated in this dissertation is constant current dc distribution in
undersea applications with a single shore-based source and multiple loads distributed along
the cable, as illustrated in Fig. 1.7. The hardware experiments are conducted to validate

the proposed control approach on a system consisting of two 500 W SRC modules connected
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Fig. 7.28: The measured and simulated impedance of the 100 km cable emulator with the
other terminal short to ground.
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Fig. 7.29: Reference step down transition. From top to bottom are output current, output
voltage and input voltage of the SRC module.

in series and fed with 1 A constant input current. The parameters of the SRC modules and
details of the controller are listed above.

The experimental results are shown in Figs. 7.31-7.34, where the blue trace (CH1) is
output current of SRC #1, the light blue trace (CH2) is input voltage of SRC #1, the pink
trace (CH3) is output current of SRC #2 and the green trace (CH4) is input voltage of
SRC #2.
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Fig. 7.31: Reference step up transients on SRC #1. From top to bottom are output current
of SRC #1, input voltage of SRC #1, output current of SRC #2, and input voltage of SRC
#2.

First, the system response for output current reference step change on SRC #1 is
demonstrated. Fig. 7.31 shows the results for current reference of SRC #1 stepped up from
0.2 A to 0.33 A, while Fig. 7.32 shows the system response for current reference of SRC
#1 stepped down from 0.33 A to 0.2 A. The load resistance for both SRC modules is 1 k{2
during this experiment. The output current reference of SRC #2 is set to be 0.2 A in
order to show the capability of regulating the output current to different values for different

modules.
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Fig. 7.32: Reference step down transients on SRC #1. From top to bottom are output
current of SRC #1, input voltage of SRC #1, output current of SRC #2, and input voltage
of SRC #2.
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Fig. 7.33: Load step up transients on SRC #1. From top to bottom are output current of
SRC #1, input voltage of SRC #1, output current of SRC #2, and input voltage of SRC
#2.

Then, the experimental results for load step change on SRC #1 are shown. Fig. 7.33
shows the system response for SRC #1’s load resistance stepped up from 700 € to 1 k€2,
while Fig. 7.34 shows the experimental results for SRC #1’s load resistance stepped down
from 1 kQ to 700 Q. The load resistance for SRC #2 is 1 k2 during this test. The output
current reference of SRC #1 is set to be 0.33 A, and the output current reference of SRC

#2 is set to be 0.2A, for the same reason mentioned earlier .
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Fig. 7.34: Load step down transients on SRC #1. From top to bottom are output current
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49,

From Fig. 7.31-7.34, it can be seen that the transient on SRC #1 introduces a small
disturbance on SRC #2, which is expected since the current source is not ideal. The
hardware results validated the control strategy proposed in this paper, which is that the
SRC modules are controlled independently with no communications required among them,

by having a controller crossover frequency lower than the source controller bandwidth.

7.3.3 System with One Cable and One SRC

The system architecture for the experiments is shown in Fig. 5.12, with the cable
emulator illustrated in Fig. 7.26 and the SRC prototype shown in Fig. 7.13.

Hardware experiments are conducted on the system with the three different controller
designs presented earlier to validate the proposed analysis and design considerations. The
experimental results are shown in Fig. 7.35-7.37. In Fig. 7.35-7.37, the yellow trace (CH1) is
SRC input voltage, the light blue trace (CH2) is SRC output voltage, the pink trace (CH3)
is SRC input current, and the green trace (CH4) is SRC output current. From Fig. 7.35,
it can be seen that the system is stable with the output current reference step up from
0.325 A to 0.335 A. From Fig. 7.36, it can be seen that the system becomes marginally

stable when the output current reference step up from 0.33 A to 0.335 A. From Fig. 7.37,
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Fig. 7.35: Experimental results of reference step transient with the controller design 500/s,
current reference jumps from 0.325 A to 0.335 A.
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Fig. 7.36: Experimental results of reference step transient with the controller design 1000/s,
current reference jumps from 0.33 A to 0.335 A.

it can be seen that the system is stable with 0.33 A output current reference, however, the
system becomes unstable when the output current reference changes from 0.33 A to 0.335 A.

Hence, the experimental results validates the analysis and controller design considerations

presented in Section 5.4.
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Fig. 7.37: Experimental results of reference step transient with the controller design 1033 /s,
current reference jumps from 0.33 A to 0.335 A.

Table 7.1: PARAMETERS OF THE SYSTEM

L, [uH] 174.2
C, [nF| 2.33
Cin [uF] 4
f, [kHz] 250
Main MOSFETS (SiC) | C2M1000170D
Gate driver IXDN609YT
Bypass MOSFET IXTH2N170D2
Floating capacitor C [uF] 1
Bleed resistor R [M(] 1

7.4 System Operation and Protection

A scaled down version of the dc current distribution system for subsea application was
built in the lab, which consists of two 100 km cable emulators and two 1 kW SRCs with
1 A input current and 0.33 A regulated output current. The parameters of the SRC are
tabulated in TABLE 7.1. The photo of the cable emulator is shown in Fig. 7.26, while the

photo of the developed SRC is shown in Fig. 7.13.

7.4.1 Operational Study Results

Hardware experiments including system startup, normal operation and shutdown were
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conducted on the demo system to validate the proposed analysis and control strategies. The
oscilloscope waveforms of the signals in the two SRCs are illustrated in Fig. 7.38, where CH1
is the input voltage of SRC #1, CH2 is the input voltage of SRC #2, CH3 is the output
current of SRC #1 and CHA4 is the output current of SRC #2. From Fig. 7.38, two steps
can be clearly seen for startup. One step is the bypass branch releasing the cable current
to SRC with open loop mode, and the other step is the SRC operates in closed loop mode

with full input current.

7.4.2 Protection

The normal operation of the SRC with proposed protection circuit is demonstrated to
verify the presented analysis and design. The SRC operates at 500 W output power with
1 A input current and 0.33 A regulated output current. The oscilloscope waveforms of the
signals in the SRC are shown in Fig. 7.39, where CH1 is the primary bridge output voltage,
CH2 is the voltage across the floating capacitor C';, CH3 is the voltage across the resonant
capacitor C, and CH4 is the resonant inductor current. From Fig. 7.39, it can be seen that
the floating capacitor C' holds the peak voltage of the resonant capacitor C) as expected.
With the proposed protection circuit, the SRC efficiency drops from 94.5% to 94.3% with
500 W output.

LTSpice simulations were run for normal operation and short-circuit fault cases to
validate the presented capacitive clamping circuit operation with the converter parameters
mentioned above. The results are shown in Fig. 7.40. From Fig. 7.40, it can be seen that
the resonant capacitor voltage is well clamped during the fault transient as expected.

The normal operation to open and short circuit faults of the SRC with proposed protec-
tion circuit are demonstrated to verify the presented analysis and design. The SRC operates
at 1k W output power with 1 A input current and 0.33 A regulated output current. The
output current limit is 1 A, while the maximum bypassing current is set to be 1.3 A. The
oscilloscope waveforms of the signals in the SRC are shown in Fig. 7.41 and Fig. 7.42. In
Fig. 7.41, CH1 is the trunk cable current, CH2 is the SRC input voltage, CH3 is the output

current and CH4 is the output voltage. In Fig. 7.42, CH1 is the SRC input voltage, CH2 is
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Fig. 7.38: Oscilloscope waveforms of the signals in the SRCs during startup, normal opera-
tion and shutdown. From top to bottom are the input voltage of SRC #1, output current
of SRC #1, input voltage of SRC #2 and output current of SRC #2.

2s/div

Q&) 400.0V/div 1MQ §y:20.0M

1.0ps/div 1.0GS/s 1.0ns/pt
@2 300.0vidiv 1MQ By:5.0M Stopped
@ 300.0Vidiv 1MQ By:5.0M 156 acqs RL:10.0k
@ 2.0A/div 1MQ By:20.0M Auto  July 10,2017 20:54:42

Value M Min L St Dev Count Info
@2 Mean  [5513v 553.07251  [550.5 [s57.7 [1.331 156.0
@I Max*  [5520V 55331969 [544.8 [s64.0 [s-161 lisso ||

Fig. 7.39: Oscilloscope waveforms of the signals in the SRC with protection circuit. From
top to bottom are the primary bridge output voltage, resonant inductor current, floating
capacitor voltage, resonant capacitor voltage.

the trunk cable current, CH3 is the output current and CH4 is the output voltage. From
Fig. 7.41 and Fig. 7.42, it can be seen that the SRC is well protected from both open and
short circuit faults, the output current is limited to 1 A during the fault transient, and the
input current is regulated to be 1.3 A during the fault response. The spikes in the results

are due to bouncing of the relay used to perform output short/open circuit tests.
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Fig. 7.40: Simulation results of normal operation to short-circuit fault transient.
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Fig. 7.41: Oscilloscope waveforms of the signals in the SRC during normal operation to
open circuit fault. From top to bottom are the trunk cable current, input voltage, output
current and output voltage.

7.4.3 Synchronous Rectification

The synchronous rectification is implemented on a Xilinx SPARTAN-6 FPGA device
for a 1 kW PRC with an input current of 1 A and an output voltage range of 24 V -
250 V. The photograph of the PRC hardware prototype is illustrated in Fig. 7.43, while

the parameters of the converter are tabulated in TABLE 7.2. In Fig. 7.43, the synchronous
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Fig. 7.42: Oscilloscope waveforms of the signals in the SRC during normal operation to
short circuit fault. From top to bottom are the input voltage, trunk cable current, output
current and output voltage.

Fig. 7.43: The photograph of the 1 kW PRC prototype.

rectification is implemented for the secondary H-bridge.

The waveforms of the signals in the PRC converter operating at 250 kHz, 1 A input
current, 250 V output voltage and 500 W output power is shown in Fig. 7.44. In Fig. 7.44,
the yellow trace (CH1) is the gate to source voltage of the secondary left leg top switch,
the light blue trace (CH2) is the primary bridge output voltage, the purple trace (CH3)
is the resonant capacitor voltage, and the green trace (CH4) is the resonant tank inductor

current. From Fig. 7.44, it can be seen that the gate to source voltage of the secondary left
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Table 7.2: PARAMETERS OF THE 1 kW PRC

Parameter ‘ Value
L, [pH] 423.4
C, nF] 23.5
Cout [NF] 2
fs [kHz] 250
Tin [A] 1
Vout [V] 24 - 250
P out [W] 50 - 1000
Ly [H] 10
Ly [1H] 100

Np:ni:ng:ng:ng | 16:0.56:1:1.8:3.23
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Mean

Max StDev  Count

t  Info

Value
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Fig. 7.44: Oscilloscope waveforms of the signals in the PRC operating at 1 A input current,
250 V output voltage and 500 W output power. The yellow trace (CH1) is the gate to
source voltage of the secondary left leg top switch, the light blue trace (CH2) is the primary
bridge output voltage, the purple trace (CH3) is the resonant capacitor voltage, and the
green trace (CH4) is the resonant tank inductor current.

leg top switch is high when the resonant capacitor voltage is positive, and is low when the

resonant capacitor voltage is negative, which demonstrates the synchronous rectification of

the secondary H-bridge.
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7.5 Summary

In this chapter, detailed experimental and simulation results and hardware design val-
idations are provided. The analysis and design of the SRC with constant input current are
demonstrated through two versions of the hardware prototypes, each of which corresponds
to a design example. The derived small signal model and transfer function expressions are
verified through simulations using white noise injection techniques. The system stability
analysis and control is demonstrated using a system consists of two SRCs, and a system
consists of one cable emulator and one SRC. The system operation and protection are also

validated for the scaled down dc current distribution system.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

The dc current distribution systems have been widely used in a variety of applications,
for both terrestrial and undersea scenarios. This dissertation focuses on analysis, design,
modeling, control and protection of the SRCs applied in the dc current distribution systems.
Compared with the dc voltage distribution systems, the dc current distribution systems have
not been well studied yet, which opens the door to new opportunities and researches. The dc
current distribution to series connected loads has been preferred for long distance and high
reliability systems for its robustness against cable impedance and cable faults, especially
for underwater applications where cost can be reduced by using sea water as the current
return instead of submarine cable. The design procedures, small signal models, stability
evaluation, control design, system operation and protection developed in this dissertation
can be applied to other dc current distribution systems with other different dc-dc converter
topologies. It has been demonstrated that the developed dc current distribution system
with SRC as the dc-dc converter has high efficiency, low EMI, good dynamic performance
and high reliability. In this chapter, the summary of contributions in this dissertation is
given in Section 8.1. The future work that can be used to extend the work presented in
this dissertation, and the new research topics and opportunities opened by the work done

in this dissertation are discussed in Section &.2.

8.1 Summary of Contributions

The work and results presented in this dissertation are summarized in this Section.

8.1.1 Owutput Characteristics Comparison of Resonant Converters with Con-
stant DC Input Current

The resonant converters can be good candidates of the dc-dc converters in dc current
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distribution systems, because of their high switching frequency, high power density, high
efficiency and low EMI. The output characteristics and design of the resonant converters
with constant dc voltage input have been well investigated in the literature, however, the
resonant converters have a constant dc current input when they are used in the dc current
distribution systems, and the behavior of the resonant converters with constant dc current
input have not been studied.

Output characteristics of four commonly used resonant converter topologies, which are
SRC, PRC, LCL resonant converter and DABSRC, were analyzed and compared based on
steady state analysis applying fundamental approximation. For the SRC, the converter has
a load independent output current behavior when operates at resonance, and can regulate
its output current with short circuit load. For the PRC, the output behaves as a load
independent natural voltage source when operates at resonance, which is a good candidate
for applications require regulated output voltage. For the LCL resonant converter, it can
be design to have a load independent current or a load independent voltage behavior at
its output depending on the operating points. For the DABSRC, the converter has a load
independent output voltage controlled by the three phase shift angles.

Based on the output characteristics presented in this dissertation, one can select the
resonant converter topology that works best for them based on the specifications of the
system or application. For the scenario investigated in this dissertation, the dc-dc converter
needs to draw power from the dc constant current input, and provide power to the load
with a regulated dc output current. Hence, the SRC, which can provide a load independent
output current while operating at resonance is chosen to be the converter topology in this

dissertation.

8.1.2 Analysis and Design Procedure of Series Resonant Converters with Con-
stant DC Input Current

One of the key findings in this dissertation is that, for an SRC with dc constant current

input, the output power cannot be controlled below a minimum value for either output

current or output voltage regulation when operates away from resonance, and behaves as a
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current source while operating at resonance. In such cases, traditional design considerations
originated from SRC with constant dc voltage input may result in a situation that a steady
state solution for the expected operating point does not exist.

The component stresses, including resonant inductor current, resonant capacitor dif-
ferential voltage, resonant capacitor terminal to ground voltage and power loss, in the SRC
are studied in detail with related design constrains derived. The output characteristics re-
lated design constrains are developed based on the in-depth output power analysis, current
gain analysis and current source behavior analysis. Based on the derived design constrains,
design procedures of an SRC with constant input current are developed for design with
non-zero minimum output power and design with current source behavior, respectively.

Because of the series connection of the converters in the dc current distribution systems,
the power transformer used in the converter has high voltage insulation requirement in
general. The design optimization procedure is developed to eliminate the effects introduced
by the parasitics in the high voltage transformer. Two design examples are presented by
applying the developed design procedures and optimizations for the SRC with dc constant

current input.

8.1.3 Small Signal Modeling of Series Resonant Converters with Constant DC
Input Current

Series resonant converters (SRCs) being deployed in dc current distribution systems
have constant input current, leading to variable input voltage. This results in significantly
different steady state and dynamic behavior in comparison with traditional constant input
voltage scenarios, and these differences and associated system design and stability challenges
have not been well studied in the literature.

This dissertation solves challenges in both the steady state operation and small signal
analysis of the SRC with constant input current introduced by the variable input voltage.
This dissertation develops and validates small signal models using dynamic phasor mod-
eling techniques for phase-shift modulated SRCs with constant input current and derives

explicit analytical expressions for all key transfer functions, including input impedance and
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control-to-output. The small signal models and transfer functions are suitable for feed-
back loop design, system stability evaluation and related design oriented analysis. The
models allow both steady state and small signal quantities to be derived without undue
complexity. In this dissertation, the following new contributions are provided. 1) Small
signal models are developed for SRCs with constant input current, representing an operat-
ing condition that has not been studied in the literature and could be easily extended to
other resonant topologies. 2) Explicit analytical expressions are provided for all key transfer
functions, including input impedance and control-to-output, offering valuable resources to

design feedback regulation and evaluate system stability.

8.1.4 Stability Analysis of DC Current Distribution Systems

The stability analysis and criterion presented in literature for the dc voltage distribu-
tion systems can not be applied to the dc current distribution systems directly because of
the different system architectures. First, the impedance based stability criterion for a dc
current distribution system is studied in this dissertation, where the minor loop gain is re-
defined. For a dc current distribution system that the cable impedance can be ignored, this
dissertation develops a control strategy that stable operation of the system and indepen-
dent regulation of the SRC output current are achieved through a low crossover frequency
controller with no communications required among modules.

For a dc current distribution system with long transmission cable, the cable impedance
cannot be ignored, or simply modeled as an inductor in series with a resistor. The model and
impedance expressions for long transmission cables are derived in this dissertation, which
are helpful for engineers and researchers to implement theoretical design and analysis. The
relationship between closed-loop and open-loop input impedances is also discussed in this
dissertation. Based on those theoretical expressions, this dissertation proposed stability
analysis and design considerations by looking at bode plots and Nyquist plots of the system
minor loop gain, which provides an accurate stability evaluation for the system. For a
current distribution system with long transmission cable involved, the stability of the system

is generally dominated by the impedance of the long transmission cable instead of the output



DocuSign Envelope |ID: 4933E4BB-A992-4COF-A067-E26289B337AA

167

impedance of the power source. A system containing one current source, one cable and one
load converter (SRC) is employed to demonstrate the proposed analysis and design. Further,
the proposed analysis and design are also extended to systems with multiple cables and load

converters.

8.1.5 Control Design and Protection

Based on the stability analysis, control strategy and controller design for the SRCs
in the dc current distribution systems is developed in this dissertation. For the SRC, the
controller design effects the closed-loop input impedance as presented in Section 5.3. With
the designed controller, the stability analysis presented in Section 5.4 can be employed to
evaluate the stability of the system accurately through Nyquist plot of the minor loop gain.
This dissertation also discusses design of the shore-based dc current power supply which
provides the regulated distribution current.

Protection techniques for an SRC operating as constant current input to constant cur-
rent output, which includes the resonant capacitor voltage clamping during fault transients,
the output current limiting during output short-circuit fault and the SRC module bypassing
when fault happens, are proposed in this dissertation. These techniques can easily be ex-
tended to other resonant converters and also dc voltage distribution systems. The proposed
protection circuit does not create additional circulating current during normal operation,
which means a high efficiency can be maintained. The operation strategy of the system is
presented in this dissertation allowing smooth and desired startup, normal operation and
shutdown of the entire dc current distribution system. The design and analysis are validated
through simulations and experimental results for a setup with two 100 km submarine cables
and two 250 kHz, 1 kW SRCs with 1 A input current and 0.33 A regulated output current.

The control and system operation strategy presented in this dissertation are all imple-
mented on a Xilinx SPARTAN-6 FPGA device and coded in Verilog HDL. The presented
FPGA implementation provides engineers and researchers an idea of how to implement
the startup and shutdown of a dc current distribution system, a integral controller design,

synchronous rectification and converter protections. The presented knowledge can be easily
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extended and applied to other FPGAs and programing languages.

8.2 Future Work

In additional to the design and control of the SRCs for dc¢ current distribution appli-
cations, further research directions and possible opportunities have been identified in the
process of finishing this dissertation. Those future research directions and possible oppor-

tunities are presented in this section with details.

8.2.1 Constant Current to Constant Voltage Output DC-DC Converter

The work presented in this dissertation is for output current regulated scenario, how-
ever, the output voltage of the dc-dc converter needs to be regulated for some dc current
distribution applications. The analysis presented in Section 3.1 can be extended to design
a dc-dc converter for this type of applications. Since the PRC with constant current in-
put provides load independent output voltage while operating at resonance, it is the good
candidate for these applications, which requires less control efforts and can regulates the
output voltage when the converter has open circuit load.

Initial results for a PRC with constant input current which provides a regulated output
voltage over wide load range were collected [126]. The circuit schematic of the PRC is
illustrated in Fig. 3.4, while the picture of the hardware prototype is shown in Fig. 8.1. The
parallel capacitor C), shown in Fig. 3.4 is placed on the secondary side of the transformer for
lower voltage stress. The PRC converter can be further designed to archive a wide range of
output voltage by using a transformer that has multiple secondary windings, having more
than one secondary bridges and certain configuration networks. For the secondary bridge,
instead of using diodes, MOSFETs can be used with synchronous rectification implemented

to reduce the conduction loss and increase the converter efficiency.

8.2.2 Wireless Power Transfer for Underwater Automatic Vehicles
The SRC topology presented in this dissertation can be extend to wireless power trans-

fer applications. As presented in Section 3.4.2, the ac resonant tank current is independent
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Fig. 8.1: Photo of the PRC hardware prototype.

from the load if the wireless power transfer primary coil is series compensated. The load
independent primary coil current is a preferred merit for the wireless power transfer since it
can decouple the primary side design and control and the secondary side design and control.
If a series-series compensation is used for the wireless power transfer system that is fed from
a dc constant current, the receiver side output voltage becomes load independent, which is
suitable for battery charging and other applications.

A hardware prototype of the wireless power transfer system has been built, and initial
tests were run to proof the concept. The circuit schematic of the system is shown in Fig. 8.2,
and the photo of the hardware prototype is presented in Fig. 8.3. As shown in Fig. 8.2,
the transformer T is used to pump up the primary coil current in order to generate strong
enough magnetic field when the dc distribution input current is low. The transformer 7). can
be eliminated if the dc distribution input current is high enough. The primary coil current
can be controlled using the phase shift modulation. The diode bridge on the receiver side

shown in Fig. 8.2 can be replaced by a H-bridge. With an active H-bridge, there are two
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Fig. 8.2: Circuit diagram of the constant voltage output wireless power transfer topology
fed from current distribution cable.

Fig. 8.3: Photo of the wireless power transfer hardware prototype.

possible control strategies. The first one is to run synchronous rectification, which means
that the active H-bridge is just used to reduce the conduction loss. The second one is
to have three phase shift angle control for the system, in which case bidirectional power
flow is possible as well. For three phase shift angle control, communication between the

transmitter (primary) and receiver is required.

8.2.3 Approaches for Achieving Wide Bandwidth Control
The control strategy presented in this dissertation can be further investigated based
on the stability analysis. The controller bandwidth of the SRC converter presented in this

dissertation is within hertz range, which is relatively low. The techniques and approaches to
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implement wide bandwidth control of the dc-dc converters used in a dc current distribution
system can be one of the future research directions.

One example of those approaches can be an energy buffer based solution. The diagram
of the energy buffer concept is shown in Fig. 8.4. In [6], the authors presented an energy
buffer with minimized energy storage capacitance for the LED driver, which can be used as
a reference for this research. As shown in Fig. 8.4, the energy buffer is in parallel with the
dc-dc converter. The energy buffer has an energy storage capacitor to either sink or provide
energy during the system transients. The “Energy buffer” block in the figure can be some
switching topologies such as Buck-boost topology or H-bridge topology. The objective of
the energy buffer is to maintain either the input voltage or the input current of the dc-dc
converter to be constant. The energy buffer has bidirectional power flow. The control of the
energy buffer may contains three control loops: 1) Inner loop of energy buffer to regulate
either the input voltage or the input current of the dc-dc converter. This control loop
has the widest control bandwidth (fastest). 2) Output regulation of the de-dc converter to
regulate the output voltage or current from a constant input voltage or constant current
regulated by the energy buffer. 3) Outer loop of the energy buffer to balance the voltage
between Cepergy and Cy,. This control loop has the narrowest bandwidth, which should be

slower than the cable dynamics.

8.2.4 Topologies for DC/DC Converters Used in DC Current Distribution
Systems
In this dissertation, four commonly used resonant converter topologies have been stud-
ied and compared. It can be noticed that all those four resonant converter topologies are
actually voltage fed topologies, and just used in a constant dc input current scenario. For
future works, some current fed resonant topologies can be one of the possible research di-
rections. By using current fed topologies instead of voltage fed topologies in a dc current
distribution system, the negative gain from phase shift control to the output can be avoid.
One of the possible current fed resonant converter topology is illustrated in Fig. 8.5.

In Fig. 8.5, each switch in the primary H-bridge is an ac switch that consists of two anti
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Fig. 8.5: Circuit diagram of a current fed resonant converter topology.
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series MOSFETSs, which can also be implemented in other forms. The reason of using ac

switch in the circuit is that those primary H-bridges needs to block the negative voltage

across it. The output current of the H-bridge shown in Fig. 8.5 is a phase shifted square

waveform current, which is used to drive the resonant tank. The phase shift modulation

for this converter topology is defined as the phase shift between the top two ac switches

and the bottom two ac switches. The top two ac switches gate signals are complementary

with some overlap time. The gain from phase shift control to the output of the converter

is positive, and the phase shift modulation can be used to control the output from 0 to

designed maximum value.
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8.2.5 DC Current Distribution for Roadway Wireless Power Transfer

The dc current distribution system investigated in this dissertation can be further ex-
tended and leveraged to other applications. One possible application scenario is the roadway
dynamic wireless power transfer systems, which dynamically charge the electrical vehicles
while the vehicles is driving on the roadway. The power distribution to the transmitters in-
tegrated into the roadway is a big unsolved challenges for the implementation and adoption
of roadway wireless power transfer.

The diagram of the proposed dc current distribution architecture for long distance
roadway dynamic wireless power transfer is illustrated in Fig. 8.6. As shown in Fig. 8.6, a
roadside converter provides a distribution dc current to the roadway section where a num-
ber of power transmitter modules are connected in series. One grid connection or roadside
power converter is needed for one segment of the roadway, which reduces the system cost.
The roadside power converter just need to provide the averaged power demand of a certain
distance, which increases the utilization factor of the system. Compared with conventional
low voltage distribution (<1kV), utilization of the dc current distribution architecture can
archive higher distribution efficiency and lower cost, especially for higher power level dis-
tribution. More research on power transmitter module topology, power transmitter module

and system control, and system stability evaluation can be done in future.
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Fig. 8.6: Diagram of the roadway dynamic wireless power transfer using dc current power
distribution architecture.
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