Florida International University

FIU Digital Commons

FIU Electronic Theses and Dissertations University Graduate School

11-12-2020

Efficient, High Power Density, Modular Wide Band-gap Based
Converters for Medium Voltage Application

Hadi Moradisizkoohi
Florida International University, hmora041@fiu.edu

Follow this and additional works at: https://digitalcommons.fiu.edu/etd

6‘ Part of the Power and Energy Commons

Recommended Citation

Moradisizkoohi, Hadi, "Efficient, High Power Density, Modular Wide Band-gap Based Converters for
Medium Voltage Application" (2020). FIU Electronic Theses and Dissertations. 4554.
https://digitalcommons.fiu.edu/etd/4554

This work is brought to you for free and open access by the University Graduate School at FIU Digital Commons. It
has been accepted for inclusion in FIU Electronic Theses and Dissertations by an authorized administrator of FIU
Digital Commons. For more information, please contact dcc@fiu.edu.


https://digitalcommons.fiu.edu/
https://digitalcommons.fiu.edu/etd
https://digitalcommons.fiu.edu/ugs
https://digitalcommons.fiu.edu/etd?utm_source=digitalcommons.fiu.edu%2Fetd%2F4554&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/274?utm_source=digitalcommons.fiu.edu%2Fetd%2F4554&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.fiu.edu/etd/4554?utm_source=digitalcommons.fiu.edu%2Fetd%2F4554&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:dcc@fiu.edu

FLORIDA INTERNATIONAL UNIVERSITY

Miami, Florida

EFFICIENT, HIGH POWER DENSITY, MODULAR WIDE BAND-GAP BASED

CONVERTERS FOR MEDIUM VOLTAGE APPLICATION

A dissertation submitted in partial fulfillment of the
requirements for the degree of
DOCTOR OF PHILOSOPHY
in
ELECTRICAL AND COMPUTER ENGINEERING
by

Hadi Moradisizkoohi

2020



To: Dean John Volakis
College of Engineering and Computing

This dissertation, written by Hadi Moradisizkoohi, and entitled Efficient, High Power
Density, Modular Wide Band-Gap Based Converters for Medium Voltage Application,
having been approved in respect to style and intellectual contents, is referred to you for
judgment.

We have read this dissertation and recommend that it be approved.

Sakhrat Khizroev

Mohammed Hadi

Raj Pulugurtha

Osama A. Mohammed, Major Professor

Date of Defense: November 12, 2020

The dissertation of Hadi Moradisizkoohi is approved.

Dean John Volakis
College of Engineering and Computing

Andrés G. Gil
Vice President for Research and Economic Development
and Dean of the University Graduate School

Florida International University, 2020



© Copyright 2020 by Hadi Moradisizkoohi

All rights reserved.



DEDICATION

This dissertation is dedicated to My Parents, who instilled in me the virtues of

perseverance and commitment and relentlessly encouraged me to strive for excellence.



ACKNOWLEDGMENTS

This thesis would not have been possible without the inspiration and support of a
number of wonderful individuals. First and foremost, | owe my deepest gratitude to
my parents for their love and support throughout my life. Thank you both for giving me
strength to reach for the stars and chase my dreams. My brother and sister deserve my

wholehearted thanks as well.

I would like to thank my supervisor, Professor Osama Mohammed, for supervising me
in this work, and for providing me with endless research ideas and technical support. He
also provided me with financial support through a research assistantship in his research
group working on his research projects and for some semesters as a teaching assistant at
the Electrical and Computer Engineering Department at FIU. | would also like to thank
Professor Mohammed for making me a part of the Energy System Research Laboratory
(ESRL) and for the excellent research facilities made available for this project. | have
gained a lot of skills and experience at ESRL with its first-class equipment needed to build
and experimentally verify the results. This helped me complete my doctoral studies and
enabled scholarly production resulting from this project. Also, as my doctoral research
started to gain traction, Professor Mohammed provided me opportunities to grow within
my professional career inside and outside the university and helped me build my own name

in this field.

Furthermore, I would like to thank professors Sakhrat Khizroev, Mohammed Hadi, and

Raj Pulugurtha for their insightful comments and suggestions to my dissertation.



Also, thanks to all my colleagues at ESRL, who created a professional and collaborative
environment that helped me reach my research objectives. | also like to thank the
Department of Electrical and Computer Engineering Staff who have helped me

tremendously throughout my years of doctoral research.

Vi



ABSTRACT OF THE DISSERTATION
EFFICIENT, HIGH POWER DENSITY, MODULAR WIDE BAND-GAP BASED
CONVERTERS FOR MEDIUM VOLTAGE APPLICATION
by
Hadi Moradisizkoohi
Florida International University, 2020
Miami, Florida, USA
Professor Osama A. Mohammed, Major Professor
Recent advances in semiconductor technology have accelerated developments in
medium-voltage direct-current (MVDC) power system transmission and distribution. A
DC-DC converter is widely considered to be the most important technology for future DC
networks. Wide band-gap (WBG) power devices (i.e. Silicon Carbide (SiC) and Gallium
Nitride (GaN) devices) have paved the way for improving the efficiency and power density
of power converters by means of higher switching frequencies with lower conduction and
switching losses compared to their Silicon (Si) counterparts. However, due to rapid
variation of the voltage and current, di/dt and dv/dt, to fully utilize the advantages of the
Wide-bandgap semiconductors, more focus is needed to design the printed circuit boards
(PCB) in terms of minimizing the parasitic components, which impacts efficiency.

The aim of this dissertation is to study the technical challenges associated with the
implementation of WBG devices and propose different power converter topologies for
MVDC applications. Ship power system with MVDC distribution is attracting widespread
interest due to higher reliability and reduced fuel consumption. Also, since the charging

time is a barrier for adopting the electric vehicles, increasing the voltage level of the dc bus

vii



to achieve the fast charging is considered to be the most important solution to address this
concern. Moreover, raising the voltage level reduces the size and cost of cables in the car.
Employing MVDC system in the power grid offers secure, flexible and efficient power
flow.

It is shown that to reach optimal performance in terms of low package inductance and
high slew rate of switches, designing a PCB with low common source inductance, power
loop inductance, and gate-driver loop are essential. Compared with traditional power
converters, the proposed circuits can reduce the voltage stress on switches and diodes, as
well as the input current ripple. A lower voltage stress allows the designer to employ the
switches and diodes with lower on-resistance Rpson)y and forward voltage drop,
respectively. Consequently, more efficient power conversion system can be achieved.
Moreover, the proposed converters offer a high voltage gain that helps the power switches
with smaller duty-cycle, which leads to lower current and voltage stress across them. To
verify the proposed concept and prove the correctness of the theoretical analysis, the
laboratory prototype of the converters using WBG devices were implemented. The
proposed converters can provide energy conversion with an efficiency of 97% feeding the
nominal load, which is 2% more than the efficiency of the-state-of-the-art converters.
Besides the efficiency, shrinking the current ripple leads to 50% size reduction of the input

filter inductors.
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Chapter 1  Introduction

1.1 Background
There is an increasing worldwide interest in using renewable energy sources at large-
scale over the past decades due to the significant environmental and economic benefits [1]-
[14]. Besides, the recent developments in medium-voltage direct-current (MVDC) paved
the way for economical utilization of renewable energy sources for different applications,
including transportation electrification, ship power system, offshore wind farms, and so on
[15]-[30]. The MVDC offers numerous merits over the conventional AC system, including:
1) A bipolar HVDC line needs only two insulated sets of conductors. Opposed to the
AC lines with same power capacity, HVDC lines contribute to lower construction
cost and power losses.
2) In MVDC system, the sending and receiving end frequencies are independent.
3) Power flow can be controlled thoroughly.
Interfacing between the power sources and the loads, power electronic converters are the
key enabling component in the MVDC system that can provide the following advantages:
1) Mismatching the voltage level between the source bus and the load bus [31]-
[35].
2) Obtaining the maximum power from a source (e.g. photovoltaic systems, wind
energy turbines, fuel cells, etc.) [36]-[42].
3) offering galvanic isolation between the sources and the load [43]-[47].

4) Control the speed and torque of electric motors [47]-[50].



5) Supporting the voltage and frequency during voltage sags and contingencies,
respectively, by regulating the injected active and reactive power to the grid
[50]-[60].

As far as the power range is concerned, the demand for high-power power electronic
converters are increasing, especially mega-watt converters. Due to the limitation in the
current and voltage range of semiconductors, the power rating of an individual prototype
is currently limited to 250 kW [61]-[65]. To implement a power conversion stage with
higher power ratings, multiple converter modules can be interconnected in either series or
parallel that paves the way for improving the power density and efficiency. Development
in semiconductor devices, as well as topologies of the power converters can contribute to
considerable advancements in the power rating of the system [66]-[80].

In the applications with voltage rating higher than 600V, IGBTs are among the low-cost
and affordable solutions but the switches have always presented degraded performance in
terms of high tail current losses at turn-off instant and slow switching speed. Since modern
applications need faster switching performance to improve the total size and cost of the
system, silicon-carbide (SiC) and gallium-nitride (GaN) MOSFETs seem to be a superior
substitute. In the era of power semiconductor devices, wide bandgap (WBG)
semiconductors provide better power efficiency, higher switching frequency, lighter
weight by reducing the size of magnetic components and heat sink, lower overall cost [81]-
[90]. Employing WBG is the principal contributor to the next essential step towards an
energy-efficient power system. However, to fully utilize the advantages of the WBG
devices, some modifications are required in the design of the converters as the gate-driver

specification of WBG devices are completely different than Si-based switches. Moreover,



due to the capability to operate at higher switching frequencies, WBG-based converters
need to be investigated further to develop the filter circuit for electro-magnetic interference
(EMI) [91]-[100]. Also, since MVDC applications demand devices with higher rated
voltage, using high voltage MOSFETSs can increase the cost and power loss of system. In
fact, a thick epitaxial layer is utilized in the MOSFET to customize it for high voltage uses,
which increases the on-resistance. Even though paralleling the devices is considered to be
a viable solution to decrease the conduction losses, due to higher input and output
capacitances, it can result in slower switching performance, more gate-driving power, and
more total loss. Moreover, the current rating of the high-voltage SiC-MOSFETS is limited
as a junction barrier Schottky diode should be utilized in parallel with these switches
because they store excessive charge when their body diode conducts [100]-[105].

In recent years, there has been an increasing amount of literature on converter topologies.
There are some studies in literature that introduce deal with the structure of power
converters in terms of improving the voltage gain, efficiency, and power density [106]-
[120]. Some of these converters are illustrated in Figure 1.1. Investigating the main
characteristics of these converters reveals that there are some differences in terms of power
flow direction, i.e. unidirectional or bidirectional, soft-switching performance and galvanic
isolation. There is a consensus among researchers that the dual active bridge (DAB)
converter can be efficiently employed for medium-voltage, high power applications. It has
conclusively been shown that DAB converter offers the power conversion with minimum
voltage and current stress of the power switches, shown in Figure 1.1(a). To reduce the
switching losses, a resonant tank was added so as to enhance the efficiency. In [70], a

resonant switched-capacitor converter is introduced that is derived from the conventional



switched-capacitor circuit, depicted in Figure 1.1(a). The modularity of this structure gives
flexibility. To increase the voltage-gain exponentially, the modular dc-dc converters can
be connected in series, in which the output power can be shared among these modules [34].
A dc-link capacitor is utilized in input stage of each sub-module to ensure equal voltage
sharing among the switches by regulating the capacitor voltage. This characteristic makes
this topology suitable for HVDC applications. As the voltage demand of new power
electronic application increases, semiconductor voltage capability must increase as well.
Especially for voltage level higher than MVDC, the voltage rating of current
semiconductor technology is less than the desired value; therefore, researchers have
proposed some techniques, such as series connection of semiconductors or the use of
multilevel converter. Moreover, the modular structure can pave the way for scaling up the

voltage and power of the converter.
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Figure 1.1: Different high step-up dc/dc converters. (a) single-phase dual active bridge
(DABL1) converter. (b)Resonant switched-capacitor converter. (c) Jovcic converter. (d)
LLC converter. (e) three-phase dual active bridge (DAB3) converter.




Table 1.1: Overview of different dc/dc converters for MVDC applications.

LV HV Rated
Frequency
Topology side | side power | Isolated | Realized | Reference
(kHz)
(kV) | (kV) (MW)
Kenzelmann-
0.075 | 0.225 1 0.001 Yes Yes [64]
DAB1
DAB3 0.2 3 10 0.002 Yes Yes [66]
Jovcic 0.19 | 0.95 1.4 0.0076 No Yes [68]
DAB1 0.4 6.1 10 0.01 Yes Yes [69]
Resonant
switched 0.6 10.2 7.5 0.024 No Yes [70]
capacitor
DAB3 0.8 22 10 0.1 Yes No [66]
LLC 3.3 6.5 10 0.1 Yes Yes [72]
M2DC 0.38 | 3.16 1 0.25 No No [73]
Kenzelmann-
1.2 25.2 1 0.36 Yes No [64]
DAB1
Kenzelmann-
165 | 13.2 1.35 10 Yes No [74]
DAB1
Kenzelmann-
5 30 1.25 10 Yes No [75]
DAB1
DAB3 5 5 1 5 Yes No [2]




1.2 Modular Power Electronics Converter

The modularity in power electronic converters is gaining more attention as it allows to
simplify the analysis of the electronic circuits and offers improved performance. Reduced
design cost, redundancy, and “hot swap” feature are other advantages of a modular
converter. The “hot swap” characteristic enables the user to switch any faulty module with
a fresh one in a few easy steps. Furthermore, if any module encounters any malfunction, it
can be bypassed by implementing some intelligence in the control circuit; and thus, a
continuous service can be achieved. Besides, the modularity allows stack multiple modules
to increase the power rating of the converter [121]-[130].
First modular structure in power electronic converter was introduced in 1970’s by
Landsman [131], which was based on the canonical switching cell, including an inductor,
a capacitor, and a single pole double throw switch. As shown in Figure A (a), the block has
three terminals A, B, and C, and each of them can be adopted as an input, common, and
output terminal. By changing the connection of three terminals, six various converters can
be synthesized, including conventional buck, boost, and buck-boost converters. This
modular structure has considerably diminished the modeling and analysis complication and
has provided additional merits such as improved electromagnetic interference (EMI) and
ripple performance [132]-[140].
An advanced canonical cell can be formed by adding two capacitors, as shown in Figure
A(b). The advanced cell offers better performance for high switching frequency. There is
a direct path from the input to the output if terminal 1 or 2 is grounded and terminal 3 is
considered as the output. So, this configuration is defined as the direct converter while if

terminal 3 is grounded, the configuration is defined as the indirect converter since there is



no direct path between input and output. The buck converter synthesized from the
canonical cell is a special case of the chopper circuit family where a low-pass filter is
employed at the output of the converter. It has conclusively been shown that the boost
converter and the buck converter can be implemented from more generalized bidirectional
circuit. A transformation technique has been suggested in [X] to convert the isolated Cuk

converter into the buck-boost converter.
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Figure 1.2: Schematic of the canonical cell. (a) basic canonical cell. (b) advanced

canonical cell.

Multilevel dc-dc converter has been studied over the latest few decades because it enables
the designer to build a high efficiency modular circuit, in which the bidirectional power
management can be achieved [141]-[145]. More recent studies have confirmed that some
switched-capacitor topologies with capacitive energy transfer technique can provide a high
efficiency performance. In other words, series-parallel switched-capacitor converter
contains only switches and capacitors, and it lacks any magnetic components. Figure 1.2
shows a 3-level series parallel converter, in which the series-connected capacitors get
charged from input source Vin, and then the capacitors get discharged and transfer the

energy to the output. Even though this circuit can provide a high efficiency performance,



changing the voltage conversion ratio is complicated. Also, different switches experience
different voltage stress levels. Another disadvantage of this topology is that it does not
allow to control the power flow as the direction of power flow depends on the voltages at
the two ends, which may change. In electric vehicle applications, the battery voltage can
change widely, though power transfer is needed in either direction regardless of the voltage
level of two end buses. Moreover, due to charge unbalance among different capacitors, an

extra circuit is required for start of charging state.
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Figure 1.3: Schematic of a three level series-parallel switched capacitor converter.

The flying capacitor multilevel converter is considered the second multilevel converter
widely discussed in the literature [146]-[155]. Figure 1.3 shows a schematic of 3-level
flying capacitor converter, in which the high-side voltage is three times of the low-side
voltage. It is noteworthy to mention that this converter is defined as a 4-level converter in
the literature as he zero voltage is counted as a level. In [156], it is described that this
topology can offer the maximum efficiency of 98%, and the bidirectional power flow can

be established. Compared to the series-parallel switched capacitor converter, the voltage



stress of all the switches are equal. However, complicated switching pattern for different
switches is the major disadvantages of this circuit. Besides, since the effective switching
frequency is N times of the actual switching frequency, the high frequency noise appears
at the output voltage, which makes this converter undesirable for high frequency

applications.
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Figure 1.4: Schematic of a three-level flying capacitor converter.

The multilevel dual voltage converter is another dc-dc converter widely discussed in the
literature [157]-[160]. As shown in Figure 1.4, the main element of the circuit is a modular
switching cell consisting of two switches and one capacitor. The cells can be connected in
a stacked manner to increase the output voltage. Also, the power can be transferred between
the sources connected to the low-voltage and high-voltage sides. Lower cost is the main
advantage of the converter as just one bootstrap drive circuit is required to drive the
switches in each cell. Moreover, compared to the previous circuits, using individual power
supplies for the gate drivers is not necessary. However, when high number of levels is
needed, the circuit cannot be a commercially viable choice since for N-level converter,

N(N+1) switches and N(N+1)/2 capacitors should be used; consequently, the number of



components is greater than that of the flying capacitor converter. Similar to the flying
capacitor converter, the converter is not beneficial for applications where the voltages of

the buses vary widely.
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Figure 1.5: Schematic of a modular three-level multilevel converter.

Several studies have revealed that charge-pump circuit can be used for low voltage
conversion ratio [161]-[165]. This circuit is derived from the flying capacitor converter and
is a cascaded connection of two single ended switched-capacitor converters. Figurel.5
shows the schematic of charge-pump topology, which can provide voltage conversion ratio
of 1/3 to 3. The circuit structure and switching scheme is simple as the Rpson) of the
conducting switches can be controlled by changing the gate voltages to achieve any voltage
gain. However, the switches count in this topology is higher than other circuits. Besides,
since the switches work in saturation region, there would be much higher switching losses
lead to a comparatively small efficiency (65% to 90%). The cascaded connection is the
most popular technique to have floating voltage sources that can provide a higher voltage

or a higher current rating [166]-[170].
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Figure 1.6: Schematic of a charge-pump converter.

Modularity is the principle feature of the cascaded-connected topologies. Compared to the
multilevel circuits, there is no limitation on the number of cells as the number of levels in
the output voltage increases, the less harmonic content appears in the output waveforms.
A series-parallel connection of the converters is shown in Figurel.6 (a). A number of
studies have found that a high voltage elevation ratio can be obtained by connecting
converters in series at the output without utilizing a transformer. Also, the parallel
connection at the input allows to share the input current equally among different modules,
leading to lower conduction losses and smaller filter inductors. Modular structure paves
the way for standardizing different phases; consequently, the cost can be reduced. As a
solution to extend the operating voltage and power of the system, designer can select the
number of levels so flexibly that the desired voltage and power rating can be achieved.
Even though there is a limitation in the voltage rating of the semiconductors, connecting
units in modular way allows employing the power semiconductors with lower voltage
rating for the medium voltage applications. As the voltage of DC-link is being controlled,
the series-connected switches can handle a significant higher voltage without experiencing
any malfunction. In this structure, the faulty unit can be bypassed by adopting an extra

switch; so, the system can operate redundantly.
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1.3 Techniques to Improve the Efficiency
The power switches employed in the power electronics converters are a source of power
losses which are associated with turn-on and turn-off of power devices, as well as
conduction. These losses are switching losses and conduction losses, which will be briefly

analyzed below [171]-[175].

N DC Ry elAC T+ 4 DC ey eAC | Lo+
T L T in = Ci i I
\,:“ Cin /‘/AC EHC /DC \fln Cin /ch E»/ DC
e AC ~
_DC/ [ ® yd P AC/ T
//AC 3HE//]:)C \Tuut E /DC 1 ‘frnut
7 AC
| pc = ! AC
wedIEl pe T - E/lé I

(@) (b)

Figure 1.7: Schematic of a cascaded converters. (a) series-parallel connected
converters. (b) Multi-winding transformer converter.

1.3.1 Conduction Losses
The conduction loss of a MOSFET can be defined by the following equation as MOSFET
operates similar to a resistor Rps(on) during on-time.
Since an IGBT during turn-on has a voltage drop of Vcegsat, its conduction loss can be
defined as follows:

1.3.2 Switching Losses
During turn-on and turn-off, a power semiconductor experiences voltage and current

stresses simultaneously, which leads to power losses. In other words, the current and
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voltage do not decrease instantly during turn-on and turn-off procedure. The overlapped
area of the current and voltage waveforms during turn-on and turn-off is defined as the
switching loss. The switching losses linearly increases in proportion to switching
frequency; so, the higher switching frequency, the higher switching losses. The
electromagnetic interference (EMI) noise is the significant defects of the switching process,
which stems from a sharp transition of voltage and current during switching and can impact
the operation of a converter and other nearby electrical devices. The current and voltage
waveforms in a switching period are demonstrated in Figure 1.7. The turn-off process starts
at to, when the gate-pulse of switch is removed, and the voltage of switch increases linearly.
Note that the voltage and current do not change simultaneously. After time duration of tos,
the switch is fully turned-off. The turn-off loss can be calculated by the area under the
power loss graph Pofr. The turn-on process starts at t1, where the gate pulse is applied to the
switch. First, the current increases linearly from zero to the final value. Then, the voltage
decreases from Vsw to zero. The area under the power loss graph Pon results in the turn-on

switching loss.
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Figure 1.8: Current, voltage, and power loss during hard-switching performance.

Soft-switching techniques paves the way for reducing the switching losses and EMI issues

related to hard-switching performance. In fact, in soft-switching performance, the current
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or voltage are forced to be zero while the switching transition is occurring; consequently,
the switching losses is reduced. Ideally, there is no overlap between the current and voltage;
as a result, the switching losses are zero. Due to the gradual variation of current and voltage
in soft-switching performance, EMI issue is considerably alleviated. Generally, the soft-
switching techniques can be categorized into zero-voltage-switching (ZVS) and zero-
current-switching (ZCS). Even though both ZVS and ZCS can be achieved for either
MOSFET or IGBT, ZVS is favored for the MOSFET’s turn-on performance and ZCS is
preferred at IGBT’s turn-off transition [176]. The equivalent model of a MOSFET is shown
in Figure 1.8, which consists of a body-diode and an output capacitor across drain and

Source.
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Figure 1.9: Equivalent model of MOSFET.
1.4 Research Objectives
The main research objectives of this dissertation are to design new power electronic
converters with high voltage conversion ratio and high efficiency due to the soft-switching
performance that make it a potential candidate for interfacing between low voltage sources,
such as renewable energy sources, and medium voltage DC bus. Beside the high efficiency,
the proposed topologies can provide high power density, which is an important factor for
reducing cost and volume. To achieve this goal, different aspects of power converters
specifications, including thermal management and electromagnetic effects have been

considered in conjunction with the electrical design. In addition, the modularity of the
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structures improves the flexibility of changing the number of levels resulting in changing

voltage gain, fault bypass capability, and redundancy. Therefore, the proposed converters.

Accordingly, the proposed new topologies offer the following advantages:

1)

2)

3)

Providing input current with small current ripple that leads to prolong the lifetime
of the input sources, especially fuel-cell source.

Avoid working under extreme duty-cycle values by offering a wide voltage
conversion ratio, hence, high efficiency over a wide range of voltage conversion
ratio can be achieved by virtue of decreasing the conduction losses.

The potential difference between the grounds of the ports of the converters should
be constant in order to minimize the leakage currents, hence, reduce the required
periodic maintenance. Modular topology provides reliable operation as a fault
happens in any module, that specific module can be bypassed to guarantee an

unbroken performance.

The noteworthy aspects of this study can be summarized as follow:

1)

2)

3)

Design and develop new bipolar dc-dc converter with wide voltage gain range for
interfacing ESS with DC-bus in SPS.

Design and develop a family of three-port three-level converters that can offer the
benefits in terms of a simple control scheme, extended soft switching over a wide
range of operating conditions, and reduced voltage stress across switches.

Design and development of an integrated interleaved dc-dc converter with ultra-
high voltage gain and reduced voltage stress based on the coupled-inductors and

switched-capacitor circuits for electric vehicles.
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4)

Development of a modular quasi-resonant inverters that can provide high voltage
gain for input source without utilizing any transformer, resulting in higher power

density and higher efficiency.

1.5 Original Contribution of This Thesis

The main contributions of this dissertation are the following:

1)

2)

3)

Developing a bipolar dc-dc converter with wide voltage gain range for interfacing
ESS with DC-bus in SPS. To protect the ESS against rapid discharging due to any
short-circuit fault on the DC-bus, a high-frequency transformer is adopted in the
proposed topology. Moreover, diode-capacitor circuits are employed in the
secondary side to provide a wide voltage gain. The converter takes advantage of
active clamp configuration, in terms of limiting the voltage stress of switches and
providing soft-switching performance.

Developing a family of three-port three-level converters composed of asymmetrical
bidirectional half-bridge modules is proposed, which offers the benefits in terms of
a simple control scheme, extended soft switching over a wide range of operating
conditions, and reduced voltage stress across switches. The proposed converters
take advantage of a pulse-width-modulation plus phase-shift control technique to
regulate the output voltage as well as control the power flow between different ports
independently.

Designing a novel modular quasi-resonant bidirectional (MQRB) dc-dc converter
composed of half-bridge gallium nitride modules (HBGM) with reduced switch

voltage stress. By using an auxiliary capacitor, a resonant circuit is formed to shape

16



4)

5)

6)

the current and voltage so that zero-voltage-switching (ZVS) at turn-on instant is
achieved.

Developing a new voltage-quadrupler interleaved bidirectional DC-DC converter
with intrinsic equal current sharing. The proposed converter offers a wide voltage
conversion ratio, which makes it suitable for interconnecting the energy storage
unit with dc-bus for electric vehicle applications. A high voltage gain and low
voltage stress across switches are achieved by adopting the capacitive voltage-
divider stage, which enables the designer to employ a low-voltage switch with a
small on-resistance Rpson). As a result, it allows the converter to run more
efficiently and cooler.

Design and implementation of a double-input three-level converter composed of
Buck-Boost-Half-Bridge (BBHB) modules for automotive applications. The
proposed converter can supply the load in the absence of FC or battery. The
converter takes advantage of active clamp configuration in terms of reducing the
voltage stress across switches and providing soft-switching performance.
Consequently, the converter’s overall performance in terms of switching losses and
cost can be considerably improved.

Analysis and development of a novel stacked three-port three-level converter
(STPTLC) using GaN switches is proposed for interfacing the renewable energy
sources with load for applications that the presence of energy storage device is
necessary. Derived from the asymmetrical bidirectional half-bridge converter, the

proposed converter presents valuable advantages in terms of simple control
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scheme, extended soft switching over a wide range of operating conditions, and
reduced voltage stress across switches.

7) Design and development of an integrated interleaved dc-dc converter with ultra-
high voltage gain and reduced voltage stress based on the coupled-inductors and
switched-capacitor circuits, which is suitable for interfacing the low-voltage energy
sources, such as fuel-cell, with a high-voltage dc bus in electric vehicle
applications. Input-parallel connection of the coupled-inductors offers a reduced
input current ripple and the current rating of components, as well as automatic input
current sharing without a dedicated current sharing controller.

8) Development of a soft-switched boost converter including an integrated dual half-
bridge circuit with high voltage gain and continuous input current for the
applications requiring a wide voltage gain range, such as for the front-end of the
inverter in a DC microgrid to integrate renewable energy sources (RES). In the
proposed converter, two half-bridge converters are connected in series at the output
stage to enhance the voltage gain.

9) Development of a modular quasi-resonant inverters that can provide high voltage
gain for input source without utilizing any transformer, resulting in higher power
density and higher efficiency.

1.6 Dissertation Organization

Chapter 2 gives an overview and full literature review of the bidirectional dc-dc
converters for ship-power systems (SPS) with medium voltage direct current. A bipolar dc-
dc converter with wide voltage gain range is proposed for interfacing energy storage system

with DC-bus in SPS. To protect the energy storage system against rapid discharging due to
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any short-circuit fault on the DC-bus, a high-frequency transformer is adopted in the
proposed topology. Moreover, diode-capacitor circuits are employed in the secondary side
to provide a wide voltage gain. The converter takes advantage of active clamp
configuration, in terms of limiting the voltage stress of switches and providing soft-
switching performance. Finally, a simulation in MATLAB/Simulink platform is carried
out to validate the correctness of the theoretical analysis.

In chapter 3, a family of three-port three-level converters composed of asymmetrical
bidirectional half-bridge modules is proposed, which offers the benefits in terms of a
simple control scheme, extended soft switching over a wide range of operating conditions,
and reduced voltage stress across switches. The proposed converters take advantage of a
pulse-width-modulation plus phase-shift control technique to regulate the output voltage
as well as control the power flow between different ports independently. The feasibility of
the proposed concept and effectiveness of the design approach are validated based on the
experimental results of a 1 kW, 100 kHz prototype using gallium nitride switches.

In chapter 4, a modular quasi-resonant bidirectional dc-dc converter composed of half-
bridge gallium nitride modules with reduced switch voltage stress is proposed in this
chapter. By using an auxiliary capacitor, a resonant circuit is formed to shape the current
and voltage so that zero-voltage-switching (ZVS) at turn-on instant is achieved. Since the
switching loss dominates the power losses in high-frequency dc-dc converters, the soft-
switching performance leads to a noticeable reduction in the total loss; so, the operating
temperature will decrease, and consequently, size of the heatsink will be reduced. Finally,
a 1 kW, 600 V laboratory prototype operating at 100 kHz, along with some simulation

scenarios, are carried out to validate the proposed concept of modularity.
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In chapter 5, A modular multi-level bi-directional diode-clamped DC-DC converter
based on eGaN High Electron Mobility Transistor (HEMT) is proposed as a plugin charger
for electric vehicles (EVs). The eGaN HEMT can switch efficiently even in hard switching,
but their problem is that they cannot tolerate voltage stresses higher than 650V. The
proposed multilevel topology reduces the voltage stress across the switches which enables
utilizing eGaN HEMT technology in the powertrain of the EVs. Simulations were carried
out in PSpice environment using the eGaN equivalent circuit provided by the manufacturer.

In chapter 6, a voltage-quadrupler interleaved bidirectional DC-DC converter with
intrinsic equal current sharing is presented. The proposed converter offers a wide voltage
conversion ratio, which makes it suitable for interconnecting the energy storage unit with
dc-bus for electric vehicle applications. A high voltage gain and low voltage stress across
switches are achieved by adopting the capacitive voltage-divider stage, which enables the
designer to employ a low-voltage switch with a small on-resistance Rpson). As a result, it
allows the converter to run more efficiently and cooler. Moreover, a built-in equal current
sharing is achieved for two interleaved phases without using a current-sharing control
scheme. Finally, to verify theoretical analysis, a 2 kW scaled-down laboratory prototype
of the proposed converter using Gallium-Nitride switches is implemented.

In chapter 7, a double-input three-level converter composed of Buck-Boost-Half-Bridge
modules is proposed for automotive applications. The proposed converter can supply the
load in the absence of FC or battery. The switching scheme doubles the effective switching
frequency, which, in turn, reduces the size of the boost inductors to enhance power density.

The operational characteristics of the converter and comparison with state-of-the-art
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converters are given in this chapter. Finally, a 4 kW, 100 kHz prototype using GaN
switches is implemented to validate the proposed concept.

In chapter 8, a stacked three-port three-level converter using GaN switches is proposed
for interfacing the renewable energy sources with load for applications that the presence of
energy storage device is necessary. The soft switching for all switches at turn-on instant is
guaranteed thanks to active clamp configuration, resulting in high-efficiency performance.
The experimental results of a 1 kW, 100 kHz prototype of the converter using GaN switches
are given to confirm the validity of the proposed concept.

In chapter 9, an integrated interleaved dc-dc converter with ultra-high voltage gain and
reduced voltage stress based on the coupled-inductors and switched-capacitor circuits is
proposed, which is suitable for interfacing the low-voltage energy sources, such as fuel-
cell, with a high-voltage dc bus in electric vehicle applications. A promising power-density
improvement technique is given, in which only one magnetic core is utilized to implement
two coupled-inductors that can provide the filter functionality as well as transformer
behavior. Finally, experimental results of a 1 kW, 100 kHz prototype are provided to
confirm the validity of the proposed concept.

In chapter 10, a soft-switched boost converter including an integrated dual half-bridge
circuit with high voltage gain and continuous input current is introduced that can be
suitable for the applications requiring a wide voltage gain range, such as for the front-end
of the inverter in a DC microgrid to integrate renewable energy sources (RES). In the
proposed converter, two half-bridge converters are connected in series at the output stage
to enhance the voltage gain. Additionally, the balanced voltage multiplier stage is

employed at the output to increase the voltage conversion ratio, as well as distribute the
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voltage stress across semiconductors; hence, switches with smaller on-resistance Rps(on)
can be adopted resulting in an improvement in the efficiency. A 1-kW laboratory prototype
was built using gallium nitride (GaN) transistors and silicon carbide (SiC) diodes to
confirm the effectiveness of the proposed topology.

In chapter 11, a Modular Quasi-Resonant Inverters (MQRIS) is proposed that can
provide high voltage gain for input source without utilizing any transformer, resulting in
higher power density and higher efficiency. In the proposed family of MQRIs, a resonant
circuit is employed not only to achieve soft switching for all switches but to limit the inrush
current during start-up.

In chapter 12, a conclusion of this dissertation and an insight on recommended future

work are given.

22



Chapter 2 A Bipolar DC-DC Converter with Wide Voltage-Gain Range for

Energy Storage Integration in Ship Power Systems

2.1 Introduction
Ship Power System (SPS) with medium voltage direct current (MVDC) is attracting
widespread interest due to higher reliability and reduced fuel consumption. Energy storage
system (ESS) is recognized as being the critical part of the MVDC distribution power
system, enabling peak shaving, zero emission operation, and optimal scheduling of
generators. In this chapter, a bipolar dc-dc converter with wide voltage gain range is
proposed for interfacing ESS with DC-bus in SPS. To protect the ESS against rapid
discharging due to any short-circuit fault on the DC-bus, a high-frequency transformer is
adopted in the proposed topology. Moreover, diode-capacitor circuits are employed in the
secondary side to provide a wide voltage gain. The converter takes advantage of active
clamp configuration, in terms of limiting the voltage stress of switches and providing soft-
switching performance. The extension of the proposed concept for application with
multiple loads, detailed analysis of the steady-state operation of the converter, and battery
discharge limiting capability are given in this chapter. Finally, a simulation in
MATLAB/Simulink platform is carried out to validate the correctness of the theoretical
analysis.
2.2 Proposed Isolated Bipolar Converter
The circuit diagram of the proposed converter is shown in Figure 2. 1 (a). The converter
is composed of a half-bridge converter with active-clamp circuit at the input stage,

including inductor Lg and switches S; and S, to provide the soft-switching performance
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and limit the voltage stress across switches. To improve the voltage conversion ratio and
decrease the voltage stress across switches and output diodes, three diode-capacitor cells
are connected in a way that the capacitors are charged in parallel and discharged in series.
Figure 2.1(b) shows the equivalent circuit of the proposed topology, where the transformer
is replaced by a magnetizing inductance Lm, leakage inductance Lk, and an ideal
transformer with turns-ratio n (n = Ns/Np). Moreover, Ro1 and Roz2 represent the load
resistances. The duty cycle D of main switch Sy is the control variable to regulate the output

voltage, and the switches are driven complementary.

D02 DOZ
i — Dol 1 Lx Lin —b— T
Sz Coary e | : Corx ROZS: S t Cacrr Lm || . Co2 RuZ;: Vo2 .+
v L m— j— l § Ro1 Var L ] = P “Ro1 ;: V.
BT B ) T % B T e _
Sl_{ Cact| Ni:z l Dos T COI? S Caet| D°‘5# Cor Vot
— = [
Cs Dy Cs Dy
(@) (b)

Figure 2.1: Proposed isolated converter and its equivalent circuit. (a) Circuit diagram
of proposed isolated converter. (b) Equivalent circuit.

2.3 Operating Principles of the Proposed Circuit
The operation of the proposed converter in one switching period can be divided into five
intervals, as shown in Figure 2. 2. Also, the key waveforms are plotted in Figure 2. 3. For
the sake of simplification, it is assumed that the output capacitors Co1 and Co2 and capacitor
Cs are large enough that operate like a voltage source. Furthermore, inductance Lg is SO
large that can be considered as a current source.
2.3.1 Interval 1 [to-t1]
Before to, switch Sz is turned on and the diodes Doz and Do3 are conducting the current. The

gate pulse of switch Sz is removed at to. So, the output capacitors of switches S; and Sy are
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being discharged and charged, respectively. This process stops when the voltage of the
output capacitor of switch S; reaches zero. After that, the body diode of switch S; starts to
conduct the current. Therefore, to realize soft-switching performance for switch Sy, its gate-

pulse can be applied before the current becomes zero.

Rﬂl ;i

| —

Cs Dol Cs
(€) ()

Figure 2.2: Operation intervals of the bipolar DC-DC converter. (a) Interval 1. (b)

Interval 2. (c) Interval 3. (d) Interval 4. (e) Interval 5. (f) Interval 6.
2.3.2 Interval 2 [t1-t2]
At t1, the gate-pulse of switch S; is applied and the current goes through the switch. The
inductor Lg is charged by the input source Ver. Meanwhile, at the secondary side, the

capacitors Co2 and Cs are being charged. This mode ends when the secondary side

becomes zero. The following equations describe this operation mode.
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Figure 2.3: Key waveforms.

2.3.3 Interval 3 [t2-t3]
At t, the current of transformer changes and the diodes Doz and Do3 are turned-off and the
current flows through diode Do1. As shown in Figure 2.3, the current of inductor Ls
increases linearly controlled by source Ver. Meanwhile, at the secondary side, the
capacitors Co2 and Cs are being discharged. This mode ends when the secondary side

becomes zero. The equations determining this mode are given as follows:

Vo1 — Ves = Vbc1
() = S0 ) (2-3)

ts —t, = (D —dy —dy)T; (2-4)
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2.3.4 Interval 4 [tz-t4]
At ts, the gate-pulse of switch S, is removed and the output capacitors of switches S; and
Sz are being charged and discharged, respectively. This process stops when the voltage of
the output capacitor of switch S, reaches zero. After that, the body diode of switch S starts
to conduct the current. Therefore, to realize soft-switching performance for switch S, its

gate-pulse can be applied before the current becomes zero.

2.3.5 Interval 5 [ts-ts]
At t4, the gate-pulse of switch Sy is applied and the current goes through the switch. The
inductor Lg is discharged by the voltage difference between the input source Verand Vpca.
This mode ends when the secondary side becomes zero. The equations describing this

mode are given as follows:

V,, =V +V -
i () = Vo1 c.z)k/n DC2 (t —t,) (2-5)
ts —t, = d,T; (2-6)

2.3.6 Interval 6 [ts-ts]
At ts, the current of transformer changes and the diodes Doz is turned-off and the current
flows through diode Do1. The inductor Lg is discharged by the voltage difference between
the input source Verand Vpco. This mode ends when the secondary side becomes zero. The
equations describing this mode are given as follows:

Vo2/n + Vpea

T () @7

i (t) =

te —ts = (1 =D —dy)Ts (2-8)
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2.4 Steady-State Analysis
To simplify the analysis, it is assumed that the capacitors Co1, Co2, and Cs are large enough
that can be considered a voltage source. Also, the output capacitors and clamp-capacitors
are identical, i.e., Cpc1 = Cpc2= Cpc and Co1 = Co2 = Co.
2.4.1 Voltage Conversion Ratio
By applying the voltage-second balance to the inductor Lg, the following equation can be
obtained.

VBT

-D (2-9)

Vbcr + Vpez =

Where D is the duty-cycle of main switch Si. Similarly, if the voltage-second balance is
applied to the inductor Lm, the voltages Vpci1 and Vpcz can be defined by
Vbpe1 = Var (2-10)

D 2-11
Vbc2 = mVBT ( )

The average current of capacitors are zero in steady-state; therefore, the average current of
leakage inductor can be written by

(i) =0 (2-12)
From Figure 2. 3 and (12), the relation between the maximum current lo1 peak and lo2 peak Can
be defined as follows:

(1-D—d; +dy)lpo, (D +d; —di)lpor (2-13)
2 - 2 - Iout

From (12) — (13), d1 and d2 can be calculated by
dy = aD (2-14)

d, = a(1-D) (2-15)
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(2-16)
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From (1), (5), and (7) — (16), the voltage conversion ratio can be determined by

o= Vour _ nD(1+ D)(1 - 2a) (2-17)
Vegr (DA -2a)+a)(1—a-D(1-2a))

In ideal case, when the leakage inductance is zero, the voltage across the output capacitor

can be written as follows:

M= Vour Vo1 +Vp, nD(1+D) (2-18)
Vr Vpr (1-D)
V -
M == n (2-19)
Ver  (1=D)
Voz nD (2-20)
1\42 = —=
Ver  (1—=D)

The voltage conversion ratio (M) of the proposed converter under different turns-ratio and
o values is depicted in Figure 2. 4. As shown in Figure 2. 4(a), the voltage gain increases
as turns-ratio n increases. So, turns-ratio can help the designer to achieve higher voltage
gain while working in lower duty-cycle values resulting in lower losses. In Figure 2. 4(b),
the voltage gain is plotted as a function of duty-cycle and o.. When o increases, the voltage
gain decreases. Figure 2.5 helps the designer to obtain the values of L, n, and D for a given

voltage conversion ratio for feeding specific load.
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Figure 2.4: Voltage gain as a function of turns-ratio and a. (a) Voltage gain under
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2.4.2 Soft-switching Performance

According to Figure 2. 2(a) and (d), to realize soft-switching for switches S; and Sz, the

gate pulse of the switches should be applied while their body-diodes are conducting the

current. So, following conditions should be met to ensure zero-voltage switching at turn-

on for switches:

2 Ll zvs > 5 Cassror (o) &2
%LLkIszz,zvs > 5 Coss,Tot(lv_LTD)2 (2-22)
Cossrot = Coss,s1 T Coss,s2 (2-23)
Where ls1,zvs and ls2 zvs are defined by
Is1,zvs = Ipr — Ik p (2-24)
Isz,zvs = Ipr + Ig v (2-25)

It can be seen that the soft-switching condition for switch Sy is always satisfied. On the

other hand, if the leakage inductance Lpk is very small or the boost inductor Lg is very

large, condition (21) may not be satisfied, implying soft-switching performance is

30



controversial for switch Si. Figure 2. 5 shows the marginal curve of soft-switching

condition of main switch S; under different output power, battery voltage, and duty-cycle

for various values of Coss Tot.
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Figure 2.5: Soft-switching condition of main switch S; under different output power,
battery voltage, and duty-cycle for various values of Coss Tot.
2.4.3 Voltage Stress of Semiconductors
As shown in Figure 2. 2, the voltage stress of the switches is limited to the summation of
voltage of capacitors Cpci and Cpce. So, the voltage stress of switches are defined by

VOut

Vor =Vsz = a+D)n (2-26)

The voltage stress of the output diodes can be obtained by

nVpr
Vbo1 = Vpoz = Vo1 = 1-D (2-27)
nDVygr
Vpo2 = Vo2 = 1-D (2-28)

It can be seen that the voltage stress of the switches decreases with increase of turns-ratio.
Therefore, switches with lower ON-resistance Rpson) can be selected leading to

improvement in the efficiency. Moreover, the voltage stress of the output diodes is equal
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to half of the output voltage. So, diodes with lower forward voltage-drop can be chosen,
resulting in less switching loss.
2.4.4 Battery Discharge Limiting Characteristics

Monitoring the distribution system, responding to faults within milliseconds to restrict the
current from the battery bank from fast discharge, and isolating it from feeding power to
the fault is critical for electric ships. The proposed converter offers the isolation of battery
from DC-bus as well as limiting fast battery discharge. Since a high frequency transformer
is utilized in the proposed topology, it can pave the way for stopping power transfer through
the transformer in order to prevent the discharge of the battery. At the fault-time instant,
the control scheme sends the turn-off commands to the switches Si1 and S.. So, after
turning-off the switches, the voltage across the primary winding of transformer becomes
zero. Therefore, the power will not flow through the transformer and the current drawing

from battery decay to zero.

2.4.5 Extension of the proposed Concept
An extended version of the proposed concept is shown in Figure 2.6, in which n diode-
capacitor cells are connected to feed the different loads with different voltage levels. In this
topology, the input stage works as simple as a conventional boost converter. Also, the
output capacitors Co3, Cos, ..., and Co+1) are stacked on the output capacitor Coz to provide
different voltage levels. The voltage of output capacitors and the voltage stress of switches
are defined by

kxn
Venk = 1—-D Vpr (2-29)
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%
Vo1 =Vsp = HEE (2-30)

where k is number of diode-capacitor modules and Vrnk is the voltage across the load in k

module with negative voltage.
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Figure 2.6: Extended version of the proposed isolated converter.

2.5 Simulation Results
To verify the theoretical analysis, a simulation has been carried out for battery voltage 400
V, DC-bus voltage 1500 V, switching frequency 50 kHz, and output power 50 kW. Two
different loads are connected to the output ports with different voltage and power levels.
Voltage and nominal power of load 1 are 50 kW and 2400 V, and voltage and nominal
power of load 2 are 25 kW and 750 V. The simulation results of steady-state performance
are shown in Figure 2.8. The battery voltage and voltage Vo1 and Vo, are illustrated in
Figure 2.7 (a). It can be seen that the voltage levels are following the theoretical equation.

Figure 2. 7(b) demonstrates the current of switches and the leakage inductor current i,
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which are changing linearly according to analysis given in Section Ill. To investigate the
ZV'S performance of switches Si and Sy, the drain-source voltage and current are given in
Figure 2.7 (c) and Figure 2.7 (d), respectively. It is clear that the soft switching is realized
in the switches. In fact, the voltage across the switches becomes zero before they start
conducting the current, implying the turn-on loss becomes zero. Figure 2.7 (e) and Figure
2.7 () show the voltage and current of diodes Do1 and Do, respectively. It can be seen that
the current of diodes during turn-off process is changing linearly controlled by the leakage

inductance, which results in lower reverse-recovery loss.
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Figure 2.7: Simulation results. (a) battery voltage and output voltage levels Vo1 and
V2. (b) Current of switches and the leakage inductor current iL. (c) voltage and
current of switch S;. (d) voltage and current of switch S;. (e) voltage and current of
diode Dos. (f) voltage and current of diode Do>.

The converter performance during the short circuit fault between the positive and negative
poles is investigated in Figure 2.8. The battery current and leakage inductor current i x are
shown in Figure 2. 8(a) and (b), respectively. It can be seen that the protection scheme is
working effectively and reduces the battery current to zero after 2 ms, implying the energy
storage doesn’t supply the fault. The current of switches and output diodes are depicted in
Figure 2. 8(c) and (d), respectively. It can be observed that the control technique prevents

the power flow through the transformer.

2.6 Conclusion
Recent development in power electronics have led to the growth of medium voltage DC
distribution systems in ship power system due to their higher efficiency, power quality, and
higher reliability. Especially, the energy storage systems play a critical role by keeping the
balance between power generation and consumption. In this chapter, an extendable isolated
bipolar dc-dc converter is proposed for MVDC distribution system in marine vessels,

which is derived from the conventional half-bridge circuit.
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Figure 2.8: Simulation results when there is a pole to pole short circuit fault. (a) battery
current i g. (b) leakage inductor current ik. (c) current of switches S; and Sz. (d)

current of diodes Do1 and Dop.

The active clamp circuit is adopted in the proposed converter not only to limit the voltage

stress of switches but also to provide the soft-switching performance. The voltage

conversion ratio is improved considerably due to employing the diode-capacitor cells.

Since the short circuit fault is inevitable in the ship power system, the proposed converter

can protect the system by isolating the battery side from DC-bus. Finally, a bipolar dc-dc

converter working with switching frequency of 50k Hz and feeding two different loads (25

kW and 50 kW) is simulated with the Simulink platform to verify the theoretical analysis.

36



Chapter 3 A Family of Three-Port Three-Level Converter Based on
Asymmetrical Bidirectional Half-Bridge Topology for Fuel-Cell Electric

Vehicle Applications

3.1 Introduction
In this chapter, a family of three-port three-level converters (TPTLC) composed of
asymmetrical bidirectional half-bridge modules is proposed, which offers the benefits in
terms of a simple control scheme, extended soft switching over a wide range of operating
conditions, and reduced voltage stress across switches. The proposed converters take
advantage of a pulse-width-modulation plus phase-shift control technique to regulate the
output voltage as well as control the power flow between different ports independently. A
stacked TPTLC is taken as an example to be introduced in detail to gain a thorough insight
into the proposed family of converters. The stacked TPTLC can provide a high voltage-
gain along with a wide voltage-gain range without using any transformer, resulting in the
improvement in the power density. In order to minimize the conduction loss and reduce
the current stress of switches, the root-mean-square current of the inductor and the
boundary condition of the phase-shift controller in different operation scenarios are
studied. Finally, the feasibility of the proposed concept and effectiveness of the design
approach are validated based on the experimental results of a 1 kW, 100 kHz prototype of

the stacked TPTLC using gallium nitride switches.
3.2 Derivation Methodology of The TPTLC Topologies

3.2.1 Theidea of TPTLC Topologies

The cornerstone of a TPC is the output port should be highly regulated to connect to
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DC/AC converter while the input port is connected to an RES, such as FC. Concerning the
volatility of RES, the presence of an energy storage element is necessary to supply the
mismatched power. As depicted in Figure 3.1(a), ABHB module is capable of bidirectional
power flow control and includes one switching leg that is comprised of two switches, S;and
S;, an input filter inductor Lg1, and an output capacitor Co. In Figure 3.1(a), the symbol “—
”” stands for the complementary gate pulse of the switch with the same index. For instance,
two switches S;and S; are driven complementary. Essentially, the input and output ports
can be connected to either an energy storage element or an RES, such as FC. Generally, to
construct a TPC with a minimum component number, two modules can be merged. The
general structure of TPC is illustrated in Figure 3.1(b). Referring to Figure 3.1(b), two duty-
cycle controlled ABHB modules can be connected in a way that a three-port converter with
a PPSM control scheme is synthesized. In fact, the second module can be integrated into
the first module to provide three ports with bidirectional power flow capability, supply the
load from two sources, and regulate the output voltage. Regarding the voltage and power
regulation, the output port of each module is regulated by the duty-cycle, D, and the phase
shift controls the power flowing between the modules 1 and 2. Nevertheless, to synthesize
partially-isolated TPC, a transformer can be employed to generate a high-frequency ac

voltage. Then, a rectifier stage is employed to provide the dc-voltage.
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Figure 3.1: Topology derivation of the proposed family of three-port three-level
DC/DC converters from ABHB modules: (a) Duty cycle controlled ABHB module. (b)
PWM plus phase-shift modulated TPTLC composed of ABHB modules.

3.2.2 Different Topologies of TPTLCs
A technique for synthesizing different TPTLC topologies is inspired by combining ABHB
modules in various forms to make them suitable for a wide variety of applications. There
are nine various circuit topologies in this family of TPTLCs, which can be categorized as
non-isolated and partially-isolated as illustrated in Table 3.1 and Table 3.2, respectively.
The main advantage of non-isolated TPTLC is that a high voltage gain can be attained
without using a transformer. Compared to the classical solutions, the proposed nonisolated
TPTLCs can directly charge and discharge the battery while the power is not required to
pass through the transformer; so, a more compact power conversion system with higher
efficiency is ensured. Since these topologies are derived from integrating the concept of
multilevel converter and active-clamp circuit, the voltage stress across the switches is
reduced compared with other state-of-the-art TPCs. Consequently, the designer can employ
the low-voltage rating switches, thereby, reducing the conduction and switching losses. All

the switches in the proposed family of TPTLC can be switched at zero voltage, which is
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achieved without additional auxiliary circuit that leads to improvement in the system
performance. In the proposed family of TPTLCs, all three ports are capable of bidirectional
power flow. Besides, both sources can feed the load separately, and the power between the
two sources can be regulated simultaneously. It is noteworthy to mention that for renewable
energy applications, such as FC, the power can only go to the load or energy storage
element port since FC cannot absorb the power. Generally, the power flow is controlled by
the phase shift between ABHB modules, and the duty-cycle of switching legs regulate the
output voltage. This control scheme paves the way for a seamless transition between
different operation scenarios due to its symmetrical switching pattern.

For non-isolated configurations, the inductor Lg: is used to reduce the input current ripple.
Note in Non-Isolated Interleaved TPTLC and Floated Non-Isolated TPTLC, the function
of the inductor Lg is similar to that of the inductor Lg:. Regarding the role of the inductor
L2 in other non-isolated converters, it transfers the power from the input stage to the output
stage. As far as the current ripple is concerned, an interleaved TPTLC is an excellent
solution to reduce the current ripple while improving the power density, which is
constructed by symmetric connection of two ABHB modules at the low-voltage side (LVS)
of TPTLCs. For example, in nonisolated interleaved TPTLC and isolated interleaved
TPTLC, the phase legs operate in an interleaving way such that each of the phase-leg only
handles a portion of the total power. As depicted in Table 3.1, an effective way to decrease
the voltage stress of semiconductors and increase the voltage gain is to cascade the ABHB
modules with a merit of minimum components count. In order to remove the disadvantages
of multilevel converters, i.e., sizeable current spike and no voltage regulation, a “Multilevel

Modular TPTLC” is derived from the conventional switched-capacitor converter. To
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improve the power density, the proposed multilevel modular TPTLC employs the
switched-capacitor concept to increase the voltage gain without using a transformer, while
the major issues of the multilevel switched-capacitor converter are solved by using a small
inductor. Moreover, the bidirectional power transferring is realized in this converter by
transferring the energy between adjacent serial capacitors. Taking the stacked TPTLC as
an example, the detailed analyses of its performance and characteristics are studied in the
next section.

As shown in Table 3.2, with a high-frequency transformer, the partially-isolated TPTLCs
are appropriate for applications featuring isolation and high voltage gain. At the output side
of the TPTLCs topologies, three-level rectifier based on the ABHB modules are used to
decrease the voltage stress across switches while increasing the voltage gain. To hybridize
two different type of input sources, i.e., current-fed and voltage-fed source, a full-bridge
converter can be paralleled with a half-bridge converter by adopting a mutual dc-bus,
named Integrated Half-Bridge TPTLC. This type of TPTLC is beneficial for hybrid
renewable energy systems. The idea of “Hybrid Half-Bridge and Full-Bridge TPTLC”
stems from the fact that the PWM pattern of both full-bridge and half-bridge converters are
identical. To avoid transformer saturation caused by an asymmetrical operation in the full-
bridge circuit, the dc-blocking capacitor Cy is added in series with the primary winding of
transformer T». The capacitors in the secondary side fulfill this duty in the other converters.
The inductance Lg: in Full-Bridge TPTLC and both inductance Lg1 and Lg2 in Integrated
Half-Bridge TPTLC can be directly integrated into the transformer in the form of its

leakage inductance.
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3.3 Detailed Analysis and Design Consideration of the Stacked TPTLC

In this section, the proposed stacked TPTLC is thoroughly studied. Stacking structure such
as that depicted in Figure 3.2 aims at improving the efficiency and voltage gain without
requiring any transformer. The clamp circuit limits the voltage stress of switches; hence
switches with smaller on-resistance Rps(on) can be used, leading to lower conduction loss.
Compared to other TPTLCs, stacked TPTLC needs less number of switches and inductors
to achieve high voltage gain and offers the soft-switching for a wide range of power.
Symbols are defined as follows: filter inductors Lgi1, Le2, power switches Si, Sp, S, Sa,
auxiliary capacitor Caux, clamp capacitor Cc, and output capacitor Co. Vout denotes the
voltage of high-voltage port, which is equal to the summation of the voltage of clamp
capacitor and the output capacitor, Vcct+Veo. In Figure 3.2, the battery is emulated by a
voltage source Ver. In this figure, the fuel cell is modeled as an ideal voltage source Vec.
Since the FC cannot be charged, a diode Drc is used in series with voltage source Vec.

Also, Rout is the equivalent resistance of load representing the equivalent power feeding an
inverter. The voltage across switches Sz and Sz are symbolized by Vapand Ve, respectively.
The inductor Lg; is adopted as a filter to reduce the battery current ripple, and the inductor
Ls2 is used to form a resonant circuit to realize ZVS performance and confine the peak
current of switches. While no extra voltage stress is added across the switches, an auxiliary
capacitor is added to the circuit to extend the range of soft-switching performance, which
forms a resonant tank with the inductor Lg.. This auxiliary capacitor stores the magnetic
energy of inductor Lg2 and then releases it to the output capacitor Co. The main switches
S1 and Sz can transfer the power from FC to the battery and the load, respectively. The gate

pulse of switches Sz and S4 are complementary to that of switches S; and Sz, respectively.
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Table 3.1: Non-isolated three-port three-level DC/DC converters comprised of ABHB

modules.
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Table 3.2: Partially-isolated three-port three-level DC/DC converters derived from
ABHB modules.

Topology General Model Example
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Figure 3.2: Proposed stacked TPTLC for FCEV applications.
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3.3.1 Operation Modes Analysis

Based on the generated power of FC and the power demanded by the load, possible
scenarios of power flow in different ports include: 1) Scenario I, when the power of FC is
not enough to supply the load. 2) Scenario 11, when the generated power of FC Prc is more
than the power demand, i.e.,Pzc > P,,;; SO, the battery absorbs the extra power generated
by FC so that the output voltage is regulated at a constant value. 3) Scenario Il1, when the
battery can be charged from the motor through an inverter during decelerating, which is
named also regenerative-braking scenario. 4) Scenario 1V, when the load is disconnected,
i.e.,P,,; = 0, and the battery is charged by the generated power of FC.
The operating principle and characteristics of proposed converter are demonstrated with
the following assumptions: 1) the capacitors Cc, Co, Caux are sufficiently large such that
they can be taken as constant voltage sources; 2) All switches Si1-S4 are considered to be
ideal.

1) Scenario I: In this scenario, the FC cannot meet the load power demand, i.e.,Pgc <
P ., the converter operates as a double-input converter. In this condition, the battery is
discharged and helps to supply the load so that the output voltage is controlled at a constant
value. According to the assumptions, the proposed converter operation during one
switching period can be divided into four intervals. The corresponding equivalent circuits
and the key waveforms during one switching period are depicted in Figure 3.3.
Interval | [to-t1]: At time to, switches S1 and Sa are on, and the battery current is going
through the inductor Lg1; so, the inductor is being charged. Figure 3.3 (a) illustrates the
current flow path for this interval. The voltage across inductor Lg; is negative, therefore its

current decreases linearly, demonstrated in Figure 3.4. As a result of adopting active-
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clamped circuit, the voltage stress of switches S, and Sz are limited to the voltage of

capacitors Cc and Co, respectively.

dippr
LBl dt — YBT
dipgs
Lp, dr Vca = Vee — Veo
dv.q
_l -
a gt LB2 (3-1)
C dvec i Vee + Vo
c dt LB2 RO
deo =i _ Vee + Vo
[ dt LB2 Ro

Interval Il [ti-t2]: At time ty, switch S4 is turned off and Ss is turned on. The current flow
path for this interval is depicted in Figure 3.3 (b). As shown in Figure 3.4, the current of

inductor Lg: increases, but the current of Lg2 changes depending on the voltage of Vcc and

VCa.
dijgq
Lgq 7 = VUpr
dipp,
Lp, 3 Vea T Ve
dvc,
C,—2=—j -
L LB2 (3-2)
C dec i Vee + Vco
T4t LB2 R,
C deo — _ Vce + Vco
° dt R,

Interval 11 [to-t3]: At time t2, switches Sy is off and Sz is on. Figure 3.3 (¢) shows the current

flow path for this interval. The current of inductor Lg: and Lg> decreases and increases

linearly, respectively.
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Cq d—t = —l1py (3'3)

°Tdr R,
Interval 1V [ts-t4]: At time ts, switches S is turned off and Ss is turned on. Figure 3.3 (d)

shows the current flow path for this interval. The current waveform of inductor Lg> varies
depending on the voltage of Vcc and Vca. As shown in Figure 3.4, for the equal value of

Ve and Vea, the current will be “flat”.

dipp _
B1 gy T Upr — Vcc
dipp; _
Lp; ar Vca — Veo
dvc .
Cage = ~le2 (34
dec . VUce + VUco
T4t lLB1 R
(]
C deo i VUce + VUco
o dt LB2 Ro
2) Scenario I1: During this scenario, the generated power of FC is more than the load

demand, so the battery is charged by the extra power. The converter works as a dual-output
converter in this condition. The operation intervals and the equivalent circuits are similar
to those in scenario |, except the inductor current ivg: is different. Figure 3.5 shows the
inductor current i g1 for scenarios | and Il according to the generated power of FC Prc and

load power Poyt.
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Figure 3.5: The inductor current i g1 for scenarios | (Prc < Pout) and Il (Prc > Pou).

3) Scenario IlI: In this scenario, the motor charges the battery through an inverter,
which is also named regenerative braking scenario. Whereas in the scenario I, the gate
pulse of switch S; leads that of switch Sz, in this scenario the gate pulse of switch S lags
that of switch Sz to control the power flow in the reverse direction, which means the phase
shift ratio, 0, is negative. The equivalent circuit and the key waveforms in this scenario are
depicted in Figure 3.6 (a) and (b), respectively. As shown in Figure 3.6 (a), the power flows
from high-voltage side (HVS) to the battery in this scenario. The operation intervals in this
scenario are similar to those in the scenario | with a different sequence of operation
intervals. As shown in Figure 3.6 (b), the sequence of switching states in a switching period

can be expressed as S»S3, S1Ss, S1S4, and S»Sa.

Power

Sa i
T Flow

Taux -L-I | Vout
s ®
. iy Le S (“'“

(@) (b)

Figure 3.6: Equivalent circuit and key waveforms of converter in scenario I1l. (a)
Equivalent circuit. (b) Key waveforms.
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4) Scenario IV: In this scenario, the load is disconnected, and the generated power of
FC charges only the battery. The principle of operation of the converter in this scenario is
similar to that of a conventional ABHB converter. The switches S; and S are driven
complementary, and other switches are turned off. There are two intervals in one switching
period. The equivalent circuit of the proposed converter during scenario IV is depicted in
Figure 3.7 (a). The gate-pulse of switches S; and Sz and the current of the battery are

depicted in Figure 3.7 (b).

3
Si S ] S|
v, DTs '
LB1
—
&L ; I ~(_“ IBI=iLBI :
A B'I'E = sL.._I C fo t t

() (b)
Figure 3.7: Equivalent circuit and key waveforms of the proposed converter in
scenario V. (a) Equivalent circuit. (b) key waveforms.

3.3.2 Voltage Conversion Ratio
As shown in Figure 3.2, in the proposed stacked TPTLC two switches S; and Sz share the
gate-control signals with the same duty-cycle D but a phase-shift ratio 6, which are
complementary to gate-control signals of S, and Sa, respectively. From assumptions as
mentioned earlier in Section A, the relation between the voltage of HVS port and LVS port
in different scenarios can be obtained. From Figure 3.2, it is apparent that the output voltage

is equal to the summation of the voltage of capacitors Cc and Co.

Vout = Vic +Veo (3_5)
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By applying the volt-sec balance on the inductor L1, Vrc can be expressed by

VBT

1D (3-6)

Vic =

Based on the circuit shown in Figure 3.2, an equivalent circuit of the HVS of proposed
stacked TPTLC is obtained, as shown in Figure 3.8, which helps to derive the relation
between Vb and the voltage across capacitor Co. From Figure 3.8 and the volt-sec balance

on the inductor Ls2, Vco can be obtained by

V
Ls2 c ?1 -?-4
\7th bi'IJ T (.‘.0
»-l b

Figure 3.8: Equivalent circuit of HVS of proposed stacked TPTLC.

From Figure 3.2 and voltage-second balance principle across the inductor, the relation of
voltages on two side of inductor Lg: can be defined as follows:

Ver +Vea = Vap + Vic (3-8)
From (5) — (8), the output voltage Vout can be calculated as follows:

2Vpr  Vea = Vrc (3-9)
Vout_l—D+ 1-D

From current-second balance principle on the capacitor Caux, the relationship between the

inductor current iLg> at to and t3 can be derived by

Ts Ts
0 0

o1



ip2(to)(1 — D)Ts + i1p,(t3)DTs = 0 (3-11)

From operation modes and Figure 3.3 (a), the inductor current i_g2 at t3 can be expressed

by

, , Vo + Ve — V.
ip2(t3) = ippa(to) — co LFC ca 0Ts (3-12)
B2

From current-second balance principle on the capacitor Co, the average current of switch

S4 can be written by

s _ _ Vour
isa ()t = oy = 7 (3-13)
0

out
Substituting for iLs2 from (10) — (11) into (13) and integrating the result, the output voltage
can be expressed by

(26D — 20D — 6% — 46D? + 46D% + 2D0?)R,; Ts
out = 2Lg, — (20D? — 26D3 — 62D)R ., Ts Fe

(3-14)

3.3.3 Analysis of Inductor Current and Transferred Power
In order to keep the output voltage regulated and control the power flow, the PPSM scheme
is proposed for the proposed stacked TPTLC. Firstly, the relationship of transferred power
with the phase-shift ratio (6) and duty cycle (D) needs to be derived. As illustrated in Figure
3.9, depending on the values of D and 6, there are eight possible operating cases: 1) case
I, when 8 <1—D < 0.5; 2) case Il, when 1 — D < 6 < 0.5; 3) case Ill, when 8 < D <
0.5; 4) case IV, when D < 6 < 0.5. In Figure 3.9, “Scenario I” represents the power flow
from low-voltage side to high-voltage side, which is defined as Forward operation, i.e.,
P>0 and 6 > 0. In Backward operation, P<0 and 8 < 0, which is defined as in “Scenario

III” in Figure 3.9, the power the power flows from high-voltage side to low-voltage side.
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Note Cases I-1V in Scenario 11 are represented with prime values, named cases I’-IV’. For
instance, I represents Case | in Scenario I, while I’ represents Case | in Scenario 1lI.

Case 1 [#< (1-D) < 0.5] [see Figure 3.10 (a)]:

The key waveforms for this case are shown in Figure 3.10 (a). From (10)-(14) and the
current-second balance principle on the capacitors Caux and Co, the output power can be
calculated by

VozutTS
4Lg,

P = (2D — 2D?* — 16)|6| (3-15)

From (15) it is obvious that the transferred power is inversely related to the switching

frequency fs and inductance Lg2. The maximum power can be obtained at the maximum

phase-shift ratio (6max) as follows:

dP V2T
01 :z;; (2D — 2D? — 2|0pmay]) = 0 (3-16)
1Omax| =D — D? (3-17)
v2,T
Prax =~ — (D = D?)* (3-18)
B2

The maximum transferred power as a function of switching frequency fs and inductance Lg; is
presented in Figure 3.10 (a), demonstrating the effect of the switching frequency and the
inductance Lg2 on the maximum transferred power Pmax, Which is derived from the equation (18)
when Vo= 400 V and D=0.5. As shown in this figure, the maximum transferred power increases
exponentially if the inductance Lg, decreases below 1uH. It can be seen that the maximum

transferred power decreases with increase of either the switching frequency or inductance.
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Figure 3.9: Different operation modes according to different values of duty-cycle and
phase shift ratio. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.

Case 2 [(1-D) < < 0.5] [see Figure 3.10 (b)]:
Figure 3.10 (b) shows the current and voltage waveforms for operating case 2. Employing

the similar derivation procedure, the output power can be obtained by

VozutTS

P =
4Lp,

(1 - D)2(1 - 2|8]) (3-19)

Case 3[8< D <0.5] [see Figure 3.10 (c)]:
The current and voltage waveforms for this case are depicted in Figure 3.10 (c).
With the same analysis method, the output power in this case is completely similar to Case

1, which is a function of the phase-shift ratio (0) and duty cycle (D) and can be determined

by

V2. T
out’S ap —2D% — |6))|9|

b= (3-20)

Case 4 [D <0< 0.5] [see Figure 3.10 (d)]:
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The key waveforms for this case are shown in Figure 3.10 (d). Applying the similar
mathematical derivation, the output power is a function of the phase-shift ratio (6) and duty

cycle (D), which is given by

2

v2,T.
out’S pz(1 —210|) (3-21)

pP=
4Lg,

Figure 3.11 (b) shows the normalized delivered power as function of duty cycle and
phase-shift ratio for different operation modes, in which the transferred power is
normalized by

p _ VozutTS
base — 4LBZ (3'22)

Note the negative power refers to a power flowing from HVS to LVS. As depicted in
Figure 3.11 (b), the direction of power flow can be changed seamlessly because the
proposed converter has a unified operation for various values of phase-shift ratio; so,
similar equations are valid for a negative phase-shift ratio. It is important to note that zero
delivered power does not imply zero current. In essence, when the phase-shift ratio is zero
(6=0), there is reactive power going through the switches contributing to the power
losses. Further examinations show that the transferred power curve is symmetric around
the axis D=0.5, and it enhances with the rise of the duty cycle (D) for D < 0.5 and the
decrease of D for D > 0.5. The transferred power curve when the duty cycle is fixed is
analogous to the sinusoidal wave. The maximum transferred power in Scenario | and

Scenario 111 are identical to each other, happening at D=0.5 and 6 = +0.25.
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3.3.4 Current and Voltage Stress of Switches
In order to calculate the current stress of switches, first, the current of inductor Lg, iLse,
should be thoroughly analyzed. From the explanation given in “Operation Mode Analysis”
section, the inductor current iLs2 can be calculated, which is given in Table 3.3. It can be
seen that the inductor current is a function of phase shift ratio 6 and duty cycle D, indicating
that any change in operation point can lead to a change of the peak current and RMS current

of switches. Therefore, the determination of a proper phase-shift ratio and the duty cycle is

56



vital in minimizing the switching and conduction losses. The root-mean-square (RMS)

current of inductor Lg> for different operating cases is given in Table 3.4.

Table 3.3: Current of inductor Lg for different values of duty cycle and phase-shift ratio.

Condition 6] <(1-D)<0.5 | 1-D)<|0|<0.5 6] <D <0.5 D<16]<0.5
Vouth (1
. VoueTs 2L VoutT VoutTs
1 t=to-t HD—— B2 BD—— GD——
Le2(t=to-t1) 2L, ——( ) 2L, ——( ) 2L, ——( )
—-60)(1-D)
. VoutT VoutTs t VoutTs t VoutT
iLg2(t=ts-t 2 39(1-D 5 gD — — 59D — — 2 3p(1-6
ettt Tl s Tl A T < B TS
VoutIs VourT. VourT.
out [ 0(1 _ D) outts [_9(1 _ D) outts [—D(l _ 9)
iL2(t=t2-t3) 223591 -D)
D+ = D+ 0+
TS] TS] TS]

VoutT.

—; =61 - D)
H Vouth B2 Vouth Vouth
iLg2(t=ts-ts MLLELN"))) MLALN))) 256D

— D —_

+ Ts]

Figure 3.12 shows the normalized RMS current for different values of duty cycle and
phase-shift ratio, in which the base inductor current iLs2, named I g2 pase, is defined as

follows:

. VoutTs
l1.B2,base = (Z;z (3'23)

From the inductor current iLg2 given in Table 3.4, the maximum current of switches can be

expressed as follows:

Is1,max = i1p1(t2) — ipp2(t2)

Vouth 6(1 - D2 6) outT (1 D)D (3-24)

=~ 2L, 1-D 2Lp, 2
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Is2max = —ipp1(ts) + ippa(ts)

_ VoueTs0(D* =D +60) Vo Ts (1 = D)D (3-25)
~ 2Lg, 1-D 2L, 2
) Vout T
Is3,max = lLB2 (t3) = ZOZ;; 6D (3-26)
) Vout T,
Isamax = —iLp2(to) = ZOZ;; 6D (3-27)

Table 3.4: RMS Current of inductor LB2 for different operating cases.

Operatin
P J Condition RMS Current of inductor Lg:
Case
2 _ 2 _
Case 1 6] < (1-D) <05 Lpyrms = VoueTs |62(3D —3D2 — 6)
' 2Lg, 3
— 2 _ 2 _
Case 2 (1-D)< 6] <05 Lipprms = VoueTs |(1—D)2(30 —362+D —1)
' 2Lg, 3
2 _ 2 _
Case 3 18] <D < 0.5 gy = VouTs [02(3D — 3D~ 6)
' 2Lg, 3
2 _ 2 _
Case 4 D<|6] <05 Lipprms = VoueTs |D2(36 — 362 — D)
' 2L, 3

o«
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(>}
!

w
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=

Figure 3.12: Normalized RMS current versus different phase-shift ratio and duty cycle.
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From Figure 3.3, it is apparent that the LVS and the HVS switches should withstand the
voltage of clamp capacitor Vcc and Vco, respectively. Therefore, the voltage stress of power

switches can be obtained from Figure 3.3 and (6) as follows:

V,
Vi1 =Vs = Ve = 1 fTD (3'28)
Vss = Voo = Vour — Ve (3'29)

3.3.5 ZVS Performance
Aside from the conduction loss, the switching loss is another concern to find the high-
efficiency operation region. ZVS soft-switching performance can be realized owing to the
PPSM control algorithm. As discussed in section B, case 1 is recognized as the low
inductance current region, which can be seen in Figure 3.13. In this part, the soft switching
performance in this region during scenario | is discussed. Note the ZVS soft-switching
performance in the scenario | is quite similar to that in scenario I, 1Il, IV, and V. The
results and analytical procedure derived in this section are valid for the proposed converter
regardless of the operation modes.

The conditions to obtain ZVS performance of switches S1-S4 can be expressed by

V. .T
is1(to) = (ipp1(to) — ZOZ;; D) <0 (3-30)
V. ..T
is2(t) = (i1 (t2) — ZOZ;; 6(1-D))>0 (3-31)
V...T
is3(ty) = (——; —6(1-D)) <0 (3-32)
B2
V..T
is(ts) = (55— 6D) >0 (3-33)
B2
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The maximum and minimum inductor current iLs1 happens at to and t2, respectively, which
can be calculated by

PBT VBTDTS _ Vouth Q(ZD - 2D2 - 9) VBTDTS

= (3-34)
Ver 2Lz, 2Lg, 1-D 2Lg,

irp1(to) =

PBT + VBTDTS _ Vouth Q(ZD - 2D2 - 9) + VBTDTS
Vgr  2Lgy  2Lp, 1-D 2Lp,

ip1(t2) = (3-35)

According to (30), (31), (34), and (35), the soft-switching condition of switches S: and
Sz is more rigorous than that of switches Sz and S4 due to the DC current injection of the
inductor Lgi. Thus, ZVS turn-on performance of all switches can be satisfied once the
following conditions are met.

VoutTs o(D — D? — 0) Vpr DT <0
2L, 1-D 2L,

Is1(to) = (3-36)
Vou T, 04D —3D* = 0)

3-37
ZLBZ 1 - D ( )

isz(tz) =

From (36) and (37), it is apparent that the ZVS performance depends on the duty cycle,
the phase-shift ratio, the output voltage, the inductor Lg2, and switching frequency.
Defining the base ZVS current Izvspase @S (Mout*Ts)/Le2, Figure 3.13 (a) and (b) show the
normalized ZVS current of switches S; and Sz, respectively. Note since the inductor Lg is
employed to filter the input current ripple, it is assumed that the inductor Lg: is larger than
the inductor Lgz, so Lei= 10 Lg2. Another condition to achieve the ZVS performance is
that the energy stored in the inductance Lg> should discharge the output capacitor of switch

S1to zero. Thus, the detailed ZVS condition of switch S; can be derived as:

2
0SS VCC

T (i (8)? (3-39)

(irg2(to))* >

60



It can be seen that that the larger inductance Lg2 and the smaller battery power Pgr, the
easier switch Sy can obtain ZVS. As a conclusion, ZVS can be implemented for all the
switches for a wide operating range in this mode. It is noteworthy that the soft-switching

performance of switches in other modes can be ensured similarly.

Soft Switching Region /]

0.5 -

Normalized ZVS current of S
Normalized ZVS current of S,

0
0.5

03 2 . 03 -
C02 = 2 ’ Phase-Shift Ratio(B;) 2 0.4
Phase-shift Ratio (0) 0.1 0 02 : . : 0 0.2 )
0 Duty-Cycle (D) Duty-Cycle (D)

(a) (b)
Figure 3.13: Normalized ZVS current of switches versus different phase-shift ratio and
duty cycle. (a) Switch Si. (b) Switch Sa.
3.3.6 Passive Component Selection
In this section, the design guide to choosing the inductors Lg: and Lg2, and capacitors Caux,
Cagr, Co, and Cc are illustrated. The inductor Lg1 works as a filter in the boost converter to

limit the battery current ripple, so it can be obtained as follows:

. _ DTVgy
PLT (Algy)

(3-39)

The design of inductor Lg: is of paramount importance for the proposed converter since it
plays a critical role in the soft switching, the conduction losses, and the maximum
transferred power; so, more attention should be given to its selection. According to (36)

and (38), to realize the soft switching, the inductor Lg2 should meet the following

conditions:
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0(D — D% — 0)V,,,

L 3-40
B2 = (1 —-D)DV,, B1 (3-40)
2C,ssVE
Lg, > >
VourTs62 (2 _ ((ZD —2D2-9) DLBZ> (3-41)
2LBZ 1 - D HLBI

It can be understood that the larger inductance Lg> is selected, the more possible soft-
switched turn-on operation can be realized. Nevertheless, according to (18), increasing Lg>
shrinks the maximum transferred power.

Regarding the design of capacitors, it is assumed that the capacitors serve as a dc voltage
source and the voltage ripple on the capacitors should be limited in a reasonable range. The

capacitors can be determined by

VoutDTS
> —out S (3-42)
0 RoutAVCO
C-> Vout(l + D)TS (3_43)
© 7 (1= D)RoutAVcc
VoutTS
Copre > ————— 3-44
e RoutAVCaux ( )
AlgrTs
Cogr >—— -
BT 8AVerpp (3-45)

Where Ts is the switching period, AVco is the voltage ripple on capacitor Co, AVcc is the
voltage ripple on capacitor Cc, AVarpp is the voltage battery ripple, AVcaux IS the voltage
ripple on capacitor Caux, AlgT is the ripple current of the battery.

3.3.7 Control Scheme
As previously discussed, keeping the balance between the battery and FC while
maximizing the utilization of FC power is the main aim of the power management of the

proposed FC-battery system. The block diagram of designed control scheme is depicted in
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Figure 3.14 (a), including battery charging and discharging control and load voltage
control. As exhibited in Figure 3.14 (b), utril and ugiz represent the two carrier signals, D
is the duty-cycle of switches S; and Sz and regulated by control voltage Vp, and 6 is the
phase shift ratio between Vi1 and V2, and Ts is the switching period. To balance the
power and voltage between battery and FC, duty-cycle D is applied as one of the control
freedoms, while the phase shift ratio 6 is employed as the second control freedom to
regulate the voltage and power between FC and load. Based on the operation principles of
stacked TPTLC, the equivalent circuit between the battery and FC is an ABHB converter,
and the equivalent circuit between the FC and load is a noninverting bidirectional buck-
boost converter. In other words, the FC resembles the output of the ABHB converter and
input of noninverting bidirectional buck-boost converter, implying the load and the battery
is decoupled by the FC.

The modulation scheme depicted in Figure 3.14 (b) allows the independent control of
ABHB converter and noninverting bidirectional buck-boost converter. Since the battery
voltage is constant, the output voltage can be regulated by a voltage-mode control loop.
The sign of phase-shift ratio 6 indicates the power flow direction. The positive and negative
values indicate the power flow from LVS to HVS and from HVS to LVS, respectively.
Due to the symmetrical performance of converter in Scenarios | and 111, seamless power
flow can be obtained by adopting PPSM. Battery charging and discharging control is
designed such that constant current and constant voltage charging are implemented. To
avoid over discharging the battery, a discharge controller is used to cease operating the

load by adjusting the phase shift ratio to be zero.
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Figure 3.14: Control scheme: (a) control block diagram of proposed converter, (b)
modulation scheme.

3.4 Comparison of The Proposed Stacked TPTLC and Other Converters
While considering the state-of-the-art TPC topologies, a close look at the proposed
converter and comparing it with other converters is of great importance because it provides
invaluable information on different aspects of TPCs for various applications. A comparison
between the proposed stacked TPTLC, nonisolated converters introduced in [18], [20],
[24], partially-isolated converter introduced in [6], and isolated converter introduced in
[11] is presented in Table 3.5. It is noteworthy to mention that each TPC DC-DC converter
topology has its own merits and demerits; therefore, there are no specified selection criteria
to choose any specific topology for any particular application. However, these topologies
can be compared under particular characteristics, such as the number of components
including the switch, diode, inductor, and transformer, control technique, voltage stress of
switches, and efficiency. The comparison is made only on the bases of simple synthesized
topology. Control schemes and extra cells added to achieve additional benefits are not

taken into account in this comparison.
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Regarding the soft switching operation, all the switches in these converters can achieve
it, except the non-isolated converters cited in [20] that suffers from hard switching
operation of the switch and reverse-recovery problem of the diode, leading to high
switching losses. The proposed converter offers the soft-switching performance for a wide
range of operation points. Among these converters, the partially-isolated converter
introduced in [6] has the least number of switches. However, since the diode rectifier is
employed in the output stage, the power cannot flow from the output to the sources; so,
operating in scenario Il is not possible.

Looking at the recent works, the classic PWM is used in the most nonisolated converters
such as converters introduced in [18], [20], and [24]; but, the duty cycle is the only
parameter to regulate the voltage and power flow, which imposes challenges on the
independent control of power and voltage. In the partially-isolated converter introduced in
[6], a combination of pulse frequency modulation (PFM) and PWM is used to provide the
independent voltage regulation of output and battery. Nevertheless, the design of passive
components is an implementation hurdle due to the interdependence of their impedance
and frequency. Moreover, the voltage regulation range for this converter is narrow.
Adopted in the proposed converter and the isolated converter introduced in [11], PPSM
control scheme is an attractive solution for hybrid renewable energy systems that enables
control of power and voltage by employing phase-shift ratio and duty-cycle, respectively.
Nevertheless, a high number of switches in the isolated converter introduced in [11]
complicates the control scheme, diminishes the overall system efficiency, and increases the
cost. Even though the total semiconductor count in both proposed converter and the

nonisolated converter introduced in [20] is the same, the bidirectional power flow for all
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three ports is feasible only in the proposed converter. To sum up, compared to other
converters, the proposed converter offers the main features of TPCs with a smaller number
of semiconductors as well as the fewer magnetic cores; therefore, it can be a preeminent
option for applications that size is a critical parameter. The stacked configuration provides
high voltage gain with reduced voltage stress across the switches, providing the conditions

to employ the switches with smaller on-resistance Rps(on) that results in higher efficiency.

Table 3.5: Comparison study between the proposed converter and other TPCs.

Non-isolated Non-isolated Partially-
o . Isolated Proposed
Specification Converter Converter isolated
converter [11] Converter
[18] [24] converter [6]
No. of 6
] 3 2 14 4
switches
No. of diodes 3 0 4 0 0
No. of 0
0 1 2 0
transformer
No. of 2
_ 4 1 2 2
inductors
Boost voltage
) 2/(1-D) 1/(1-D) N/(1-D) ND(1— D)R; 2/(1-D)
gain (Vo/Vin1) B
Lefs
Voltage stress VoueLsfs
.5V V V —_— 5V
of switches 0.5Vout out out ND(1—D)R, 0.5Vout
Control
) PWM PWM PWM+ PFM PPSM PPSM
technique
No. of ports
with
bidirectional 1 3 2 3 3
power flow
capability
Soft
o Yes Yes Yes Yes Yes
switching




3.5 Loss Analysis and Experiment Verification

In this section, the experimental verification of a 1kW prototype of the stacked TPTLC

PWM plus phase-shift modulated converter are given to prove the theoretical analysis and

operation principle of the proposed converter. The design specifications for the prototype

are illustrated in Table 3.6.

Table 3.6: Design specifications.

Switching frequency fs

Parameters Value
Battery voltage Vet 50-100 V
Output voltage Vout 400 V
Output power Pout 1000 W

100 kHz

Switches GS66516T (650 V, 60 A, Rpson) of 25 mQ)
Inductor Lg: 300 uH
10 uH

Inductor Lg2

Auxiliary capacitor Caux

DCP41052006JD2KSSD (WIMA, 20 uF, 600 V)

Battery port capacitor Cst

C4AEGBW6100A3NJ (KEMET, 100 uF, 450 V)

Output capacitor (Cc and Co)

DCP41052006JD2KSSD (WIMA, 20 uF, 600 V)

in parallel with C5750X6S2W225K250KA (TDK, 2.2 uF, 450 V)

3.5.1 Loss Analysis of the Proposed Stacked TPTLC

Referring to Figure 3.3 (e) and [33], the equations for calculating the loss can be obtained.

Table 3.7 gives the loss equations for key components, including the switching and

conduction losses of switches, core and conduction losses of magnetic cores.
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Since all cores have been selected from Micrometal Inc. with relative permeability of
=35, the core loss of the inductors can be calculated by multiplying core volume V. with
core loss density Pe. For this permeability, core loss consumed in unit volume Py has been
provided by Micrometal Inc. with the equation given in Table 3.7 [34]. In Table 3.7, fs is
the switching frequency, Qgate is the total gate charge and Vg is the drive voltage, which in
case of SIB261BAC is 6.8V, B is the peak AC flux density, Resr is the equivalent series
resistance of the inductor, and the coefficients a, b, c and d can be derived from datasheet.
In this equation, four coefficients (a, b, ¢, and d) needed to describe the material,
determined by “best fitting” measured data from core loss graph given by manufacturer.
This model in this equation will be referred to as the Oliver model [35]. In this study, due
to ZVS performance, the capacitive switching loss as well as the loss of capacitor is not
considered. To calculate the switching loss for GaN devices, simulation using LTSpice
model by the manufacturer is beneficial. The double pulse simulation model can precisely
estimate the turn-on and turn-off losses. The turn-on loss and the turn-off loss under

different drain-source voltages for GaN eHEMT GS66516T from GaN Systems can be

obtained.
Table 3.7: Loss equations for key components.
Parameters Value
Conduction loss P¢ = Rps(onylérms
. o By integrating the product of the voltages and
Switches (S1-S4) Switching loss ) T
currents using double pulse test circuit
Gate drive loss Pg = V4Qqatefs
fs 2p2
Inductors Core loss h=2— - Tdx(fsB%)
B* t B2z T giss
(LBl and LBz)
Winding loss Py = Rgslf yms
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For the purpose of clarification, the loss breakdown for two scenarios | and 111 feeding full
load using the equations given in Table 3.7 is presented in Figure 3.15. The theoretical
efficiency for scenario I and I11 during feeding full load are 98.5 % and 98.4%, respectively.
It can be concluded that, due to using GaN switches and ZV'S performance, the switching
and conduction loss in the proposed converter is decreased compared to its hard-switched
silicon-based counterparts. So, smaller heat-sink can be used for the proposed converter

leading to higher power density.

(0.65 W) 4%

(0.63 W) 4% Switches Conduction Loss @ (1.96 W) 13% 0.2 W) 1% Switches Conduction Loss @
(88 W)33% % Switching Loss N Switching Loss
V Inductors Conduction Loss Inductors Conduction Loss
Core Loss @
(4.8'W) 33% Gate-D Loss
(@) (b)

Figure 3.15: Loss breakdown for different scenarios under full-load condition. (a) Full-
load Pout=1 kW, Ve1=100 V, 6=0.05 and D=0.53 in scenario I. (b) Full-load Pout=1 kW,
Ve71=100 V, 0= -0.1 and D=0.53 in scenario IlI.

3.5.2 Experimental Results
A 1 kW prototype of proposed TPTLC converter was implemented to verify the theoretical
analysis and simulation results. The design specifications and the components used in the
prototype are given in Table 3.6. Developments in wide band-gap semiconductor devices,
especially GaN switches, have enabled the power converters operation at a higher
frequency, higher efficiency, temperature, and voltage. Due to the attractive characteristics
of GaN devices such as small on-resistance Rpson), zero reverse recovery charge, high

switching frequency, and high temperature operation, they are the most promising
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competitors to replace different silicon-based DC/DC converters. Many EV manufacturers
are migrating their converter designs to GaN to take advantage of this new semiconductor.
In the experimental setup, the FC source was emulated by XR375-15.9 Programmable DC
MAGNA power supply, and a HO 50-S current sensor is used for measuring the FC current.

In this part, to evaluate the voltage regulation and steady-state performance of the
proposed converter, some experimental results for different scenarios | -1V are presented,
shown in Figure 3.16-Figure 3.20, respectively. The results of converter performance at
full load 1 kW for scenario | are shown in Figure 3.16. The output voltage Vou, battery
voltage, and voltage across capacitors C. and C, are shown in Figure 3.16 (a). It can be
seen that the voltage ripple of Vout and Vce and Veo is small enough confirming the design
of related capacitors. The gate-source pulses of the switches are illustrated in Figure 3.16
(b). There is no voltage ringing caused by parasitics in the gate pulses, implying the design
of gate driving circuit in PCB layout is carried out correctly. To study ZVS performance,
the gate signals and voltage stress across switches Si, Sz, Ss, and Sy are shown in Figure
3.16 (c), (d), (e), and (f), respectively. The voltage stress of all switches is 200 V, which is
half of the output voltage, thus enabling use of low voltage switches with low conduction
resistance Rps(on). The voltage spike on switch Sz is more than other switches, which is 20
V (about 10%), meaning that low parasitic inductance is achieved by optimizing the PCB
layout design. The converter performance at battery voltage 100 V and output power 1 kW
is investigated from an efficiency viewpoint. As discussed in Section I11, the soft-switching
condition of switches S1 and S is more rigorous than that of switches Sz and Sa. So, the
soft-switching performance of switches S: and S» is evaluated in this part. Figure 3.16 (c)

and (f) illustrate the detailed turn-on instant for the switch S; and S at full load,
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demonstrating the voltage across the switch becomes zero before the gate pulse is applied
that implies ZVS is realized. Also, soft-switching performance of switches Sz and Sa is
presented in Figure 3.16 (d) and (e). The results of converter performance for battery
voltage 50 V at different loads 100, 500, and 1000 W are depicted in Figure 3.17 (a), (b),
and (c), respectively, including the inductor current i g1 and i_s2, and the voltage across
switches Vap and Ve, Figure 3.17 (d), (e), and (f) show the current and voltage waveforms

for battery voltage 75 V at different loads 100, 500, and 1000 W, respectively.
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Figure 3.16: Experimental results during scenario | at full-load condition when Vgt =
100 V, Vout = 400 V, Po = 1 kW, 6=0.05, and D=0.53. (a) Gate-source voltage of
switches. (b) drain-source voltage of switches S;and S (c) gate-source and drain-source
voltage of switch S;. (d) gate-source and drain-source voltage of switch S4. (e) gate-
source and drain-source voltage of switch Sa. (f) gate-source voltage of switch S; and
inductor current iLg1 and ipgi.

71



Tek S Trig’d
+

iLB1 P
3 ———
| Veb r
J | L |
Vab
CH2 10.04 M 2.500s

CH3 10,04  CH4 200V

(a)

Tek .l Trig’d M Pos: 20,125
+

CH2 10,04 M 2508

CH3 10.04 CH4 200v
(d)
Tek  Ju i Trig'd
+

iLB1 ¢
3

e e
"‘; L-—-—J—'Vcb L...J

Vab
CHZ 1004 M250us
CH3 10.0A4 CH4 200V

+
iLB1 «
3
Veb Jn
J | | | Vel
Vab
CH2 10.04 M 2.500s
CH3 10,04  CH4 200V

Tek .l Trig’d M Pos: 20,125
+

iLB1

N
i

CH2 10,04 M 25008

CH3 10.04 CH4 200¥

Tek .Ju Trig’d
+

iLB1

iLB2
N
| =
s | VA F—
Vab
CH2 1004  M250us
CH3 10.0A CH4 200v
(h)

Tek gl Trig’d
¥ .
1LB1

P
3

/\.._/\l‘_‘ff—/\
4._.,...[.1‘ m Veb F«'

Vab
CH2 10.04 M 2508
CH3 20,04  CH4 200v
Tek .. Trig’d M Pos; 20,1215
¥

e e e
b

ILB1

yw
3 N -

Vab

CH2 10,04 M 250
CH3 10,04 CH4 200¥

Tek Ju Trig"d
+
\/\'ﬁ;\'/*
3 X
1LB2
2
- e —
)
vl i Veb
Vab
CH2 1004  M250us
CH3 10.04 CH4 200¢
(i)

Figure 3.17: Experimental results during scenario | for different battery voltage and
output power Vec = 175.7 V and Vout =400 V. () Vet =50 V and Pout = 100 W. (b)
Vet =50 V and Pout =500 W (c) Vet =50 V and Pout = 1000 W. (d) Vet =75 V and
Pout =100 W. (e) Vet = 75 V and Poyt = 500 W. (f) VT = 75 V and Poyt = 1000 W. (g)
Vet =100 V and Pout = 100 W. (h) Vet = 100 V and Poyt = 500 W. (i) Vet = 100 V
and Poyt = 1000 W.

The results of converter operation for battery voltage 100 V at different loads 100, 500,
and 1000 W are illustrated in Figure 3.17 (g), (h), and (i), respectively. As shown in Figure
3.2, the voltages Va, and V¢n imply the voltage stress across switches. When the gate-pulse

of switch Sy is applied, Vab should be equal to -Vrc, which is about 180 V shown in Figure
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3.17. Otherwise, the voltage Vab is zero. During the conduction of switch Sz, Ve is zero,
and during the conduction of switch Sa, Vb should be equal to Vo, which is about 220 V
as shown in Figure 3.17. It is noteworthy to mention that the current ripple of battery is in
the acceptable range confirming that the design of inductor Lg; is precise. The operation of
proposed converter under full-load condition in scenario Il is shown in Figure 3.18, which
is in the line with the theoretical analysis. Figure 3.18 (a) depicts the gate pulses of
switches, indicating the phase-shift between the gate pulse of switches S; and Sz is 1us and
the duty-cycle is 0.53. The gate pulse and voltage stress across the switches S1, Sz, and S3
are shown in Figure 3.18 (b), (c), and (d), respectively. These figures provide evidence that
the soft switching at turn-on instant is achieved in scenario I1l. The inductor current iLg1
and iLg2, and the gate signal of switch S; and Sz are shown in Figure 3.18 (e). There is
perfect agreement between the theoretical analyses discussed in the previous section and
the experimental results shown in Figure 3.18 (e). As expected, the experimental results
shown in Figure 3.18 (e) prove that the inductor current i g2 is flat since the voltage of
capacitors Cc, Co, and Caux are equal. The battery voltage VgT, the voltage of output
capacitors Vco and Ve, and output voltage Vout are demonstrated in Figure 3.18 (f). The
results of converter performance during scenarios Il and IV are demonstrated in Figure
3.19. The gate pulse, drain-source voltage of switch S1 and the inductor current i_g1 are
depicted in Figure 3.19 (a). As shown in Figure 3.19 (a), the voltage stress of switch Sy is
176 V, which is equal to the FC voltage. The generated power of FC stack (Prc=1020 W)
is more than the power demanded by load (Pout=1000 W); so, the battery is charged by the
surplus power. Figure 3.19 (b) shows the gate voltage of switch S; and Sz, and the battery

voltage Vet =70 V when the FC voltage is Vrc = 176 V and the duty cycle is 0.62. The
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voltage stress of switches is limited to the voltage of clamp capacitor. The experimental
results also clearly substantiate that the control scheme is working properly in all operating

scenarios.

To evaluate the dynamic behavior of stacked TPTLC, a test was conducted. The battery
voltage, the output voltage, and current i g1 under power flow change are illustrated in
Figure 3.20. A lithium iron phosphate battery with nominal voltage of 100 V is connected
to the LVS port to test the performance of the converter in transition between scenario |
and I11. From Figure 3.20 (a) and (b), it can be concluded that the power flow change is

carried out smoothly from scenario I to 11l and vice versa.
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Figure 3.18: Experimental results during scenario Il at full load when D=0.53,
06=-0.1, Ver =100 V, Vpc =400 V, Po = 1000 W. (a) Gate pulse of switches. (b) gate-
source and drain-source voltage of switch Si. (c) gate-source and drain-source voltage
of switch Sy. (d) gate-source and drain-source voltage of switch Ss. (e) gate-source of
switches S; and Sz, inductor current i1 and iLg:. (f) Battery voltage, output voltage,
voltage across capacitors Co1 and Cop.
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Figure 3.19: Experimental results during scenario Il and IV (Ver =70V, Vic = 175.7
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current iLg1 during Scenario Il when Pec=1020 W. (b) Battery voltage and gate-source
voltage of switches Sy and Sz during scenario V.
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Figure 3.20 (c) shows the transient characteristics during a step increase in the load while
the battery voltage is 50 V. It can be seen that at the instant of the step increase in load, lout,
Vout dropped in response to abrupt increase in lout. Before the load variation, the converter
was working in Scenario Il. After the step variation in the load, the converter enters
Scenario I. It can be observed from figure that the output voltage is maintained at 400 V
while the load is changed. The measured efficiency for different scenarios is depicted in
Figure 3.21 (a). The maximum experimental efficiency happens at 600 W during Scenario
IV, which is 97.9%. The experimental efficiency at full load condition in scenarios I-1V
are 97.5%, 97.6%, 97.5%, and 97.7%, respectively. The efficiency comparison among the
proposed converter working in scenario I, converter in [11], converter in [14], and
converter in [18] are given in Figure 3.21 (b). By providing fewer passive components
involving in the power conversion, the proposed converter provides higher efficiency. The

developed prototype is shown in Figure 3.22.
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Figure 3.20: Experimental results under transition when Vou= 400 V and Pou=
1000 W. (a) Transition from scenario I to scenario 111 (Ver=100 V). (b)
Transition from scenario 111 to scenario | (Ver=100 V). (c) Measured transient
response characteristics during the stepped load change conditions. (Vrc =175.8,
Prc=990 W, and Ve1=50 V).
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Figure 3.21: Efficiency curves. (a) efficiency curves for different scenarios. (b)
Efficiency comparison between the proposed converter and other recent TPCs.
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Figure 3.22: Laboratory prototype of the Stacked TPTLC.

3.6 Conclusion
A multiport converter is recognized as being a key enabling technology for fuel cell electric
vehicle to interface the renewable energy source with the load and the battery. In this
chapter, a family of TPTLC for hybridizing of renewable energy sources is introduced
which features simple topology, low voltage stress across switches, and ZVS performance
for wide load variation. It also inherits the salient advantages of the conventional ABHB
converter in terms of the lower number of components, small size, and weight. The
proposed stacked TPTLC is taken as an example to investigate the correctness of the
proposed concept, which has different operation scenarios based on the output power of
FC and the state of the charge of battery. In the stacked TPTLC, a high voltage gain is
achieved without using the transformer, which results in significantly reduced cost and size
of the system. The RMS current of inductance and the boundary condition of the phase-
shift controller in different operation scenarios are analyzed to find the low-conduction-
loss operation mode. A control system comprised of PWM and phase-shift controlled
algorithm is proposed, which provides a solution to simultaneously regulate the voltage of

different ports and control the power flowing between ports. Finally, a laboratory prototype
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of proposed stacked TPTLC using GaN switches was developed to validate the proposed

concept experimentally.
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Chapter 4  Design and Implementation of a GaN-Based, Modular, PWM-
Controlled Quasi-Resonant, Bidirectional DC/DC Converter Using GaN

Switches for EV Application

4.1 Introduction
A modular quasi-resonant bidirectional (MQRB) dc-dc converter composed of half-bridge
gallium nitride modules (HBGM) with reduced switch voltage stress is proposed in this
chapter. The suggested configuration takes advantage of enhancement-mode gallium
nitride (eGaN) switches regarding their small on-resistance Rps(on), low gate charge, and
fast switching speed to improve both efficiency and power density. By using an auxiliary
capacitor, a resonant circuit is formed to shape the current and voltage so that zero-voltage-
switching (ZVS) at turn-on instant is achieved. Since the switching loss dominates the
power losses in high-frequency dc-dc converters, the soft-switching performance leads to
a noticeable reduction in the total loss; so, the operating temperature will decrease, and
consequently, size of the heatsink will be reduced. The main performance issue of adopting
GaN switches in the bidirectional dc-dc converter is the high voltage stress of GaN devices,
which is handled by connecting the HBGM in the active-clamped stacked configuration,
as well as optimizing printed circuit board (PCB) layout design. Finally, a 1 kW, 600 V
laboratory prototype operating at 100 kHz, along with some simulation scenarios, are

carried out to validate the proposed concept of modularity.

4.2 Proposed converter and its Operation Principle
The basic unit of proposed MQRB dc/dc converter is comprised of the half-bridge GaN

module, which is shown in Figure 4.1. Symbols are defined as follows: filter inductors Lg,
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resonant inductor L, Cin the energy storage/filter capacitor of the battery side, power
switches Sm, Sc, Si, SH, resonant capacitor C;, and output capacitors Coz and Co2.Voc
denotes the voltage of DC-link, which is equal to the summation of the voltage of output
capacitors, Vco1 + Vcoz2. In Figure 4.4.1, the battery is emulated by a voltage source Vgr.
Also, the DC-link is modeled as an ideal voltage source Vpc. Indeed, two HBGMs are
connected by an auxiliary capacitor C; forming a resonant circuit with inductor L. The
output capacitors Coz and Co2 work as the clamp capacitors to confine the voltage stress of
switches. In the battery side, a filter inductor Lg is used to decrease the current ripple. iLs
and i.r are the currents through filter inductor and resonant inductor, respectively. In this
converter, the duty cycle D of switches Sm and St is the same, which is the control variable
to adjust the voltage of battery and DC-link, and it can vary from 0 to 1. Asymmetrical
complementary PWM switching technique is used for switch Sc and Sh.

Figure 4.4.2 shows the generalized structure of proposed MQRB dc/dc converter for high-
power and high-voltage applications. This topology is composed of “P”’ groups of HBGMs
connected in parallel at the battery side to reduce the input current ripple, and “S” groups

of HBGMs that are placed in series at the DC-link side to increase the output voltage.

iLr i Sn
A Le 32

" liSL +

. ==Cl‘ S];El 02 7~ )

i:L"]E" VC]_ #_?_C V(‘Z_ CZC)‘/DC
Vsr Le isc 1 4

= Cin SM‘EI lisn Co1"_VC°1

b

3L

Figure 4.1: The single-phase version of proposed MQRB converter as a building block
for multiphase MQRB converter.
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Figure 4.2: General configuration of the proposed MQRB converter for high-voltage

and high-power applications.

To reduce the current stress of series-connected modules, each of the S groups of
HBGMs also is composed of “P” parallel connected HBGMSs. Modular characteristic gives
the designer flexibility in selection of switches according to the desired output power and
voltage level.

Fundamentally, there are two performance modes in EV application according to the
power flow direction: forward mode and backward mode. To simplify the analysis of the
converter operation modes, the following reasonable assumptions are made:

1) The power switches are considered ideal, and their anti-parallel diodes and parasitic
capacitors are overlooked.
2) The capacitors Cin, Co1, and Co2 are so large that the voltage of these capacitors can

be estimated constant throughout the switching period.
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4.2.1 Forward Mode

The operation intervals and the key waveforms during forward mode are shown in Figure
4.4.3 and Figure 4.4.4, respectively. Ro represents the resistive load in forward mode. As
shown in Figure 4.4.4, there is time delay between the rising edge of driving signal of
switches Sm and Si, which is defined as D1 Ts. Also, the time-delay between the gate pulse
of switches Scand Sn is defined as D> Ts. As shown in Figure 4.4, there are four operation
intervals during one switching period Ts, which are thoroughly explained as follows.
Interval 1 (to-t1): In this interval, switch Sy is conducting the current in the negative
direction. Indeed, the anti-parallel diode is conducting the current; so, the ZVS soft
switching can be achieved when the gate pulse is applied before the current of Sy gets
positive, shown in Figure 4.3 (a). Also, the inductor current i.r is flowing through anti-
parallel diode of switch Sn. The output capacitors Co1 and Coz limit the voltage stress of
switch Scand Si owing to the clamp circuit. Meanwhile, the battery energy is being stored

in the filter inductor Lg during this interval.

Ver .
ip(t) = E (t — to) +i1p(to) (4-1)

Ver min — Veor — V.
iLr(t): Cr,min LCOl co2
r

(t —to) + iy (to) (4-2)

Interval 2 (t1-t2): This interval begins when the gate pulse of switch Sy is applied. It should
be noted that ZVS performance of switch S is realized naturally since the current was
flowing through its antiparallel diode. As depicted in Figure 4.3 (b), a resonant circuit

including the resonant inductor L, and auxiliary capacitor C; is established. The current and

voltage during this mode are defined by the following equations:
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Ver =V,
i (t) = % sin(w, (t — t1)) (4-3)
r
vCT(t) = (VCr,min = Veo1) [cos(a)r(t - tl)) — 1] +ve, (ty) (4-4)
Where
vCT(tl) = Vermin — Veor Ly = & and, w, = !
J CT CrLr

Interval 3 (t>-t3): This interval begins when the gate signal of switch Sm ends. Since the
inductor current cannot change suddenly, it goes through the anti-parallel diode of switch
Sc, illustrated in Fig3(c). As aresult, ZVS performance of switch Sc is ensured. The energy
stored in the boost inductor Lg is transferred to the output capacitor Co:. Similar to the

second interval, a resonant circuit composed of auxiliary capacitor C; and inductor L is

formed.
Ver =V,
i) = % (t—t2) + ip(ts) (4-5)
[ (8) = 20 Y02 G, (¢~ 1)) (4
vCr(t) = (VCr,max - VCOZ) [cos(a)r(t - t3)) - 1] +Ver (t3) (4'7)

Interval 4 (ts-ts): This interval starts when the switch Sp turns off, and the gate signal of
switch Sh is applied. As depicted in Figure 4.3 (d), the current of resonant inductor i.r is
positive, and the ZVS performance at turn-on instant is realized for switch Sh. The voltage
stress of switches Smand Sy are limited to the voltage of Vco: and Vco, respectively.
4.2.1 Backward Mode
The operation intervals of backward mode are similar to those of forward mode, except

there is a delay between the switches Sm and S, which is defined as D3Ts. The operation
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intervals and the key waveforms are shown in Figure 4.5 and Figure 4.6, respectively. The
backward mode includes four operation intervals in one switching period Ts, which are
thoroughly described as follows.

Interval 1 (to-t1): This interval starts when the gate pulse of switches Sc and Syare removed,

and the current flows through the switches Sm and Si in the negative direction.

L L:

S L st
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LY -
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Figure 4.3: Different operation intervals during forward mode. (a) Interval 1; (b)
Interval 2; (c) Interval 3; (d) Interval 4.

The ZVS soft switching can be obtained when the gate pulse is applied before the current
of Swm gets positive, shown in Figure 4.5 (a). Also, the inductor current i, is going through
anti-parallel diode of switch S.. Meanwhile, the battery has been charged by the energy
stored in the filter inductor Lg during this mode.

Interval 2 (t1-t2): In this interval, the resonant inductor current reverses while it is flowing

through the switches Sm and Si. To obtain the ZVS performance of switch Si, the gate
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pulse should be applied before this interval. As depicted in Figure 4.5 (b), a resonant circuit

including the resonant inductor L, and auxiliary capacitor C; is established.
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Figure 4.4: The key waveforms in forward mode.

Interval 3 (t2-t3): As shown

in Figure 4.5 (c), this interval begins when the gate signal of

switches Sm and S. are removed. Since the inductor current cannot change suddenly, it

goes through the anti-parallel diode of switches Sm and Sn. As a result, ZVS performance

of switch Sy can be ensured

as long as its gate pulse is applied before reversal of inductor

current iLr. The energy stored in the boost inductor Lg is transferred to the battery.

Interval 4 (t3-t4): At the beginning of this interval, the gate pulse of switch Sc is applied,

displayed in Figure 4.5 (d)

obtained for switch Sc. The

. It indicates that the ZVS performance at turn-on instant is

voltage stress of switches Smand S are limited to the voltage
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of Vco1 and Vcoo, respectively. Similar to the second mode, a resonant circuit composed

of auxiliary capacitor C, and inductor L is created.
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Figure 4.5: Different operation intervals during backward mode. (a) Interval 1; (b)
Interval 2; (c) Interval 3; (d) Interval 4.
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Figure 4.6: The key waveforms in backward mode
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4.3 Steady-State Analysis
Since the capacitance Cin, Co1 and Co2 are large enough, the input and output voltage can

be regarded as constant in the steady-state analysis.

4.3.1 Voltage Gain (M)
The DC-link voltage is defined by:
Voe = Veor + Veoz (4-8)
Regarding the voltage-second balance on the inductor Lg, the output voltage Vco: can be

expressed by

1
Veor = 1_—DF Vpr (4-9)

Where Dk is the duty cycle of main switch Su. By applying the voltage-second balance on
the inductor L., the dc-link voltage can be obtained by

2
"~ 1-Dp+D; +D,

Vbc Ver (4-10)

Indeed, (Dr-D1-D2) xTs is the time interval that the output capacitors are being charged by

the inductor current i.r. The DC-link voltage can be rewritten as

VDC = VBT — AV (4'11)

1- Dy
From (8), (9) and (11), the output voltage Vco1 and Vco2 can be defined by
1
Veor = 7= Ver — AV (4-12)

Since the average currents of output switches Si. and Sy are equal with the output current,

the DC-link current can be written as follows:
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I

Y
Vpe 2 VG, sin(w,t) (4-13)
ISL,avg = ISH,avg = R_ = FS (VCr‘min - VCOl) —F—.dt
o

L

Where R, represents the resistive load in forward mode. From (13), the maximum and

minimum voltage of auxiliary capacitor can be calculated by

Y
Vo o mVegy — —2— (4-14)
rmin 2R, C,
Vpe
~V, __bc 41
VCr‘maX Co1l + ZfSROCr ( 5)

Where fs is the switching frequency. Regarding the voltage-second balance on the inductor

Ly, the duty cycle D1 + D2 can be defined by

2(1 - DF)(%T) sin(wy/2fs) cos ((Dr — 0.5)wr/fs)

26,Rofs (722) + (1= Dp)

D1 + DZ = (4'16)

From (10) and (16), the relation between the battery voltage and DC-link voltage in

forward-mode can be written as follows:

_ _ f:
v Voc _ A(l-0)+ J(A(l C)? + 4ABC(A + 2( S )Sm(zfs) (17)
AB(A + Z(E) sin( f)

Where A=1-Df, B= cos ((0.5 — 4) ‘}’— and C=C,R, fs
S

The ideal and actual voltage gain of the single-phase MQRB is illustrated in Figure 4. 7(a).
The ideal voltage gain of the MQRB converter shown in Figure 4. 3 can be defined by

Voo S+1
" Vgr 1—Dp

(4-18)
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Where S is the number of series connected HBGMs. Figure 4. 7(b) shows the voltage gain
of the MQRB converter in forward mode as a function of the duty-cycle (Dr) with different
values of P and S. It can be seen that the voltage gain increases with the increase in P and

S. The voltage stress of switches for the structure shown in Figure 4. 3 can be obtained by

V,
Vstress = be (4'19)

S+1
From (18), it is clear that as the number of series modules (S) increases the voltage gain of
proposed converter increases. The proposed converter can increase the voltage gain
without using any transformer, resulting in higher power density. Aside from voltage gain,
the proposed configuration helps to reduce the voltage stress of switches, which enables

the designer to employ switches with smaller drain-source resistance Rpsn leading to

higher efficiency.
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Figure 4.7: Voltage gain characteristics for different number of modules and duty-
cycle. (a) Voltage gain of single-phase MQRB. (b) Voltage gain of MQRB.

4.3.2 Voltage and current stress of switches

Due to the active clamp configuration, the voltage across switches is limited to the voltage

of output capacitors Co1 and Cog; S0, the voltage stress can be defined by (19).
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Turn-off current, maximum current, and root-mean-square (RMS) current of each switch
are given in Table 4.1. The RMS current of switches for different duty-cycle and the
resonant ratio (T+/Ts) is presented in Figure 4.8. Interestingly, for the same resonant ratio,
the RMS current decreases as duty-cycle increases; therefore, the conduction loss decreases

with increasing the duty-cycle.

4.3.3 ZVS performance of proposed MQRB converter
The turn-on operation of switch Sc considering the dead-time between the gate-pulse of
switches Sm and Sc is explained in Figure 4.9. As shown in Figure 4.4(a) and (b), before
turn-on of Sc, the current irr is negative, and the voltage across switches Sm and Sc are
equal to 0 and Vcoz, respectively. The corresponding equivalent circuit is depicted in Figure
4.9 (a). After the gate pulse of switch Sm is removed, the parasitic capacitance of switch
Swm, Coss1, charges from zero to V. and parasitic capacitance of switch Sc, Coss2, discharges
from V¢ to zero, as shown in Figure 4. 9(b). After the voltage across switch Sc reaches
zero, its antiparallel diode starts conducting the current and the difference of the current of

the inductors Lg and L, freewheels through the antiparallel diode of switch Sc, shown in

Table 4.1: RMS current, turn-off current, and maximum current of switches.

Item RMS Current Turn-off Current Maximum current
4(1-D 1 — Dg)?T, 1 — Dp)T,
Sy in l ( F) | 7i( 7)*Ts I In(1+ ( ) s)
NG 72L,C, 2JL.C,
1-D)+ 4L orr <(1 —Dp) sinQuw,(1 - DF)TS)> _
S , F 12, 2 40, Ty oy Aor(1-D)lin I
C Im ILm(1 ) mn
Hirorr K
—— = (1 = cos(w-(1 - DpTy))
linwy

LCom _ (A =Dp)lin
§ yorers 0 I =
L [Lr,off 2’]‘5 Lr,peak 4 ,—chr 2

s j1 L-Dp+D; _sin2 (1-Dp+D)wTy), @ (1 = Dp)lim
" 1 _ ©r( = Dp)lin

T, 2 4w, Lroff K

*K=4(1 - cos(w,(1 — D)Ty)) + 2D, Tyw,
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Figure 4.9 (c). While the switch Sc is conducting the current, the gate pulse of switch Sc is
applied; so, the switch Sc turns on at zero voltage, as depicted in Figure 4.9 (d). In a similar
way, the ZVS operation of other switches can also be visualized. As illustrated in the
operating principle of the converter and Figure 4. 4, the ZVS performance at turn-on instant
is always guaranteed for switches Sc, S. and Sy since the energy stored in the boost
inductor is perpetually higher than the energy stored in the output capacitance of switches.
Similarly, to satisfy ZVS condition at turn-on instant for switch Swm, the energy stored in
the boost inductor should be greater than the energy stored in the output capacitance of
switches Sm and Sc at to. However, the value of current flowing through the switch at this
interval depends on the difference of the boost inductor current I g and resonant inductor

current at to.
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Figure 4.8: RMS current of switches for different duty-cycle (D) and resonant-ratio
(TH/Ts). (a) Switch Sm. (b) Switch Sc. (c) Switch Si. (d) Switch Sh.
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Figure 4.9: ZVS turn-on of switch Sc. (a) Before turn-on instant. (b) Charging and
discharging of output capacitor Coss: and Coss2. (d) Antiparallel diode freewheeling.
(d) Flowing current in reverse direction.

The average value and the ripple of the battery current can be calculated by,

1 Vi
I 4-20
BT,avg P VBTRout ( )
VBTDFTS
AIBT - —PL (4‘21)
B1

The positive and negative maximum currents of inductors Lg and L can be calculated by,

1 P, VgrDgTs

I =—_0 yBTFS
_ 1 PR, VprDeTs

w, Ts sin(w,(1 — Dp)Ts) F,
ILT,+max = ZP VDC

(4-24)

2 Vpc  (1—=Dp)Dp VprTs

L max = + 4-25
lr=max = PR, ' D2+ (1—Dp)® L, (4-25)

Where Py is the output power delivered to the DC-link. It is obvious from (22) and (23)
that the positive and negative maximum values of inductor current decrease when number

of paralleled cells, P, increases. The current of lower switch to realize ZVS is determined

by
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ISM,ZVS = ILr,+max - ILB,min

. wy T Sin((‘)r(l - DF)TS) B, _ li n VerDETs (4-26)
2P Voc PVpr 2PLg

The current of upper switch to realize ZVS can be determined by

ISC,ZVS = ILr,—max + ILB,max

_ 2 Voo (1=Dp)Dp VgTs 1P
DFP RO'U.t D; + (1 - DF)Z LT P VBT

(4-27)
VBTDFTS
2PLy
So, the desire condition to achieve ZVS can be expressed as follows:
1 2 1 2
E LB (ILB (tO) - ILr(tO)) > E (Cossl + CossZ)V601 (4'28)

Where Coss1 and Coss2 are the output capacitances of the main and clamp switches,
respectively. Figure 4. 10 (a) and (b) show the ZVS current of main and clamp switches
Swm and Sc as a function of output power and battery voltage, respectively. It can be clearly
understood that the ZVS performance of clamp switch Sc is guaranteed for different power
and voltage. It is noteworthy to mention that ZVS current of the main switch increases with
increasing power Po, implying the soft-switching operation is easily possible at higher
output power. Moreover, the smaller the output capacitance, the wider ZVS operation
range, because a smaller current is required to discharge the output capacitor of GaN
switch, which implies that soft-switching performance would be more probable for GaN
switch in comparison with its silicon counterpart. From (26), to extend the soft-switching
capability of the converter, either the boost inductance Lg could be reduced, or the resonant

inductance L, could be increased. But, reducing the boost inductance leads to an increase
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in the current rating of the switches due to large current ripple, and enlarging the resonant
inductance contribute to the more considerable duty-cycle loss. Thus, making a
compromise between ZVS capability and cost is necessary for design.

Another requirement for realizing the ZVS at turn-on instant is that the dead-time between
the gate pulses applied to two switches Sm and Sc should be longer than the time for
discharging the output capacitor of switch Coss1 from voltage Vco: to 0 V. Equation (29)
illustrates the relationship between the minimum current and minimum dead-time.

| > 2Coss1Av

4-29
' At (4-29)

Coss-tot=1.5 nf
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Figure 4.10: ZVS current for switches Smand Sc. (a) switch Swm. (b) switch Sc.

4.3.4 The effect of resonant frequenvscy on the current waveform of switch

S
The proposed converter can work in two resonance operations modes according to the
variation of resonant frequency: the quasi-resonant PWM (QRPWM) and conventional
PWM. Equations (30) and (31) defines the resonant frequency for above-resonance

operation. To achieve zero-voltage-switching in the series resonant converter, the converter
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should work in the above-resonance operation mode; so, the switching frequency should
be higher than the resonant frequency. Figure 4.11 (a) illustrates the effect of resonant
frequency on the current waveforms of switch Sm. Regarding the turn-off current of switch
Sm, QRPWM operation shows better performance compared to PWM technique, leading
to lower turn-off loss. As illustrated in Figure 4.11 (b), the turn-off losses are considerably

reduced due to the quasi-resonant operation.
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Figure 4.11: QRPWM performance versus conventional PWM performance. (a)

Current waveform (b) Turn-off losses.

4.3.5 Interleaving MQRB converter for high-power applications
As depicted in Figure 4.3, P groups of HBGMs are interleaved in the battery side to reduce
the current ripple, which is the critical issue in high power applications. Each leg is
interleaved with a phase difference of 27t/P. From (20), it is clear that the average current

of battery increases as P decreases. Eq. (21) reveals that the frequency of input current
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ripple becomes P times of the switching frequency fs due to the interleaved operation,

resulting in significantly smaller input inductors.

4.4 Loss Analysis
Major losses in a bidirectional DC/DC converter can be divided into three main parts:
switch losses, inductor losses and capacitor loss. Switch loss includes conduction loss,
driving loss, body-diode loss, and switching loss.
4.4.1 Conduction loss
Similar to other switches, the conduction losses in the GaN devices can be computed by
the following equation. The RMS current of switches are estimated by equations given in
Table 4.1.
Peona = RpsconyFms (4-32)
4.4.2 Driving loss

Drive loss of switches can be evaluated from the following equation

Parive = Vngatefs (4-33)

Where fs is the switching frequency, Qgace is the total gate charge and Vq is the drive
voltage, which in case of SI8261BAC is 6.8V.
4.4.3 Body-diode loss
Compared to the MOSFET, there is a higher reverse-conduction voltage drop in GaN
device, results in a higher loss. The reverse conduction loss can be obtained by:

Pgp = Vps.Ips. tgeaq- fs (4-34)

Where tqead, Vs, and Ips are the dead-time, current, and voltage of switch, respectively.
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4.4.4 Switching loss for hard-switching operation

The switching loss, one of the notable losses in the high-frequency circuits, is
impossible to measure due to the small size of the GaN device and impact of parasitic
elements in the PCB layout. To calculate the switching loss for GaN devices, the Eoss curve
resulted from the experiment can be used. However, this is time-consuming and is not
readily achievable for the employed switch; therefore, simulation using LTSpice model by
the manufacturer is beneficial. The double pulse simulation model can precisely estimate
the turn-on and turn-off losses. The turn-on loss and the turn-off loss under different drain-
source voltages for eGaN HEMTs GS66508T from GaN Systems are depicted in Figure 4.
12 (a) and (b), respectively. Both turn-on and turn-off losses can be calculated based on
the integration of device current Ips and Vpc during switching transient. These data are
derived based on the assumption that the switch is working in the hard-switching mode.
There is some energy stored in the output capacitance Coss defined as Eoss, which is stored
in the capacitance of device during turn-off and then later will be recovered because of
ZV'S performance. So, for soft switching performance, taking Eoss away from the hard-

switching Eoff can provide an accurate estimation of the switching loss, as follows:

Eoff,soft_switching = Eoff — Epss (4-35)

Since the output capacitance is non-linear, output charge should be considered to

analyze the capacitive switching loss. The output charge can be defined as follows:

14
Qoss :f Coss(v)dv (4-36)
0
Where Coss and v are the output capacitance and voltage across the device, respectively.
The output charge can be estimated by using the graph given by the manufacturer for

different Coss and Vps.
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445 Inductors’ losses
There are two factors causing inductor power loss including copper loss and the core
loss. The copper loss is totally because of dc and low-frequency current, and the core loss
comes from the high-frequency current. For the input inductor Lg, a lower permeability
core material can be employed to improve the performance of the converter since the total
losses are dominated by core loss rather than a copper loss. So, powder Iron T175-8 core

and T126-8 from Micrometal is selected for the filter Lg and L, respectively.

T T T T T T T T T
——300V_-*= 200V 100V —*—300V - = 200V 100V

0 5 10 15 20 25 30 0 5 10 15 20 28 30
Load current(A) Load Current (A)

(@) (b)

Figure 4.12: Turn-on loss and the turn-off loss under different drain-source voltages.
() Turn-on loss under different drain-source voltages. (b) Turn-off loss under different
drain-source voltages.

The equations for calculating the core loss and copper loss can be received from

datasheet given by manufacturer as follows:

fS 2p2
Peore = a b c + (df&B4) (4-37)

B® t Bz3 T pTes

Peu = RDclgms (4-38)
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Where B is the peak AC flux density, fs is the switching frequency, Rpc is the equivalent

series resistance of the inductor, the coefficients a, b, ¢ and d can be derived from datasheet
given by the manufacturer.

4.4.6 Capacitors’ losses
The losses in the capacitors can be estimated by
Peona = Resrlfms (4-39)
Where Resr is the equivalent series resistance of the capacitor.

The total loss breakdown under full-load and half-load condition is depicted in Figure 4.

13. It is clear that the conduction loss of main switch is one of the main contributor to the

power losses.
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Figure 4.13: Loss breakdown under full load and half-load condition. (a) Full load. (b)

Half-load.

4.5 Comparison with the State-of-the-Art Converters
Helping in understanding the advantages and disadvantages of different BDC converters,
a thorough comparison has been performed among the nonisolated bidirectional
converters, including switched-capacitor converter [19], non-inverting buck-boost
converter [26], nonisolated converter using coupled-inductor [27], three-level converter

[28], and proposed converter in terms of efficiency, power rating, frequency, number of
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switches and coupled inductor, voltage stress of switches, cost and soft-switching scheme.
Fewer switches count along with reduced voltage stress is the chief merit of the proposed
converter, leads to smaller driver size, lower gate losses and decreased cost compared to
converter introduced in [19].

Regarding the cost of the converter, the utilization factor of semiconductors, as well as
the number of components, can give a thorough insight into the expected cost of different
topologies [29]. The utilization factor (U) is defined by

U — Pout (4‘40)
qukka

Where q is the number of switches, Vo« and Ik are the maximum voltage and current of the
switches. It is apparent from Table 4.2 that the proposed converter transfers the power from
the battery to DC-link with the highest utilization factor, implying cheaper power
conversion can be obtained using the proposed topology. Concerning the number of
components, all the converters have the same number of active switches, except the
converter introduced in [19]. However, the proposed converter does not require a bulky
transformer to achieve high voltage gain; therefore, its cost is less as compared to other
converters. Even though the switched-capacitor converter [19] lacks any inductor or
transformer, its output voltage is weakly regulated, which impedes its utilization in EV
application. Therefore, it can be concluded that the cost of the proposed circuit is lower
than the others.

Regarding the control algorithm, the frequency modulation is used in converters [19] and
[28] that brings about a wide range of current and voltage harmonics and complicates the

design of inductor and capacitor because of the variable switching frequency; while simple,
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easy-to-implement PWM control scheme is used in the proposed converter, converter
introduced in [26], and converter introduced in [27]. As far as switching loss is concerned,
the proposed converter can ensure ZVS turn-on for all switches that reduce the turn-on
loss, which is a major loss in the bidirectional dc/dc converters. The soft-switching
performance in other converters can be realized for several switches at specific operating
points. Since it is vital that the size of the converter be as small as possible for EV
application, using GaN switches in the proposed converter paved the way for high-
frequency, high-efficiency operation. Employing GaN switches, the proposed converter
provides advantages over Si-based counterparts with lower reverse recovery charge and
smaller conduction resistance Rps(n), resulting in lower switching and conduction losses.
Meanwhile, the switching losses in the current eGaN switches can be so small that the
magnetic components are now the significant contributor to losses in the BDC converter,
implying the proposed transformerless converter can lead to a noticeable improvement in

the efficiency.
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Figure 4.14: Performance comparisons regarding the voltage gain and voltage stress of
switches. (a) voltage gain. (b) voltage stress of switches.
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Table 4.2: Performance comparison (Ver= 150 V, Vpc= 600 V, Pou= 1 kW, and f;= 100 kHz).

Proposed
Item Reference [19] | Reference [26] | Reference [27] | Reference [28] | Converter
(P=S=1)
No. of
. 8 4 4 4 4
Switches
No. of
coupled 0 0 1 0 0
inductor
No. of
) 5 2 4 3 4
capacitors
Power (kW) 0.45 0.1 0.2 1 1
Frequency
100-125 85 50 100 100
(kHz)
Efficiency
96.4 - 95.44 93.2 97.5
(%)
600, 600, 150, 600, 600,
Vpk (V) 300 300 300
150 200,200
Ik (A) 8,6,8,6,2,2,4,4 9,796 8,8,6,4 11,11,8,8 9,8,4,7
U 0.083 0.084 0.109 0.087 0.119
ZCS at turn-off ZVS at
Soft ZVS for narrow | ZVS at turn-on ZVS at turn-on
- and turn-on for ) ) turn-on for
switching ) load range for all switches | for two switches )
all switches all switches
Voltage Weakly Highly Highly ) Highly
) Highly regulated
regulation regulated regulated regulated regulated
Power Frequenc Frequenc
a . Y PWM PWM a . Y PWM
Control Modulation Modulation

Figure 4.14 (a) and (b) show the voltage gain and voltage stress of switches under the

different number of series-connected modules (S) for different BDC converters,

respectively. The voltage gain of converter introduced in [19] entirely depends on the

number of switched-capacitor stages, independent of the duty cycle that narrows the

voltage regulation capability of the converter for a wide range of battery voltage. The
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voltage gain of converter introduced in [26] and [27] is considerably lower than that of the
proposed converter. It is noteworthy to mention that the voltage gain increases with
increasing the number of series-connected modules in the MQRB converter. In converter
introduced in [28], the voltage gain definition for duty-cycle values less than 0.5 is different
than that of duty-cycle higher than 0.5. Therefore, the control scheme would be more

complex to regulate the DC-link voltage.
4.6 Simulation and Experimental Results

4.6.1 Simulation Results

In this section, the simulation results of a 1 kW, 100 kHz prototype are given to prove the
theoretical analysis and operation principle of the proposed modular converter. The
specifications of the laboratory prototype are summarized in Table 4.3. The simulation is
performed using LT Spice software and a model of GaN switches provided by GaN
Systems Inc. Furthermore, the parasitic components of the switches are included in the
simulation, which are derived from PCB layout using Q3D Extractor.

To demonstrate the potential of the proposed converter and its suitability for high-power
and high-voltage applications, three case studies are investigated in this section: 1) Case
study I: single-phase MQRB converter with battery voltage Ver=122 V, Pou=1 kW,
Vpc=600 V, D=0.6, and P=S=1. 2) Case study Il: MQRB converter with battery voltage
Ve1=53 V, Pout=1 kW, Vpc=600 V, D=0.6, and S=4. 3) Case study I1I: MQRB converter

with battery voltage Ve1=120 V, Pou=1 kW, Vpc=600 V, D=0.63, and P=4 and S=1.
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2) Case Study | (single-phase MQRB converter with battery voltage Vsr=122 V,
Pout=1 KW, Vbc=600 V, D=0.6, and P=S=1):

Figure 4. 15 shows the simulation results for the single-phase MQRB converter as a
building block of the proposed multiphase converter. The battery voltage, voltage across
the output capacitors, and DC-link voltage are demonstrated in Figure 4. 15(a).

Table 4.3: Parameters of the prototype.

Parameters Value
Input Voltage 80-150
Output Voltage 600V
Output Power 1 kW
Frequency 100 kHz
Output capacitors Co; and Coz 20 uF
Auxiliary Capacitor C, 1uF
Switches GS66508T (650 V, 30 A, Rps(n) of 50 mQ)
Input Inductor Lg 300 uH
Resonant Inductor L, 3.5uH

The current of boost inductor and resonant inductor are shown in Figure 4.15 (b). The
voltage stress of switches Sm and Sc are depicted in Figure 4.15 (c). Figure 4.15 (d) shows
the voltage stress of switches S and Sn. It is clear that the voltage stress is 300V, and
voltage spikes are less than 10% which are acceptable; so, the clamp circuit works
effectively to limit the voltage stress. Figure 4.15 (e), (f), (g), and (h) exhibit the soft-
switching performance during turn-on operation for all switches Swm, Sc, Si, and Sh,
respectively. It is evident that the switches are conducting the current before the
corresponding gate-pulse is applied. So, the soft-switching performance at turn-on instant

is guaranteed for all switches at the full-load condition.
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Figure 4.15: Simulation results for case | (battery voltage Ve1=122 V, Pou=1 kW,
Vpc=600 V, D=0.6, and P=S=1). (a) Voltage of battery, DC-link, and output
capacitors. (b) Current of inductors iLg and i4. (C) Voltage stress of switches Su
and Sc. (d) Voltage stress of switches S. and Sn. (e) gate-source voltage and
current of main switch Swm. (f) gate-source voltage and current of clamp switch Sc.

(9) gate-source voltage and current of switch Si. (h) gate-source voltage and
current of switch Sn.
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3) Case Study Il (MQRB converter with battery voltage Vsr=53 V, Pout=1 kW,
Vbc=600 V, D=0.58, and S=4):

The simulation results for case study Il are presented in Figure 4.16 to verify that the
current and voltage stress are distributed equally among different modules shown in Figure
4.3. In this case, four modules (S=4) are connected in series to increase the voltage gain
which is desired for high-voltage applications. The voltages of output capacitors Co1-Cos
are shown in Figure 4.16 (a). It is obvious that the control circuit is working correctly to
distribute the DC-link voltage Vpc equally among the output capacitors. Moreover, due to
the use of active clamp configuration, the voltage stress of switches would be equal to the
voltage of the output capacitor in each module. For instance, the voltage stress of switches
in module 4 and 5 are shown in Figure 4.16 (b) and (c), respectively. It can be concluded
that the voltage stress of each switch is limited, which paves the way for utilizing the
switches with small on-resistance Rpsen). The current of resonant inductors ipr1, ivrt, iLr,
and iLr1 are shown in Figure 4.16 (d). It is clear that the maximum values of the current of
the resonant inductors are equal, implying the power processed by different modules is
identical. The current of switches Si1, Stz, Sis, and Sp4 are illustrated in Figure 4. 16 (e),
confirming the current stress of lower switches in all the modules are the same. The current
of switches Shi, SH2, SHs, and Swhs are presented in Figure 4. 16 (f) as well, which are
approximately identical. To investigate the current sharing capability for different modules,
the RMS values of the current of the resonant inductors, the current of lower switches, and
the current of upper switches are given in Table 4.4. It can be clearly understood that the

RMS current values of all the switches and inductors are the same in different modules.
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So, the similar components can be employed to synthesize MQRB converter for any
applications requiring a specific voltage and power level.

4) Case Study 111 (MQRB converter with battery voltage Vsr=120 V, Pout=1 kW,
Vbc=600 V, D=0.63, and P=4 and S=1):

Figure 4.17 illustrates the simulation results for case study 111 when battery voltage is 122
V, the duty-cycle D=0.6, the output power Pout=1 kW, DC-link voltage Vpbc=600 V, and
the number of paralleled modules in Figure 4.3 is equal to P= 4. The main aim of this case
study is to investigate the current sharing capability of the converter among different
modules. The current of input boost inductors Lgi-Lgs are shown in Figure 4.17 (a). The
maximum and minimum values of the boost inductor current are equal, implying the same
boost inductors can be used in different modules. The current of resonant inductors iLr1,
iLr2, iLr3, @and iLrs are shown in Figure 4.17 (b). It is evident that the maximum values of the
resonant inductors’ current are equal, implying the power processed by different modules
is identical. Figure 4.17 (c) and (d) present the current of main switches Smi-Swma and clamp
switches Sci-Sca in different modules, respectively. The current of switches Sp1, Si2, Sis,
and Sy are illustrated in Figure 4. 16 (e), confirming the current stress of lower switches
in all the modules are the same in this scenario. The current of switches Sn1, SH2, SHs, and
Sha are presented in Figure 4. 16 (f) as well. To investigate the power-sharing capability
for the various number of modules, the RMS values of the resonant currents, the current of
lower switches, and current of upper switches are given in Table 4.5. It can be clearly
understood that the RMS current values of all the switches and inductors are the same in

different phases. Therefore, the similar components, including the switches and inductors,
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can be employed to synthesize MQRB converter for any applications requiring a specific

voltage and power level.
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Figure 4.16: Simulation results for case study Il (battery voltage Ver=53 V, Pout=1 kW,
Vpc=600 V, D=0.58, and S=4). (a) Voltage of output capacitors Co1-Cos. (b) Voltage
stress of switch Sp3 and Shs. (€) Voltage stress of switch S 4 and Swa. (d) Inductor current

iLri-iLea. (€) Current of lower switches in each module ispi- isis. (f) Current of upper
switches in each module ish1- isHa.
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Figure 4.17: Simulation results for case study Il (battery voltage Ver=120 V, Pout=1 kW,
Vbc=600 V, D=0.63, and P=4). (a) current of main switches ismi- isma. (b) current of
clamp switches isci- isca. (d) Inductor current ipr1-iLra. (€) Current of lower switches in
each module is.1- isLa. (f) Current of upper switches in each module isH1- isHa.

Table 4.4: RMS current of switches in case study Il (battery voltage Ver=53 V, Pout=1
kW, Vbc=600 V, D=0.58, and S=4).

Lower Switches Upper switches
Component

IsL1 IsL2 IsL3 IsLa ISH1 ISH2 IsH3 IsH4

Values (A) 1.665 | 1.653 | 1.676 | 1.665 | 1.665 | 1.655 | 1.678 | 1.666

4.6.1 Experimental Results

A laboratory prototype with specifications given in Table 4.3 is implemented to validate
the performance of MQRB converter shown in Figure 4.2 and confirm that noteworthy

gains in efficiency and power density can be made.
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The control circuit is implemented by a TMS320F28377S microcontroller. The power
switches GS66508T E-HEMTs (650 V, 30 A, Rpsen of 50 mQ) are employed in the
prototype. Controlling the voltage and current variation, di/dt and dv/dt, are the main
challenge of using eGaN HEMTSs, requiring adherence to particular PCB design regarding
the parasitic elements. Previous studies have illustrated that to reach optimal performance
in terms of low package inductance and high slew rate of switches, designing a PCB with
low common source inductance, power loop inductance, and gate-driver loop are principal
[1-2].

Table 4.5: RMS current of inductors and switches in case |1 (battery voltage Ver=120 V,
Pout=1 kW, Vpc=600 V, D=0.63, and P=4).

Component RMS Value

iLrt 0.8753
Resonant iLr 0.8753
Inductors iLr3 0.8751
ILra 0.8756

ism1 1.76

Main ism2 1.756
Switches ism3 1.757
isma 1.759
Isc1 0.5016
Clamp Isc2 0.5003
switches isc3 0.5008
Isca 0.5012
isL1 0.4414
Lower IsL2 0.4413
Switches IsL3 0.4418
isLa 0.4419
IsH1 0.4339
Upper ISH2 0.4338
Switches IsH3 0.4339
ISHa4 0.4334
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Both common source inductance and power loop inductance cause huge overshoot on the
drain-source voltage. But the power loop inductances are the most crucial that can increase
the voltage spikes across the drain-source of the switch. So, of great importance is that the
power loop inductances be as low as possible. Also, to avoid false turn-on and turn-off,
common source inductance should be minimized by connecting the ground pin of the driver
directly to the source pin of the switch, which results in alleviation of the impact of power
path on the driver circuit. As far as adopting GaN switches is concerned, placement of
components on PCB plays an essential role in reducing these parasitic inductances.

In this chapter, to minimize the parasitic inductance, all switches Sm, Sc, S, and Sy are
mounted on the top layer of PCB, and decoupling capacitors are placed on the bottom-side,
shown in Figure 4.18 (a) and (b). Moreover, a 4-layer structure of PCB paves the way to
crease the parasitic inductance by putting the cooper polygon in parallel in 4 layers and
placing the switches very close to each other. As shown in Figure 4.18 (c), the current paths
are stretched into the large planes in all layers, acting like an interleaved configuration;
therefore, the parasitic inductance considerably will be small. As a practical solution to
lower the gate driver loop inductance, the driver circuits are mounted precisely beneath the
switches to lessen the length of the driving loop. By making the gate loop perpendicular to
the power loop, the parasitic elements are minimized in this design.

The converter performance at full load 1 kW during forward mode is shown in Figure 4.19.
The gate signals for forward mode is shown in Figure 4.19 (a), indicating the duty-cycle is

about 0.72.

111



Top View
Bottom View

Col C02

(©)
Figure 4.18: Layout of single-phase MQRB converter; (a) Top view. (b) Bottom view.
(c) Side view.

Figure 4.19 (b) indicates that the clamp circuit is reducing the voltage stress of switches
Swm and Sc. Figure 4.19 (c), (d), and (e) show the gate pulse and voltage stress on the
switches Swm, Sc, and Sh, respectively. As it is clear ZVS soft-switching performance is
achieved for all switches. The inductor current I g and the gate signal of switch Sw are
illustrated in Figure 4.19 (f). Since the conventional DC/DC converters lose the soft-
switching performance at light load, the converter performance at light load is investigated
from an efficiency viewpoint. So, a test is made for output power 100 W, shown in Figure
4.20. The battery voltage Vegr, the voltage of output capacitors Vo1 and Vcoz, and DC-
link voltage Vpc are shown in Figure 4.20 (a). It is clear the voltage of output capacitors is
balanced, and the control circuit is working correctly. The gate pulses of switches in boost
mode are shown in Figure 4.20 (b), in which duty-cycle is 0.5. There is no voltage ringing
caused by parasitics in the gate pulses, implying the design of gate driving circuit in PCB

layout is carried out correctly. The gate signals and voltage stress across switches Sw, Sc,
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St, and Sw are shown in Figure 4.20 (c), (d), (e), and (f), respectively. The voltage stress
of all switches is 300 V, which is half of the output voltage. Thus, low voltage switches
with low conduction resistance Rps(n) can be used. The voltage spike on switch Sc is more
than other switches, 40 V, which is less than 15%, which implies the effectiveness of the
PCB layout design using the interleaving method. Figure 4.20 (c) depicts the detailed turn-
on instant for the switch Sm at 100 W, illustrating ZVS is realized even under light load
condition.

The backward mode operation results are presented in Figure 4.21. Figure 4.21. (a)
represents the gate pulses of switches. The delay between the gate pulse of switches Sc and
SH is 2us. The gate pulse and voltage stress across the switches Sm, Sc, Si, and Sh are
shown in Figure 4.21 (b), (c), (d), and (e), respectively. These figures provide evidence that
the soft switching at turn-on instant is achieved in buck mode. The experimental results
also suggest that the control scheme is working properly in both operation modes, forward
and backward. Considering that the size of switches is very small and adding any
component for measurement can increase the parasitics in the PCB layout, figuring current
waveforms is impractical. Monitoring the temperature of switches by taking an infrared
thermal photo is the efficient way to analyze their performance. The FLIR ONE Pro
thermal imaging camera with a thermal resolution of 160x120 is used to observe the

thermal operating point of the proposed converter.
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Figure 4.20: Experimental results of forward mode at light load when D=0.5 (gt = 150
V, Vpc = 600 V, Po = 100 W). (a) Battery voltage, High-side voltage, voltage across
capacitors Co1 and Coz. (b) Gate-source voltage of switches. (c) gate-source and drain-
source voltage of switch Sm. (d) gate-source and drain-source voltage of switch Sc. (e)
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Figure 4.21: Experimental results of backward mode at full load when D=0.5 (Vgr = 150
V, Vpc =600 V, Po = 1000 W). (a) Gate-source voltage of switches. (b) Gate-source and
drain-source voltage of switch Swm. (c) Gate-source and drain-source voltage of switch
Sc. (d) Gate-source and drain-source voltage of switch S.. (e) Gate-source and drain-
source voltage of switch Sn. (f) Thermal image of the converter.
Figure 4.21 () shows the IR image of eGaN devices at full load condition, indicating that
maximum temperature is 72 °C and the switches are working in acceptable condition. The
calculated efficiency and the experimental efficiency curves for forward mode and
backward mode are given in Figure 4. 22 (a) and (b), respectively. The calculated and
experimental efficiency in forward mode under full load condition is 97.7 % and 97.5 %,
respectively. The maximum calculated and experimental efficiency in forward mode is
achieved at 600 W, which are 97.9 % and 97.7 %, respectively. The calculated and
experimental efficiency in forward mode under full load condition is 97.8 % and 97.6 %,
respectively. The maximum calculated and experimental efficiency in forward mode is

achieved at 600 W, which are 98.0 % and 97.7 %, respectively. The prototype of the single-

phase MQRB converter is shown in Figure 4. 22 (c).
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Figure 4.22: Efficiency curves and a photograph of the converter. (a) Calculated and
measured efficiency in forward mode. (b) (a) Calculated and measured efficiency in
backward mode. (c) A photograph of laboratory prototype.

4.7 Conclusion
In this chapter, a modular, quasi-resonant bidirectional dc/dc converter has been presented
as an interface between the battery and high-voltage bus in EV system. The steady-state
operation of the converter in both boost and buck mode has been presented. To show the
effectiveness of the proposed configuration, a thorough comparison has been made with
other competitive candidates for EV applications. A 1 kW, 100 kHz, 600 V prototype has
been implemented to verify the proposed modular concept. Analysis of the experimental
results show the following: 1) the voltage stress of switches is reduced in proportion to the
number of modules; so, switches with lower drain-source resistance can be used. 2) A
resonant circuit is formed that enables the soft-switching performance even under light
load condition. 3) Modularity of proposed topology helps the designer to employ the
modules in such a way that different needs of various applications can be met. 4) Due to
the small package, zero reverse-recovery, fast switching speed, and small gate charge, use

of GaN switches brings about reduction in the losses and the size of the converter.
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Chapter 5 A Multilevel Bidirectional Buck-Boost Converter with Distributed

Voltage Stress Using eGaN HEMTSs

5.1 Introduction
A modular multi-level bi-directional diode-clamped DC-DC converter based on
enhancement Gallium Nitride (eGaN) High Electron Mobility Transistor (HEMT) is
proposed as a plugin charger for electric vehicles (EVs). The eGaN HEMT can switch
efficiently even in hard switching, but their problem is that they cannot tolerate voltage
stresses higher than 650V. The proposed multilevel topology reduces the voltage stress
across the switches which enables utilizing eGaN HEMT technology in the powertrain of
the EVs. Simulations were carried out in LTSpice environment using the eGaN equivalent
circuit provided by the manufacturer. The simulation results prove that the performance of

the proposed converter complies with the theoretical analysis.
5.1 Proposed converter and its Operation Modes

5.1.1 The Proposed Converter
The proposed modular converter is shown in Figure 5.1, where the GaN HEMTSs utilized
are modeled as in Figure 5.2. The proposed converter operates like a conventional bi-
directional buck/boost converter with a neutral point clamped leg. The configuration of the
converter has a filter inductance Lg to reduce the current ripple at the Low Voltage (LV)
port. Also, the High Voltage (HV) port consists of a number of n switched-capacitor cells
to increase the output voltage level to n+1. Therefore, this modular converter allows the

designer to manage the voltage stress across the semiconductor devices systematically.
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Figure 5.1: Circuit diagram of the Proposed Modular Converter
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Figure 5.2: GanSys Model GS66508P PSpice equivalent model.

The operation of the proposed converter is similar to the conventional bidirectional buck-
boost converter. The boost mode is related to the traction of the EV. The buck mode is for
battery energy injection which can occur in two cases: regenerative braking on the motor

or connecting the battery to the power source (utility grid). The steady-state operation
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waveforms including the gate pulses of switches, the input inductor current i_g, and the

voltage stress of switches are shown in Figure 5. 3(a).
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Figure 5.3: Steady-state waveforms. (a) the gate pulse sequence. (b) the switching
sequence of the neutral point clamped leg.

5.1.2 Operation Intervals
Interval 1 (to-t1): Before to, the buck switches Sgui, Seuz, and Sguz are conducting the
current. As depicted in Figure 5. 4(a) and Figure 5. 3(a), the gate pulse of the boost switch
Sgo1 is applied and the voltage stress of boost switches Sgo2 and Sgos is limited to the voltage

of the output capacitors Co1+Co2. During this interval, the input energy has been stored in

the inductor.
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Interval 2 (t1-t2): After a short-time delay, the boost switch Sge2 turns on and the voltage

stress of boost switches Sgos are limited to the voltage of output capacitor Co1. Figure 5.

4(b) shows the current path during this interval.

Interval 3 (t>-t3): After a short-time delay, the boost switch Sges turns on. During this mode,

all of the input energy would be stored in the inductor. As shown in Figure 5. 4(c), this

operation mode is similar to the conventional boost converter except that the voltage stress

is distributed amongst switches.
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Figure 5.4: Boost Operation Modes. (a) model; (b) mode2; (c) mode 3 and (d) mode4;

(e) mode 5; (f) mode 6.
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Interval 4 (ts-t4): As depicted in Figure 5. 4(d), after a short time delay the boost switch
Sgoz Will turn off and the buck switch Sgys will turn on. Similar to what happened during
Interval 2, the voltage stress of switch Sgez is limited to the voltage of output capacitor Coz.
Interval 5 (t3-t4): After a short-time delay, the boost switch Sgo2 Will turn off and the buck
switch Sgu2 Will turn on. In this mode, the diode Dgy: Starts to conduct the current. Figure
5. 4(e) shows the current path during this interval.

Interval 6 (ts-ts): As shown in Figure 5. 4(f), after a short time delay, all boost switches
will turn off and all buck switches conduct the current. In turn, the inductor will release the
stored energy to the output capacitors.

5.2 Control Algorithm

A design example of a 5-level neutral point clamped leg is shown in Figure 5. 5. For this
leg, five voltage levels can be realized, namely: —V,¢, —Vpc/2 , 0, Vp/2 and Vp. The
switching sequence associated with each voltage level is shown in Figure 5. 3(b). tpuise IS
the time of Vbc/2 or —Vpc/2 realization (= DTs), and tstep IS the time that separates the two
consecutive levels. This time is extremely small (in the range of 10 ns to 100 ns) as
compared to tpuise. The square-wave voltage with fine stepping requires a dedicated circuit
to provide the gate pulses for the 8 power switches of the NPC inverter.

The proposed control scheme is shown in Figure 5. 5. The circuit provides the fine
stepping by means of monostable timers. The firing circuit is fed with a reference square
waveform (P) where negative and positive edge detectors fire short pulses at each edge of
P. These short pulses are then fed to monostable timers. Vpc/2 and —Vpc/2 have two
designated monostable timers, one which fires a high pulse at the edge of P with a pulse width

of (2tsepttouise) and the other firing a low pulse at the edge of P with a pulse width of 2tstep.
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Figure 5.5: The proposed control scheme of the 5-level NPC leg.

Passing the output of the two monostable timers through an AND gate produces the
reference pulse width of Vpc/2 or —-Vpc/2. A demultiplexer is used to select whether the
reference pulse generated is for Vpc/2 or -Vpc/2. The same technique is used to generate
the reference pulses of Vpc/4 or —Vpc/4. There are another two monostable timers
designated for these voltage levels, one of which fires a high pulse at the edge of P with a
pulse width of (3tsepttpuise) and the other fires a low pulse at the edge of P with a pulse
width of tsep. Passing the output of both timers through an AND gate generates the
reference pulses for Voc/4 or —Vpc/4. A demultiplexer selects whether the generated pulses
are to be for a VVpc/4 or -Vpc/4 reference.

The reference for the 0 V voltage level exists whenever the reference of —~Vpc/2, Vbc/2, -
Vbc/4, or Vpc/4 does not exist. Combinational logic circuits, as shown in Figure 5. 5 use
the reference pulses for each level of the NPC inverter to trigger the power switches
associated with each voltage level. The buffer circuit has two functions: the first is to

provide galvanic isolation between the control circuit and the power switches. The second
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function is to translate the triggering pulses of the control circuit to the adequate voltage
level required by the power switches.
5.3 Design Specification

There are some design parameters which affect the converter operation in terms of cost
and reliability as well as other factors. To design a new converter with different input
voltage and power, the following parameters should be considered.

5.3.1 Voltage Stress of the Switch

As was shown previously in Figure 5.4, the voltage stresses of the switches are effectively
limited to the voltage of output capacitors which can be defined by:

Vbe (5-1)

Thus, for an n level modular converter which has n-1 output capacitors, the voltage stress
equates to:

_ Vb (5-2)
n—1

where Vs is the voltage stress of the switches and Vpc is the voltage of DC-link.

5.3.2 Voltage Gain
For an n level modular converter, the voltage gain can be defined as:

% ]
M=2=n-1 (5-3)
BT

5.3.3 Input Inductance Ls
Input inductance operates like a filter to reduce the input current ripple. The value of this

inductor can be calculated using the following equation:
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_ VerDTs (5-4)
57021,

where the input current ripple is assumed to be 20%.

5.4 Simulation Results

To verify the theoretical analysis given in the previous section, a simulation is performed
following the specifications of the GaNSys GS66508P given in Table I. The simulations
are conducted in PSPICE where the PSPICE equivalent model is shown in Figure 5.2. The
model consists of voltage controlled current sources with Vgs and Vgs dependence, parasitic
capacitances (Cdg, Cgs, Cas), temperature-dependent series resistances at the source (RS)
and drain (Rq), a gate resistance Ry, and alternate current sources to account for leakage
currents. To verify the operation, the simulation results are shown in Figure 5.6.

The gate pulse of the boost switch Sgos, buck switch Sgysz, and current through the inductor
are shown in Figure 5.6(a). In this figure, it should be noted that the pulses where
implemented sequentially (with a very small delay in-between them) to limit the voltage
stress on the main switches. Also, the inductor current shows linear behavior as was
expected from the average model in (4). Figure 5.6(b) shows the battery voltage Vg, DC-
link voltage Vpc and gate pulse of switches Sgyz and Sgez during the boost mode operation.
In this mode, the voltage stress of all switches are half of the battery voltage. The voltage
stress of buck switch Sgu1, Ssuz, and Sgus the boost switches Spo1, Seo2, and Sgoz are shown
in Figure 5. 6(c) and Figure 5. 6(d), respectively. Shown in the figure, all switches
experience voltage stress lower than the output voltage at around 200 V, thus enabling the
usage of GaN HEMT devices with lower ON-resistance and gate capacitance. Moreover,

the modularity allows the designer to increase the output voltage for specific applications.
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Figure 5.6: Simulation. (a) gate pulse of boost switch Sgos, buck switch Sgys, and
current of filter inductor I g; (b) gate pulse of boost switch Sgos, buck switch Sgys,
battery voltage and dc-link voltage; (c) voltage stress of buck switches Sgu1, Seu2, and
Seus; (d) voltage stress of boost switches Sgo1, Sgo2, and Sgos.

5.5 Conclusion
A proposed structure for a bi-directional diode-clamped DC/DC converter based on GaN
devices was presented. The converter is based on the switched capacitor topology which
effectively reduces voltage stress on the switches in this work. To deal with both concerns
about low efficiency and power density in an EV application, GaN HEMT switching
devices were used. A driving algorithm complements the proposed structure revealing the
effectiveness of the converter. A simulation using PSPICE has been done for a 2 kW model
using real GaN equivalent circuits obtained from the manufacturer. The simulation results

confirm the correctness of theoretical analysis and its driver-circuit performance.
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Chapter 6 A Voltage-Quadrupler Interleaved Bidirectional DC-DC Converter
with Intrinsic Equal Current Sharing Characteristic for Electric Vehicle

Applications

6.1 Introduction
A voltage-quadrupler interleaved bidirectional DC-DC converter with intrinsic equal
current sharing is presented in this chapter. The proposed converter offers a wide voltage
conversion ratio, which makes it suitable for interconnecting the energy storage unit with
dc-bus for electric vehicle applications. A high voltage gain and low voltage stress across
switches are achieved by adopting the capacitive voltage-divider stage, which enables the
designer to employ a low-voltage switch with a small on-resistance Rpson). As a result, it
allows the converter to run more efficiently and cooler. An interleaved connection at the
low-voltage side paves the way for reducing the current ripple, which reduces the filter size
and increases the power-density. Moreover, a built-in equal current sharing is achieved for
two interleaved phases without using a current-sharing control scheme. The operating
principle, steady-state characteristics including the current and voltage stress of the
switches, and comparison with other state-of-the-art bidirectional converters are carried
out in detail. Finally, to verify theoretical analysis, a 2kW scaled-down laboratory

prototype of the proposed converter using Gallium-Nitride switches is implemented.
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6.2 Structure and Operating Principles of the Proposed Converter

6.2.1 Circuit Structure of the Proposed Topology

The schematic of the SGIBC is depicted in Figure 6.1. The proposed topology consists
of an interleaved stage (L1, L2, S1, and S2), and the voltage quadrupler stage (Cc1, Ccz, Ch1
and Cho, Ss, S4, Ss, and Sg), and LVS filter capacitor C.. Meanwhile, the capacitors Chz
and Ch2 operate as high-voltage side filter capacitors. The proposed circuit can work either
in the forward or backward mode, which allows the Uc connected to the LVS and dc-bus
interchange the power. To simplify the analysis, it is assumed that all components are ideal,
so the on-resistance Rps(n) Of the switches and equivalent series resistance Resr of passive
components can be neglected. Moreover, the capacitors can be considered as a voltage

source since their capacitance are high.
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Figure 6.1: The schematic of the proposed converter.
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6.2.2 Operation in Forward Mode

In this mode, the energy flows from LVS to high-voltage side (HVS), and the converter
increases the voltage of UC to the desired level of dc-bus of EV (800 V). The equivalent
circuits of the converter in different intervals with associated current paths are illustrated
in Figure 6.2. The key waveforms of the converter in forward mode are shown in Figure

6.3 (a). Regarding the interleaved operation, switches S; and S are driven by the gate
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pulses with the same duty-cycle of dr and a phase-shift of 180°. The gate pulse of switches
Sz and Se are complementary to that of switch Si. Similarly, the gate pulse of switches S4
and Ss are complementary to that of switch Sz. High step-up gain characteristics of the
proposed topology is favorable for EV application with UC, which can be realized when
the converter is working in continuous-conduction-mode (CCM); therefore, the steady-
state analysis is carried out based on this assumption that the duty-cycle is greater than 0.5.
The operation intervals are described as follows.

Interval 1 [to~t1]: Before this interval, switch S is turned ON and the switch S; is turned
OFF. At to, the gate pulse of switch Sy is applied. The current flow paths in interval 1 is
depicted in Figure 6.2(a). During this interval, both inductors L1 and L are charged by UC

connected to LVS. Meanwhile, the load is supplied by the HVS capacitors Cni and Chg.

dig(t) _ dip,(t) _ ULow (6-1)
dt dt L
dvcys (1) _ dvey, (1) _ Unign (6-2)
de dt Ryr
Avem1(t)  dvema(t) (6-3)
= =0
dt dt

Interval 2 [ti~t2]: At t1, the gate pulse of switches Ss4 and Ss are applied. Concurrently,
switch Sy is turned OFF. Figure 6.2 (b) shows the equivalent circuit for this interval. The
load and output capacitor Cwz are supplied by the energy stored of inductor L, and capacitor

Cc1. At the same time, the capacitor Cc: is charged by energy stored of L.

iy (8) _ Usow (6-4)
dt L

diLz (t) _ ULOW B Um1 (6_5)
dt L
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AVem1(t)  lemz = 2

dt o
Avema (t) _ lem1 + L2
dt Cra
dveu1(t) _ Unign
Avepz (t) P Ukign

dt cm?2 RLF

(6-6)

(6-7)

(6-8)

(6-9)

Interval 3 [t2~t3]: At the beginning of this interval, the gate pulse of switch S; is applied.

Also, the switches Ss and Ss are turned off in this interval. Similar to Interval 1, the energy

of UC charges the inductors L1 and L>. The current flow paths during this interval is similar

to interval 1, shown in Figure 6.2 (a).

Interval 4 [t3~ts]: At t3, the gate pulse of switches Sz and Se are applied. Also, the switch

Siisturned OFF. As illustrated in Figure 6.2 (c), load and output capacitor Cn2 are supplied

by the energy stored of inductor L; and capacitor Cco. Meanwhile, the capacitor Cci is

charged by energy stored of L.

diz(t) _ Urow = Una

dt L
diLZ(t) — ULow
dt L
dvem (t) _ lemz + i1
dt Cot
dvemz(t) _ lemz — U2
dt Cory
dvey,(t) Unign
— = lem1i— 3 —
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(6-13)
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dvcpa (t) _ Unign (6-15)

6.2.1 Operation in Backward Mode
In this mode, the energy flows from HVS to LVS, and the converter operates similar to a
buck converter, decreasing the voltage of dc-bus to the desired level of ESU connected to
LVS. The equivalent circuits of the converter in different intervals with the current paths

are illustrated in Figure 6.4.
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Figure 6.2: Equivalent circuit of the proposed converter in forward mode. (a) Interval 1
and 3. (b) Intervals 2. (c) Interval 4.

The key waveform of the converter in backward mode is shown in Figure 6.3(b). The
interleaved gating pulses with the same duty-cycle of ds and a phase-shift of 180° are
applied to switches Ss-Se. The gate pulse of switch Sy is complementary to that of switches
Sz and Se. Likewise, the gate signal of switch Sz is complementary to that of switches S4
and Ss. Since the proposed converter can achieve a high step-down ratio when the duty-
cycle dg is less than 0.5 and the converter is working in CCM, the operation intervals and
analysis are illustrated only for this case. The operation intervals are described as follows.

Interval 1 [to~t1]: As shown in Figure 6.4 (a), switches S1, Sa, and Ss are turned on in this
interval. The part of load is supplied by energy stored of inductor Li:. Meanwhile, the

energy stored of capacitor Cn; is transferred to the inductor L> and load. It can be seen that
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the capacitor Cny is transferring the energy to the capacitor Cmy, the inductor Lo, and load

as well. The equations (4)-(9) are valid for this interval.
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Figure 6.3: Key waveforms of the proposed converter. (a) forward mode. (b) backward

mode.

Interval 2 [t1~t2]: At the beginning of this interval, the switches S4 and Ss get turned-off.
Figure 6.4 (b) shows the equivalent circuit of the converter in this interval. It can be seen
that the inductors Li and L are supplying the load. The equations (1)-(3) are valid for this
interval.

Interval 3 [to~t3]: In this interval, the switches Sy, S3, and Se are conducting the current.
The corresponding equivalent circuit is depicted in Figure 6.4 (c). It can be seen that the

inductor Lz is releasing the energy to LVS to supply the load. At the same time, the energy
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stored of capacitor Cmy is transferred to the inductor Ly and load. Also, the capacitor Ch2
is transferring the energy to the capacitor Cmy, the inductor L, and load as well. The
equations (10)-(15) are valid for this interval.

Interval 4 [ts~t4]: At t3, the switches S; and S> are turned on. The equivalent circuit of
the converter is the same as that of Interval 2, illustrated in Figure 6.4 (b). It is clear that

the inductors Liand Lz are supplying the load.
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Figure 6.4: Equivalent circuit of the proposed converter in backward mode. (a) Interval
1 and 3. (b) Intervals 2. (c) Interval 4.

6.3 Steady-State Analysis of the Proposed Converter
To simplify the analysis, it is assumed that the voltage ripple of capacitors are so negligible

that they act like voltage source. Also, the switches are considered ideal.
6.3.1 Voltage Conversion Ratio
1) Forward Mode: The steady-state characteristics of the proposed converter can be
obtained by applying the voltage-second balance principle across inductors L and Lo.
According to Figure 6.2(a)-(c), the equations describing forward mode operation can be
written as follows:

{dF' Uow + (1 = dp)- (Urow = Uma + Uy1) =0 (6-16)

dp.Upow + (1 —dp). (Upow — Umz + Uyz) =0
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Where dr is the duty cycle of switches S1 and S; in the forward mode. According to Figure
6.3 (a)-(c) and applying Kirchhof VVoltage Law to the circuit, the HVS voltage Unigh can be
defined by

Unigh = Ug1 + Uy

U1 = Ui + Uz (6-17)

Uz = U1 + Uz

So, the voltage across the capacitors can be obtained by simplifying (16) and (17), given

as follows:
( UL
2U
{Un1 = Upyp = 20Uy = Low (6‘18)
1—dp
4U,,
Unigh = 2Upy = 1 —ZlV;

The voltage conversion ratio of the proposed converter in forward mode can be defined
as

_ Unign _ 4 (6-19)

M. =
F ULow 1- dF

2) Backward Mode: According to Figure 6.4 (a)-(c) and the voltage-second balance
principle across inductors Li1 and Lo, the stead-state characteristics of the proposed

converter in backward mode can be obtained as follows:

{dB- (Urow = Umz) + (1 —dp).Upoy =

0
6-20
dp. (Urow — Um1) + (1 —dp).Upow =0 ( )

Where dg is the duty cycle of switches Sz — S in the forward mode. According to Figure
6.4 (a)-(c) and applying Kirchhof Voltage Law to the circuit, the voltage across capacitors

can be defined by
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( ULow

Uni = Unpz = dg
2U
VUn1 = Upz = 2Up, = dLOW (6-21)
B
U = dgUp1 _ dgUnign
\ Low — 2 - 4

The voltage conversion ratio of the proposed converter in forward mode can be defined
as

Uow _dsp (6-22)
Mo = Uan &
High

6.3.2 Voltage Stress on Switches
The voltage stress across switches S1-Se in forward mode can be calculated by

ULow
1—d,
2Upow
1—d,

Usy =Usp = Uy =
(6-23)

Uss = Ugy = Uss = Usg = Upyq =

The voltage stress across switches S1-Se in backward mode can be calculated by

ULOW
dp

2ULow
dp

Usy = Usp = Uy =
(6-24)

Uss = Ugy = Uss = Ugg = Uyy =

6.3.3 Current Ripple

In the forward mode, the current ripples as a function of the duty cycle can be defined

by
dr X (1 —dp) X Uy;
AiL1 — AiLz — F ( F) High
4L X f, (6-25)
Al = (1 —dp) X (2dp — 1) X Ugign
Low = 4L X f,
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Where Ai,,, Ai;,, and Ai,,,, are the current ripples of iL1, iL2, and iLow. For simplicity, it
is assumed that Li=L,=L.
In the backward mode, the current ripples can be derived as follows:

dg X (1 —dp) X Uyign
4L X f,

dp X (1 —2dp) X Uyign

4L X fo

Ay = Aipp =
(6-26)

Aijoy =

6.3.4 Built-in Equal Current Sharing Capability

The built-in equal current sharing is a characteristic of the proposed converter to divide
the input current equally between two phases without using extra circuitry. This is an
important step toward realizing a truly interleaved converter, where the input current can
be shared equally between two phases, which leads to the symmetrical performance in two
phases. From operation analysis of the converter in forward and backward mode, the
averaged-state equations can be obtained by using the state space averaging method, given
by (27)-(32), where Ceqr = CHiCmi + CHiCmz + CmiCmz and Ceqz = Cr2Crm1 + Cr2Crmz +
Cmi1Cm2. Also, i1, L2, Vm1, Vm2, VH1, and V2 represent the average state variables, 111, IL2,
Um1, Um2, Un1, and Un2 denotes the dc values of average state variables. For the sake of
simplicity, it is assumed that Cxi = Crz = Ch and Cmi = Cmz = Cm. Since the derivative of
the average state variables are equal to zero in the steady-state, the following relation can
be derived from (27)-(32).

2 D:C Uy;
Ip =1, =( + i il L
(1—=Dr) (1 —Dp)Cy” Ryp

(6-33)

From (33), it is obvious that the proposed topology has the built-in equal current sharing

characteristic.

136



6.4 Design Considerations

6.4.1 Inductors
The inductors play an important role in the proposed converter by reducing the current
ripple. So, they should be selected accurately. Their values can be defined from (25), where
the current ripple of the LVS should be 20 %.
6.4.2 Switches
The voltage rating of switches can be determined from (23)- (24), which provide an
estimation for the voltage range. However, a safety margin of 150 % is considered to take
into account the effect of the parasitic elements.
6.4.3 Capacitors
The value of the capacitance should be selected based on the assumption made in the

previous sections that the capacitors work as a voltage source.

Dp X Uyign

Cy1 =Cyp = 6-34
i iz Avcyr X Rgsgp X fs ( )
(1= Dg) X Uyign (6-35)

L7 4 X Ave, X Rgsg X £,

Dr X Uyign
Cr1 = Cma = - (6-36)

Avemy X Resg X fs
Where Avgyq, Avey, and Avg,,; are the voltage ripples of capacitors Cni, Ci, and Cm1.
6.4.4 Efficiency Analysis
The power losses in a bidirectional DC-DC converter includes five major components:
1) switching loss of switches, 2) conduction losses of switches, 3) conduction loss of
inductors, 4) core loss of inductors, and 5) conduction losses of capacitors. The proposed

converter losses can be approximated by the equations given in Table 6.1, where Ri1, Ri2,
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Rcet, Ree2, Reni, and Rehz are the equivalent series resistance of the inductors L1, L2, and
capacitors Cc1, Ccz, CHi, and Cry, respectively. Also, tsi, tri, Cossi refer to the fall time, rise
time, and the parasitic output capacitance of switch S;, respectively. In equation describing
core losses of inductors, a, b, and c are fitting parameters that can be found in the datasheet
of the core. Also, IL1, Iz, ALy, and ALz, AB1, and AB: are the magnetic flux path lengths,
the cross-sectional areas, and ac magnetic flux density of the inductors L1 and Lo,
respectively. The loss breakdown at full load for forward and backward modes are shown
in Figure 6. 8. As illustrated in Figure 6.12, the total losses of the converter in forward
mode are 58.3 W, in which the major losses come from power switches and inductors. The
conduction loss of switches accounts for 64% of the total losses.

The total loss can be calculated by

Ploss = PL_cond+ PL_core+ PC_cond + PS_cond+ PS_sw (6'37)

Table 6.1: Loss equations for key components.

Parameters Value
Conduction %5 D(1—D)UZ,,
P._ =R —((77—-41D) + ———
Switches loss Seond DS(O")[% ( ) 312f2 ]
(S1-Se) Switching )
loss Psi_sw = f5(0.5Vs;l5; (tr; + tr;) + 0.5V;Cossi)
Inductors Core loss Pp_core = lLlALl(aAB{JfSC) + 1,4, (aABé’fSC))
(Lyand 175 | DUZ
Winding loss P, _ = (R R = ow
L) g L-cona = (Rp1 + Rp2) [ 4 + 12L2f52]
- P = (Rgey + R )Igﬂ (1-D)
Conduction loss of C-cond Cel ce2/ g
Capacitors 13
+ (Re + Rewy) £ D*(1 = D)
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The conduction and core losses of the three inductors can be calculated using (6-38) and
(6-39), where Rr1, Ri2, Ris, let, le2, les, Act, A2, Acs, AB1, AB2, and ABz are the equivalent
series resistances of the three inductors, the magnetic flux path lengths of the three
inductors’ cores, the cross sectional areas of the three inductors’ cores, and ac magnetic

flux density of the three inductors.

i=3

Prcona = ) TRy (6-39)
i=1
=3

Picore = ) lei Aci (a BB ) (6-39
i=1

Equation (19), is the empirical Steinmetz equation, and a, b, and c are fitting values and
can be extracted from the core manufacturer datasheet. The conduction loss of the
capacitors can be extracted via (20), where Rc1 — Rce are the equivalent series resistances
of the six capacitors.

Aif d
Pc = 1_;Rm + 1_—161111?1(4Rcz + Rez + 4Rcs + Res + Ree) (6-40)

The conduction losses of the switches can be derived using (21), where Rsy — Rs4 are
the on resistances of the switches. The switching loss of the switches can be calculated by
(22) and (23), noting that the switching loss is only considered for the main switches for
the considered mode of operation and discarded for the synchronous rectifiers (because
they realize ZVS during turn-on and turn-off transitions). Equation (23) is used to calculate

the switching loss for any of the four switches, where t,;, t¢;, and Cpss; are the rising and

falling times, and the parasitic output capacitance of switch Qi.
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2
3d R R R
ot () o+ (22222)) e

Po1_sw (Step-up mode)

o= :
7 \Po2.sw + Pos sw + Pos sw  (Step-down mode) (6-42)
PQi_SW = fS(O'SVQiiQi(trl’ + tfl) + 0'5VQi2COSSi) (6'43)
Finally, the efficiency n can be calculated using (24):
L (st de)
—_— ep-up mode
Vi, I +P
I] — L ‘I;H I:oss (6-44)

Ve I +Pross (Step-down mode)

6.5 Performance Comparison

To show the effectiveness of the proposed converter, a comparison is given in this
section. Table 6.1 summarizes the passive and active components count, voltage
conversion ratio, voltage stress of switches, and the maximum measured efficiency for
SGIBC and recent BDCs. In Table 6.1, Mr and Mg denote the voltage gain in forward and
backward mode, respectively. By employing the voltage quadrupler stage, SGIBC
outperforms other circuits regarding the voltage conversion ratio, as depicted in Figure 6.5.
The voltage gain of different converters in forward mode are shown in Figure 6.5 (a),
implying that the voltage conversion ratio of the SGIBC notably is higher than that of other
converters. Even though the voltage gain of the converter in [26] exceeds that of the SGIBC
for duty cycle (dr) more than 0.82, which corresponds to the voltage gain of 22 that is not
in the operating range. Moreover, the converter in [26] utilizes more semiconductors and
passive components than other BDC counterparts, suffering from reduced power density

and efficiency. As shown in Figure 6.5(b), the proposed converter provides lowest voltage
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conversion ratio in backward mode. Regarding the voltage stress of switches, SGIBC offers
much lower voltage stress compared to other BDCs, which enables the designer to utilize
a switch with smaller on-resistance Rps(ony resulting in higher efficiency.

Since the cost of switches dominates the other components costs in a BDC, a comparison
of cost of the switches is carried out, which evaluates the converters by comparing the

voltage and current stress imposed on the switches.

TABLE 6.2: COMPARISON BETWEEN THE PROPOSED CONVERTER AND OTHER
BIDIRECTIONAL CONVERTERS

Topology C?::;nt TDLCI? Convert | Converte Converter SGIB
IBDC [6] er [23] r [25] [26] C
Number of Switch 4 4 4 5 7 6
Componen | Inductor 2 2 3 2 5 2
ts Capacitor 2 3 4 4 6 5
Forward 1 2 1+ 3dg 3+dp 3—-dp 4
Voltage
. MOde (MF) 1 - dF 1 — dF 1 - dF 1 - dF 3(1 - dF)Z 1 - dF
conversion
ratio Backward 4 dg dg dg 3d: ds
mode (Mg) B 2 | 4-3dz | 4—dg R 4
3
My 2 4 4
b 14 Mg —2
Voltage stress (Us/ULow) Mg 7 3+ M, 14 M, Fz a M,
4 2 2
—Xs)
1 kW 0.5 0.2 kW 0.2 kW 0.2 kW 2 kW
Rated output power KW
Forward
Maximum Mode 94.3 - 96.8 n=97.1 97.0 97.3
fficienci
efficiencies | Backward 945 i i i 945 974
Mode
R 1++/(6Mp—1)2—36Mp(Mp—1)
XS =

6Mp
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Figure 6.5: Comparison of the voltage conversion ratio. (a) Forward mode. (b)

Backward mode

This comparison is carried out between SGIBC and other BDCs with lowest voltage stress,
namely converter introduced in [22] and TLBDC. According to [30], the total switch stress

gives a rough estimate for the cost of the switches of a converter, which is defined by

k
S = Z Vil (6-45)

Where K is the number of switches. In (10), V; and I; represent the maximum voltage and
current stress of switch j, respectively. The total switch stress of SGIBC, TLBDC, and
converter introduced in [22] are expressed by (20)-(22). To simplify these formulas, it is
assumed that the converter is designed to work at a single operating point with switching
frequency fs, HVS power Pn, and HVS voltage Unigh. Figure 6.6 (a) illustrates the total
switches stress for different converters. It can be seen that the proposed converter operates
more efficient than other converters in spite of using more semiconductor devices., except
for the converter introduced in [26]. Therefore, the proposed converter offers a high-

efficiency power conversion with lower cost.
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S _ PH UHigh UHighULow (1 _ 2ULow
TLBDC 2 ULow 4‘Lfs

Union ) (6-46)

) (6-47)

S —p 3UHL'gh + ULow 3UHL'ghULow 1— 2ULow
Converter [22] H 4ULOW UHigh 4Lf:5 VH

Uni 70 UnignU. 4U
ngh_l_ Low>+ High" Low 1 Low) (6-48)

S =P -
setne H( 4V, 8Unign 8Lf Unign
Note to find the inductance L, the current ripple can be calculate using (6). According to
(6), the maximum of current ripple happens when dr = 0.75. Correspondingly, the

maximum inductor current ripple can be defined as

Aj _ Unign (6-49)
Lowmax ™ 321, x f.

According to (6-14), the inductance L can be calculated by

L> UHigh
320i1ow, ., X fs

(6-50)

From (6-50) and Figure 6.6(b), it is clear that the inductance L of SGIBC is half of the
inductance of the converter introduced in [22] and TLBDC for the same switching
frequency and the current ripple Ai,,,, . It implies that the volume and weight of the
inductor of proposed converter is notably lower than that of other BDCs.
6.6 Analysis of The Dynamic Performance

In this section, the small-signal models of the proposed converter in forward mode is
derived. It is noteworthy that the capacitor currents icc1(t) and icc2(t) are mutually coupled;
so, their equivalent series resistance is taken into account to avoid the invalid state

variables.
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Figure 6.6: Comparison of the total switch stress S and normalized current ripple. (a)
Total switch stress S. (b) Current ripple.
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Figure 6.7: Voltage gain of the compared converters in the step-down mode versus the
duty cycle.

Except for capacitors Cc1 and Ccy, it is assumed that the inductors, capacitors, and the
switches are ideal. With state space averaging method, the small signal AC equation can
be obtained as (25).

The control-to-output transfer function in forward mode can be derived in complex
frequency domain by employing the experimental parameters given in Table 6.3, which is
given in (6-51). Similarly, the control-to-output transfer function in backward mode can be

derived in complex frequency domain as (6-52).
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. _ Ohign(s) . a1S®+a, St +azS® +ayS* +as S +ag (6-51)
UHAE T TG () S8+ by S5+ by S* + by S? + by S2 + bs S + bg

Where a;=-2.5x 10%, a)=—1.7 x 101°, a3=—1.1x 105 , as=—4.1 x 10'7, as=—2.5 x 102°,
a6=6.7 x 102°, b1=7.2 x 10%, b»=1.6 x 1011, b3=3.5 x 1015, bs=4.5 x 107, bs=1.5 x 1022, and
bs=8.5 x 1025.

o _Mow(s) @S 40,5 +a;8%+a,8” +asS +a (6-52)
wdz =70 (s)  SS+ by S5+ by S*+ by S3 + by SZ+ bg S + bg

_ K; (6-53)
Gc(S) = Kp + S

Where a1=6.5 x 108, a2=7.6 x 10'2, a3=3.1 x 10*° , as=2.6 x 10?3, a5=8.1 x 10?7, ag=1.7 x 103!,
b1=2.3 x 105, bp=2.6 x 10!, b3=1.8 x 10, b4=9.5 x 10'?, b5=3.5 x 1023, and bs=4.5 x 102°.
In order to make the proposed converter achieve the better output voltage performance, As
shown in Figure 6.8, an output voltage control strategy is adopted to improve the output
voltage performance of the proposed converter, where Gu.d(S) denotes the transfer function
of the converter, Gm(s) denotes the transfer function of the pulse-width modulator, H(s)
refers to the feedback transfer function, and Ge(s) is the voltage controller. In the adopted
voltage control scheme, the transfer functions Gm(s) and H(s) are unitized. So, the transfer
function Ge(s) is designed in a way that the better closed-loop operation can be gained. The
transfer function Ge(s) is a proportional-integral (PI) controller, defined by (29), where
values Kp.r = 0.0002, and Kj.r = 0.0005 in forward mode, and Kp-e = 0.08, and Kj.g = 0.002
in backward mode are adopted in the experiments.
6.7 Experimental Results
To validate the feasibility of the proposed converter, a laboratory prototype is

implemented, shown in Figure 6.9. The specifications of the converter and component
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parameters are presented in Table 6.2. In this section, two operation modes are investigated,

namely: Forward mode and backward mode.

6.7.1 Forward Mode

The experimental results for forward mode are shown in Figure 6.8, where the LVS is
connected to a voltage source ULow =50 V and HVS is connected to a resistive load R.r =
320 Q, and duty-cycle is 0.76. Figure 6.10 (a) illustrates the gate-source voltage of switch
Si1and S and inductor currents i1 and iL2. It is obvious that the current ripples of inductors
are consistent with the theoretical values obtained by (6). Interleaved operation paves the
way for increasing the effective switching frequency, which leads to a smaller current
ripple and inductors. Note that there is no voltage ringing in the gate-pulse due to correct
PCB design by minimizing the parasitics inductance. The voltage of capacitors Cmi, Cmz,
CHz, and Cn_2 are demonstrated in Figure 6.10 (b). According to (3), the average capacitor
voltages can be calculated as follows: Un1=205V, Un2=205V, Un1=410V, and Un2=410V,
which are in a good agreement with the experimental results. Moreover, the voltage ripples
of capacitors are small enough that confirms the correctness of the design of capacitors.
The voltage stress across switches Si, Sz, and Sz are shown in Figure 6.10 (c). Also, the
voltage stress across switches Sy, Ss, and Se are shown in Figure 6.10 (d). It can be seen
that the voltage stresses of switches are much lower than the voltage of HVS Uwign;
therefore, switches with small on-resistance Rpsion) can be employed leading to higher

efficiency. The current waveforms of the switches Sy, Sz, and Sz are shown in Figure 6.10

(e).
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TABLE 6.3: EXPERIMENT PARAMETERS AND COMPONENTS

Parameters and Components Values

Rated power Pigh 2 kw
Switching frequency fs 100 kHz
High-side voltage Unign 800 V
Low-side voltage Uy ow 50-100 V
Power Switches GS66516B-E01-MR
Inductors Ly, L 100 pH
Capacitors Cmi, Cmz 10 uF
Capacitors Cui, Ce 220 pF
Microcontroller TMS320f28335

Figure 6.9: A photograph of laboratory prototype.

148



Tek I Trig'd Tek I

U2 [200V/div]

AiL1=6.2 A | iL1[5:A/div]

I+

fac VGs2 = o
3 i | i |
e Farrmn - s

Uct [200V/div]
24 a¥
CH2 200% 1 10.0,us
CH2 10.0% M 250us CH3 200v  CH4 200v
CH3 10,0y CH4 10.0%
(@) (b)
Tek i Trig'd M Pos: 20,1205 Tek Ao, Trig’d
+ +

Us3 [200-V/div] . Usd

"“"7‘ ! i 1[200 V/div =t

_Ljr Wt

ot i Uss [200 V/div]
- [200 V/div]

4+ M f

Us1:[200 V/div]
CH2 200 1 25008
CH2 200 1 2,508 CH3 200
CHYq 2004

(c) (d)
Figure 6.10: Experimental results for forward mode. (a) Gate-source voltage of switches
Siand S; and Inductor currents. (b) Capacitor voltages. (c) Voltage stresses on switches
S1, Sz, and Ss. (d) Voltage stresses on switches Sa4, Ss, and Se.

6.7.2 Backward Mode

The experimental results for forward mode are shown in Figure 6.11, where the HVS is
connected to a voltage source Unigh = 800 V and LVS is connected to a resistive load R.s
=3.2 Q, and duty-cycle is 0.39. Figure 6.11 (a) illustrates the gate-source voltage of switch
S1 and inductor currents i 1 and ic2. It is obvious that the current ripples of inductors are
consistent with the theoretical values obtained by (11).
The voltage of capacitors Cmi, Cm2, CHi1, and Cn2 are demonstrated in Figure 6.11 (b).
According to (8), the average capacitor voltages can be calculated as follows: Umi = 202V,

Um2 = 202V, Unt = 405V, and Une = 405V, which are in a good agreement with the
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experimental results. Moreover, the voltage ripples of capacitors are small enough that
confirms the correctness of design of capacitors. The voltage stresses across switches Si,
Sz, and S3 are shown in Figure 6.11 (c). Also, the voltage stresses of switches S, Ss, and

Se are shown in Figure 6.11 (d).
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Figure 6.11: Experimental results for backward mode. (a) Gate-source voltage of
switches S; and Sz and Inductor currents. (b) Capacitor voltages. (c) Voltage stresses on
switches Si, Sz, and Ss. (d) Voltage stresses on switches S, Ss, and Se.
It can be seen that the voltage stress of switches are much lower than the voltage of HVS
Unigh; therefore, switches with small on-resistance Rps(on) can be employed that contributes
to higher efficiency. The current waveforms of the switches Si, Sz, and Ss are shown in
Figure 6.11 (e).
The loss breakdown at full load for forward and backward modes are shown in Figure 6.12.

As illustrated in Figure 6. 10(a), the total losses of the converter in forward mode are 58.3
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W, in which the major losses come from power switches and inductors. The conduction
loss of switches accounts for 64% of the total losses. The loss breakdown in backward
mode is shown in Figure 6. 10(b), where the total losses of the converter are 57.1 W. By
analyzing the power loss distribution, it is evident that the conduction loss of switches is
the significant loss that accounts for 62% of the total losses.

To measure the efficiency of the converter in different power levels, a power analyzer
(Tektronix PA3000) was used. Figure 6.13 shows the measured and calculated efficiency
curves for forward and backward modes. Form Figure 6.13 (a), it can be seen that the
maximum efficiency happens at 600 W, where the maximum calculated efficiency for
forward and backward modes are 97.5% and 97.6%, respectively. The maximum measured
efficiency for forward and backward modes are 97.3% and 97.4%, respectively. At full
load, the calculated efficiency values for forward and backward modes are 97.1% and
97.2%, respectively. Also, the values of measured efficiency at full load for forward and
backward modes are 96.9% and 97%, respectively. There is a satisfactory agreement
between the calculated and measured efficiency. A comparison of the efficiency of the
proposed converter in forward and backward mode are given in Figure 6.13 (b) and (c),
respectively. It is clear that the proposed converter offers the highest efficiency due to the
low voltage stress of switches, low conduction losses of switches, and soft-switching

performance.
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Figure 6.12: Calculated power loss distributions for the experiment. (a) forward mode.
(b) backward mode.

== Conventional IBDC
Converter [26]

TLBDC = v
e ST Converter [23] =

98

Converte
Converte

97

Efficiency (%)

-
=)

200 -;lllb 600 800 1000 1200 1400 1600 180(
Output Power (W)

(b)

W% (4.5 W) 8%

OIWI<1% N\ 7 (6:5 W) 11%

(6.9 W) 12%

Core Loss

w=fli==_Conventional IBDC

Converter
Converter [26] S
TLBDE canabaaa Caonverter

v

Converter [23]

Efficiency (%)

200 400

600 800 1000 1200 1400 1600 180
Output Power (W)

(©)

Figure 6.13: efficiency curves. (a) Experimental and calculated results. (b) comparison
of efficiency in forward mode. (c) comparison of efficiency in backward mode.

6.8 Conclusion

In this chapter, a steep-gain interleaved bidirectional DC-DC converter with intrinsic

voltage-quadrupler and reduced total switch stress has been proposed. Charging the

capacitors in parallel and then delivering the energy through different paths during the

discharging process is the operating principle of SGIBC in forward mode to achieve high

voltage conversion ratio. On the other hand, in backward mode, the switched capacitors

are charged in series and discharged in parallel, which provides a high step-down gain. Due

to the capacitive voltage divider, the voltage stress across the switches becomes smaller,
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which facilitates employing lower voltage rating switches. Consequently, a significant
reduction in switching and conduction losses is realized. Moreover, the proposed converter
possesses the built-in equal current sharing feature without adopting extra circuitry. A 2-
kW laboratory prototype using gallium-nitride switches is implemented to validate the
proposed concept. It can be seen that the experimental results show agreement with the
theoretical analysis. Therefore, the proposed topology is appropriate for applications
demanding bidirectional power flow with a wide voltage range, such as interfacing the UC

with the dc bus in EV systems.
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Chapter 7 Experimental Verification of a GaN-Based Double-Input Soft-
Switched DC/DC Converter for Hybrid Electric Vehicle Applications with

Hybrid Energy Storage System

7.1 Introduction

In the drivetrain of a fuel cell-powered electric vehicle (FCEV), double-input
converter plays a critical role by transferring the power from battery and fuel cell (FC) to
an ultra-capacitor (UC) during acceleration and from UC to the battery during braking. As
battery and FC have unregulated low voltage, the converter should provide a high voltage
gain as well as an efficient power conversion. In this chapter, a double-input three-level
converter composed of Buck-Boost-Half-Bridge (BBHB) modules is proposed for
automotive applications. The proposed converter can supply the load in the absence of FC
or battery. The converter takes advantage of active clamp configuration in terms of
reducing the voltage stress across switches and providing soft-switching performance.
Consequently, the converter’s overall performance in terms of switching losses and cost
can be considerably improved. The switching scheme doubles the effective switching
frequency, which, in turn, reduces the size of the boost inductors to enhance power density.
The operational characteristics of the converter and comparison with state-of-the-art
converters are given in this chapter. Finally, a 4 kW, 100 kHz prototype using GaN

switches is implemented to validate the proposed concept.

7.2 Proposed Double-Input Three-Level DC-DC Converter
Figure 7.1(a) illustrates the general configuration of powertrain for a fuel cell-powered EV

with hybrid energy storage, named parallel active hybrid. Including two DC/DC
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converters, a DC/AC inverter and an electrical motor, this configuration is mainly reported
in the literature. Conventional two-level bidirectional converter has been typically
suggested as an effective circuit due to its simple design and ease of control. The main
drawback of this topology is the high voltage stress of the switches that bring about higher
switching losses and cost. Moreover, two bulky boost inductors are required that increases
the volume and the weight of the converter, especially for high power applications.

In the drivetrain of a fuel cell-powered EV shown in Figure 7.1(b), the power is transferred
to the DC bus from a battery via a bidirectional dc-dc converter during propulsion. During
regenerative braking, the power flows from DC bus to the battery, which allows the battery

to be charged. In this system, an FC stack is utilized to enhance the vehicle operating range.

Fuel-Cell DC Bus Fuel-Cell

- Unidirectional, —— DC Bus
,f’[: peme = e B
=" Converter —« -~
- et - —— Integrated -
Double-Tnput b
Battery Battery DEMC DCAC T Traction |
- o —
A | — Bidivectional —| =7 “FAf-|— Converter R | N Mator ‘
(T Moncne | |
__ Converter N
¥ ; 7 N + | -
Ultea Capacitor Ultra Capacitor

Figure 7.1: Block diagram of a fuel-cell-powered EV with hybrid energy storage. (a)
using separate converters. (b) Proposed integrated double-input converter.
The proposed converter is shown in Figure 7.2, which consists of four switches Si-S4, two
boost inductors Lg: and Lgz, and two DC bus capacitors Cpc1 and Cpco. Basically, the
proposed double-input three-level converter is developed by merging two BBHB
converters which are connected in such a way that the voltage gain is enhanced, and the

voltage stress of the switches is considerably decreased.
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'VFC

Figure 7.2: Proposed three-level double-input DC/DC converter.

The states of the switches S, and S; are defined by a switching function fi(t) and its
complementary function, respectively, which is given by (1). Similarly, the switching
function f(t) and its complementary functions determine the states of the switches Sz and

Sa, respectively. In (1), Ts is the switching period, and k is an integer.

o, (k +0.5d,5)Ts <t < Tg(k + 1 —0.5d,3)

£,(6) (7-1)
1,  kTg<t —% < Ts(k + 0.5dy3)and (k + 1 — 0.5d,3)Ts < t — % < Ts(k + 1)
0, (k+05d,)Ts<t —% < Ts(k + 1 —0.5d,3)
Figure 7.3 shows the switching scheme for the proposed converter, in which the carriers
are triangular signals Vi1 and Vi, and da3 is the duty cycle of switches Sz and Sz (ds2=
ds3= d23). According to the value of the duty cycle d»3 and the switching scheme, there are
four different states: A, B, C, and D. The current and voltage key waveforms for d»3>0.5
and d23<0.5 are shown in Figure 7.3 (a) and (b), respectively. The operation states for

forward and backward modes are illustrated in Figure 7.4 and Figure 7.5, respectively.
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Figure 7.3: Different operation states for forward operation. (a) dzz > 0.5 (b) d23 <
0.5.

7.3 Operation Scenarios

According to the generated power of main source (FC), the battery state-of- charge, and
the load, the operation of the converter can be divided into four scenarios which are
described as follows:

7.3.1 Scenario | (FC supplies the load while the battery is not used)

This scenario happens when the main energy source (fuel cell) can solely supply the load.
In this scenario, the converter works similar to a single-input single-output converter. The
operation states for this scenario are illustrated in Figure 7. 4.
State A (S2 = Ss=1): In this state, both switches S» and Sz are turned-on, shown in Figure
7.4(a). So, the energy stored in the filter inductor Lgs is released into the capacitor Cpci.

The clamp capacitor Cpc: limits the voltage stress of switch Si to half of the DC-bus

voltage Vpc.
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State B (S3=1 and Sz =0): In this state, the inductor current i_g2 goes through the switches
S:1 and Ss. As depicted in Figure 7.4 (b), the load is supplied by the energy stored in the
capacitor Cpcz. Meanwhile, the inductor Lgs is being charged by FC.

State C (Ss=0 and S, =1): As shown in Figure 7.4 (c), during this mode, the energy stored
in the inductor Lg2 and capacitor Caux is transferred to the clamp capacitor Cpc2. The clamp
capacitor Cpcz limits the voltage stress of switch Sz to the voltage Vpco.

State D (Ss=0 and S =0): If the duty cycle is less than 0.5, this operation mode happens.
As shown in Figure 7.4 (d), the clamp circuit confines the voltage stress of switches Sz and
Ss to the voltage of Vpc1 and Vpco, respectively. Meanwhile, the inductor Lgs is being

charged by FC.

DC Bus
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Cbobc2
Cau Vie
v
Coc1
L FC
i 2 D = B
S -
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@ | ®)
S S
Lz #T DCBus L #T  DC Bus
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(‘ﬂ“‘ g- — (‘ﬂu‘ : ? \D(‘
Sy | Cboc1
‘ .......... o pors— J.{ ..........
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Figure 7.4: Operation states during scenario I. (a) State A. (b) State B. (c) State C. (d)
State D.
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7.3.2 Scenario Il (FC and battery supply the load)
When the generated power of fuel cell is not enough to supply the load, the battery will
discharge to feed the load. In this scenario, the converter operates like a double-input
single-output converter. Based on the value of duty cycles d; and dz, the converter can work
in different states A, B, C, and D, which are illustrated in Figure 7.5. In special case, if the
FC generated power is zero, which happens at the starting the car due to the long start-up
time of the fuel cell or when the car is run out of fuel cell gas, the battery can supply the
load. So, still the analyses given in this section are valid.
State A (S2 =Ss=1): In this mode, both switches S; and Sz are turned-on, shown in Figure
7.5 (a). So, the battery energy has been stored in the filter inductor Lgz. The clamp capacitor
Coc: limits the voltage stress of switch Si to half of the DC-bus voltage Vpc. Meanwhile,
the capacitor Cpc: is charged by FC and the filter inductor Lg2 during this state.
State B (S3=1 and S, =0): In this state the load is supplied by the energy stored in the
capacitor Cpcz. Also, the inductor current ig2 goes through the switches S; and Sa.
Meanwhile, the DC-bus capacitor Cpc1 is being charged by the energy stored in the
inductor Lg2 and battery.
State C (S3=0 and S2=1): As shown in Figure 7.5 (c), in this state, the energy stored in the
inductor Lg2 and battery is transferred to the clamp capacitor Cpc2. Also, the capacitor Cpc1
is charged by the inductor Lg1 and FC. The clamp capacitor Cpc: limits the voltage stress
of switch Sz to half of the DC-bus voltage Vpc.
State D (Ss=0 and S» =0): If the duty cycle is less than 0.5, this operation mode happens.
As shown in Figure 7.5 (d), the clamp circuit confines the voltage stress of switches S, and

Sz to the voltage of Vpc1 and Vocy, respectively. In this state, the inductor is transferring
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the battery energy to the DC-bus capacitors. Meanwhile, the inductor Lgs is being charged

by FC.

@ ®
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Figure 7.5: Operation states during scenario Il. (a) State A. (b) State B. (c) State C. (d)
State D.
To calculate the DC Bus-voltage-to-battery-voltage ratio, it is assumed that the converter
works in continuous conduction mode (CCM). Moreover, the voltage across the DC bus
capacitors Cpc1 and Cpczare equal (Vpc1 = Vpe2 = 0.5Vpc). According to Figure 7.4(a) and
by applying the voltage-second balance principle to the inductor Lg, and analyzing its

current ripple, the voltage conversion ratio can be determined as follows:

VBT - 1 - de (7-2)
Where de is defined by
d. = (ds; — 0.5) + (dg3 — 0.5) (7-3)
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Assuming that the duty cycle of switches Sz and Sz are equal, the effective duty-cycle de
can be expressed as

d, =2dy; — 1 (7-4)
Now, if d23 < 0.5, the voltage conversion ratio can be written as

Vpe 2

Ver 2 —d, (7-9)
In this case, the effective duty-cycle de is defined by
de = (ds; + ds3) = 2d;3 (7-6)

7.3.3 Scenario 11 (FC supplies the load while battery is charged by the extra
power)

In this scenario, FC can generate the power more than the power demanded by the load;
S0, the battery is charged by extra power. In this scenario, the converter works as a single-
input double-output converter. There are four different states A, B, C, and D based on the
value of duty cycles d: and d2, which are shown in Figure 7.6. In this scenario, the operation
states are the same as those in Scenario Il, except that the inductor current i_g2 goes in the
reverse direction.

7.3.1 Scenario IV (regenerative braking mode)
In this scenario, the motor is working in the regenerative braking mode; so, the direction
of power flow changes and the battery can be charged by the energy coming from DC bus.
In this scenario, the converter works similar to a single-input single-output buck converter.
The operation states during this scenario are shown in Figure 7.7, in which the current is

flowing from DC bus to the battery.
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Figure 7.6: Operation states during scenario Il1. (a) State A. (b) State B. (c) State C. (d)
State D.

State A (S2 = S3=1): This state starts when the turn-off signals are applied to the switches
S1 and Ss. In this state, the inductor current iLg2 will go through the switches S, and Ss. As
depicted in Figure 7.7(a), the energy stored in inductor Lg is transferred to battery, so the
battery is being charged in this mode.

State B (Ss=1 and S>=0): In this state, the switches S, and S are turned off and the switches
S:1 and Sz conduct the current in negative direction, shown in Figure 7.7 (b). The clamp
circuit confines the voltage stress of switches Sz and Sy to the voltage of Vpc1 and Voc,
respectively.

State C (S3=0 and S, =1): when the gate signal of switch S; is removed this state starts. As
shown in Figure 7.7 (c), the battery is being charged by the total energy stored in inductor
Ls2 and capacitor Cpcz. The clamp capacitor Cpc1 limits the voltage stress of switch Sz to

half of the DC-bus voltage Vpc.
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State D (Ss = S2 =0): If the duty cycle is less than 0.5, this operation state happens. This
state starts when both switches S> and Sz are turned off. After this moment, the current goes
through the switches S1 and S4. Meanwhile, the energy stored in both inductor Lg2 and the

DC-bus capacitors charges the battery, as illustrated in Figure 7.7 (d).

(c) (d)
Figure 7.7: Operation states during scenario IV. (a) State A. (b) State B. (c) State C. (d)
State D.

7.4 Design Considerations
7.4.1 Magnetic Inductors Le1 and Ls2
To design the inductance, three parameters should be considered: inductance, losses, and
the maximum current to estimate the peak flux density.
1) Inductance Lgi: The inductance can be determined as a function of the battery

current ripple Aigy, duty cycle, switching frequency fs, and DC bus voltage as follows:
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Vpe(1 — 2d33)das

, d,», < 0.5
N 2L s N (7-7)
- Vpe(1 —da3)(2dy3 — 1)
, d,. > 0.5
2Lp, fs 2

The maximum battery current ripple occurs at 0.25 and 0.75 duty cycles, which can be
calculated by

. VDC
AlBT,max - 16L—82fs (7-8)

Accordingly, the inductance Lg> can be obtained by following equation:

L > VDC,max
bz = 16AiBT,maxfs

(7-9)
Where Vpc max is the maximum voltage of DC bus. From (8), it can be clearly understood

that the required inductance for the same current ripple and the switching frequency for the
proposed converter and 2LBIC is 25% of that for 2LBC.

2) Inductor Losses P.: The inductor losses are composed of two components, copper

loss Prcu and core loss PLc, which are defined by following equations:

Py = RLBZILZBZ,rms (7-10)
i=3

PL_core = z lei Aci (a ABib SC) (7'11)
i=1

Where Ryg> is the inductor winding resistance, L.i is the magnetic flux path length of the
core, Aqi is the cross-sectional area a, b, and c are fitting values and can be extracted from
the core manufacturer datasheet. It is noteworthy to mention that the core loss model (11)
is the empirical Steinmetz equation.

The RMS value of the inductor current I g2,ms can be determined by
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— 2
ILBZ,rms - \/ISB,rms

Where Is3msand lsarms are the RMS current of switches Sz and Sa, respectively, which can

be obtained by

+ 12

S4,rms

Is3rms = \/dZS(Il?,min + [ minfipr +

+2
Aigr

3

Isarms = \/(1 o d23)(llimax — Iy maxDipr +
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Figure 7.8: Normalized DC bus voltage ripple and utilization factor for different
converters (Puc = 50 kw, fs=100 kHz, and Vuc = 760 V). (a) Normalized DC bus
voltage ripple; (b) utilization factor.

In equations (7-13)-(7-14), the inductor maximum and minimum current are defined as:

I Lmax —

IL,min -

Ppc Aipr
(1 —d23)Vpc 2

Ppc _ Aipr
(1 —d23)Vpc 2
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3) The maximum inductor current I_max: The maximum inductor current plays an
important role in determining the size of the inductor since the peak flux density is directly

related to the maximum inductor current. I max can be calculated using (7-15).

7.4.2 DC Bus Capacitors Cpc1 and Cpc2
Three parameters are important in design of DC bus capacitors: the DC bus voltage
ripple, RMS current, and maximum current. For this analysis, it is assumed that the DC
bus capacitance are identical (Coc1 = Cpcz = Coc). First, we calculate the DC bus voltage
ripple as follows:

Ppc(1 — 2dy3)

, d,. < 0.5
AV — 2C.DCVDCfs 23 (7_17)
be PDC(]- - d23)(2d23 - 1) d > 0 5
2CpcVpcfsdys 2o

Assuming the same output power Pyc, switching frequency fs, and capacitance Cpc, a
comparison of the DC-bus voltage ripple of the proposed converter with that of
conventional 2LBC and 2LBIC is shown in Figure 7. 8. It can be seen that the voltage
ripple of the proposed converter is much lower than that of 2LBC and 2LBIC. As a result,

the DC bus capacitors Cpc of the proposed converter can be considerably smaller. The

maximum DC bus voltage ripple occurs at duty cycle equal to d23=1/+/2, which can be

calculated by

PDC(3 - 2\/5)
AV — = (7-18)
vemax 2CpcDpcfs
From (18), the capacitance Cpc can be estimated by
Ppc(3 —2v2 Ppc(1—2d
Cpe = max ( DC( ‘/_) e 23) (7-19)

2VDCfsAVDC,max ’ 2VDC/‘:SAVDC,max
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For the sake of simplicity, it is assumed that the current ripple of inductor Lg: is negligible
(Aiy g, = 0). From Figure 7. 4 and Figure 7. 5, the instantaneous current of DC bus

capacitors are defined by

ipc1(t) = ip2 (d23 - f1(t))

(7-20)
Ipc2(t) = iLBz(dzs - fz(t))
The maximum and the RMS current of DC bus capacitors can be estimated by
Icimax = lc2max = ﬁmax (1, ) (7-21)
VUC 1- d23,max

Ppc dys
1 =1 = / (7-22)
Cl,rms C2,rms VDC (1 d23)

To choose the switches, the voltage and current stresses on the switches should be

7.4.3 Power Switches

examined. In the proposed converter, the switches should withstand half the output voltage.
The rms current of switches can be calculated from (13) and (14). Also, the resonance
between the parasitic inductances of the circuit and the parasitic output capacitances of the
switches creates a voltage spike, which necessitate choosing switches with higher voltage
rating. So, a safety margin should be considered. Here, it is decided as 1.5, which dictates
choosing 600-V switches. The maximum currents of the switches are equal to the
maximum current of the inductors, which has been given in Table 7.1. Taking these criteria

into account, the switches GS66516T from GaN Systems Inc. is selected.

7.4.4 Soft-Switching Performance
The equivalent circuit of the circuit including switch Sy and S; is given in Figure7.9 (a),

which operates similar to a conventional half-bridge stage. The asymmetrical pulse-width-
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modulation is applied to the circuit, as shown in Figure7.9 (b). As shown in Figure7.9 (b),
the current can flow in both directions for a synchronous rectifier. A special merit
in half-bridge stage is that the GaN switches can conduct the freewheeling current without

the need of an extra anti-parallel diode.
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Figure 7.9: Asymmetrical PWM soft-switching operation. (a) Equivalent circuit of
module including switches Si and S». (b) Gate-source pulse of switches S; and S; and
inductor currents iLg1 and iLg2. (¢) Equivalent circuit of module including switches Sz
and Ss. (d) Gate-source pulse of switches Sz and S4 and inductor current ipg>.
According to the waveforms shown in Figure 7. 9(b), at tz, the switch S; is turned OFF,
and its parasitic capacitance Coss1 is discharged. To achieve zero-voltage-switching (ZVS),
parasitic capacitance Coss2 should discharge before applying the turn-on pulse to switch So.
The body diode of switch S, starts to carry the current when the output capacitances Coss2
is fully discharged. Therefore, the total inductor current has to be negative. Moreover, the

total energy stored in the inductors Lg: and Lg at the switching instant must satisfy the

following condition.
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1 1 1
ELBZ (ILBZ - ILBl)Z = ECossl (VSI)Z + E Cossz (VSZ)Z (7'23)

ta-AVig2 _ ta- Vpcz — Var)

LBZ LBZ

Iigy — g1 = (7'24)

Where Eindtotal IS the total inductive energy of the inductor Lg: and Lg2, Vs1 and Vs are the
voltage of switches S1 and S, respectively, and Coss1 and Coss2 are the output capacitance
of switches S1 and Sz, respectively. Also, tq represents the dead-time. the minimum dead

time can be determined from (23) and (24), which is given as follows:

Coss tot LBZ- VDCZ
t . frd 2 7_25
d,min \/ VDCZ _ VBT ( )

Where Cosstot = Coss1 + Coss2.. It can be concluded that if a specific dead-time is selected,
the higher output capacitance is, the higher Inin is required. The similar analysis can be
applied to the circuit including switches, Sz and Sa. The equivalent circuit and gate-pulse
waveforms are given in Figure 7. 9(c) and (d), respectively.

7.5 Comparison of The Proposed Converter With Other Converters
In this section, first a comparison of the proposed converter with 2LBC and 2LBIC is

carried out, in terms of the magnetic component size, cost and the efficiency.
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Figure 7.10: Comparison of stored energy in the inductors and capacitors for different
converters (Puc = 50 kw, fs= 100 kHz, and Vpc = 760 V). (a) Inductive stored energy;
(b) Capacitive stored energy.
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A thorough comparison with state-of-the-art three-port converters is made in this section.
7.5.1 Comparison with 2LBC and 2LBIC
1) Cost
The utilization factor of semiconductors can give a thorough insight into the expected cost
of different topologies [25]. The utilization factor (U) is defined by

Ppc
quklpk

(7-26)

Where q is the number of switches, Vpkand Ipk are the maximum voltage and current of the
switches. Figure 7.8 (b) shows the utilization factor as a function of battery voltage for the
proposed converter, 2LBC, and 2LBIC. It can be seen that the value of utilization factor of
the switches for the proposed converter is higher than that for 2LBC and 2LBIC.
2) Component Size

The stored energy in the passive components can give an insight into the size and weight
of these elements. Therefore, the volume of converter is evaluated by measuring the stored
energies in inductors and capacitors. To evaluate the size of passive components, it is
assumed that the switching frequency is 100 kHz, the power is 50 kW, the DC bus voltage
is 760 V, and the current ripple is 20 % of the discharging current, and the voltage ripple
is 10 % of the DC-bus voltage. Figure 7.10 (a) and (b) illustrates the stored energy in the
inductors and capacitors as a function of battery voltage, respectively. It is obvious that the
stored energy of the inductors and capacitors of the proposed converter are much lower

than those of 2LBC and 2LBIC converters.
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3) Efficiency

In this section, a comparison in terms of the efficiency is carried out between the proposed
double-input three-level converter (DI3LC) and the state-of-the-art bidirectional two-level
dc-dc converters, namely 2LBC and 2LBIC.

The efficiency of a DC/DC converter can be estimated by analyzing the different losses,
including the conduction and switching losses of switches, winding and core loss of the
inductors [30]-[31].

The switching losses are composed of four components: 1) losses of switches caused by
the overlap of voltage and current during turn-on and turn-off. 2) gate drive loss; 3)
parasitic output capacitance loss; 4) reverse recovery losses of the body diode of switches.
The core loss of the inductors can be calculated by multiplying core volume V. with core
loss density Pe, which are given by manufacturer. All cores have been chosen from
Micrometal Inc. with relative permeability of - =35. The loss breakdown at full load for
DI3LC, 2LBC, and 2LBIC are shown in Figure 7.8. Figure 7.11(a) and Figure 7.11(b)

demonstrate the switching and conduction losses, respectively.
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Figure 7.11: Comparison of loss breakdown for the proposed converter versus 2LBC and
2LBIC. (a) Switching losses. (b) Conduction losses. (c) Total loss.
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As illustrated in Figure 7. 11(a), due to the hard switching and high voltage stress across
switches, the power losses of switches at switching instant is the main contributor to the
switching losses. However, lower voltage stress and the soft-switching performance in the
proposed converter reduce the switching losses. From Figure 7.11(b), it can be concluded
that the conduction loss of switches and diodes are the significant conduction losses for all
the converters. Nevertheless, the conduction losses of diodes in the proposed converter are
lower in comparison with 2LBC and 2LBIC, since less count of diodes is employed in
DI3LC. Figure 7.11(c) shows the total losses for the converters, in which the total loss of
the proposed converter is 26.1 W, while that of 2LBC and 2LBIC are 41.9 and 42.4,
respectively. By analyzing the power loss distribution, it is evident that the conduction
losses are the significant losses that account for 59% of the total losses in the proposed
converter. Nevertheless, in the 2LBC and 2LBIC, the switching losses account for 58%
and 57% of the total losses, respectively.

Table 7.1: Comparison study between the proposed converter and other converters.

L Converter Converter Converter Proposed
Specification 2LBC 2LBIC
[26] [27] [29] Converter
No. of switches 3 4 4 3 5 4
No. of diodes 3 4 5 1 1 0
No. of inductors 4 1 2 2 3 2
No. of capacitors 4 4 5 4 4 4
No. of input port 2 3 3 2 2 2
Boost voltage gain 1/(1-dy) +
1/(1- dy) 1/(1- D) 1/(1- D) 1/(1- D) 2/(1-D)
(Voc/Vec) 1/(d2-dy)
Max. voltage stress
. 0.5Vpe Ve Voc Voc Ve 0.5 Vpc
across switches
Input current Discontinuous | Discontinuous | Discontinuous | Continuous | Continuous | Continuous
No. of ports with
bidirectional power 1 3 1 1 1 3
flow capability
Soft switching Yes No No No No Yes
Frequency (kHz) 100 0.4 30 20 74 100
Efficiency (%) 96 92.2 91.1 92.8 97.3
Power Poy (W) 1200 100 80 500 2000 4000
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7.5.2 Comparison with the-state-of-the-art converters
A thorough comparison between DI3LC and other converters, including converters
introduced in [26], [27], [28], [29], 2LBC, and 2LBIC is presented in Table 7.1. These
converters are compared under operational characteristics, such as the number of
components including the switch, diode, inductor, and capacitors, soft-switching
possibility, voltage stress of switches, and power level, frequency, and efficiency.
Regarding the soft switching operation, only the converter [26] and the proposed converter
can provide it, which results in lower switching losses. However, the proposed converter
offers the soft-switching performance for all the switches, while only two switches in
converter [26] can operate under soft-switching condition.
Since the switching losses considerably decreases with the voltage applied across the
switch, the proposed converter offers lower switching loss. Especially, the switching loss
of the parasitic capacitance can be remarkably lessened compared with 2LBC and 2LBIC
as the voltage stress of switches is half the DC-bus voltage. In other words, due to
employing low-voltage switches, the parasitic capacitance losses are expected to be even
lower.
The current ripple impacts the FC system’s lifetime; so, having a continuous input current
with small ripple is very crucial for this application. Among these converters, 2LBC,
2LBIC, and the proposed converter offer the continuous current. Also, the total
semiconductor count in the proposed converter is the minimum among the converters, and
the bidirectional power flow for all three ports is possible only in the proposed converter
and converter [27]. Considering all the aforementioned features, the proposed converter

can be a preeminent candidate for applications that size is a critical parameter.
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7.6 Dynamic Modeling and Control
In order to analyze dynamic performance of the proposed converter, modelling the
converter is necessary. To obtain the average model, a one-period averaging technique is

used, and to obtain a linear model, small-signal approximation is employed.

t+Tg

(x) = T. x(t)dt =Xy + X (7-27)
t

Where Ts is the switching period, Xo is a dc value in the steady-state, and x is a small
perturbation around the dc value. Figure 7. 12(a) shows the converter equivalent circuit, in
which the ideal capacitors Cpci1 and Cpc2 are used to represent the output filter capacitors.
Resistance Ris:1 and Rig2 represent the inductors resistance. The circuit performance can

be defined by equations given in the following.

Lg,d(i
B1 d<tlLBl) = (Vpc) — d1{Vpc1) — Rip1(iLp1) (7-28)
Lg,d(i
= d(tlLB2> = (vpr) — (1 = d){vpc1) — (1 — d2)(Vpc2) — RipaliLgz) (7-29)
d{vpc1) r (vpc1)  (Vpcz)
DC1T = (lLBZ)(l — dl) - RDCl —_ RDCZ (7_30)

Coer EU2E) () () + (i () — e (o)

(7-31)
Rpc1 Rpca

It is assumed that the perturbations do not oscillate significantly in switching period (X, >
X). Substituting (7-23) into (7-28)-(7-31) and neglecting the second-order terms, the small-

signal model can be achieved. The small-signal models are described in matrix form as

£ =A% + Bil

(32)

$ =C%+ Dl
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Where %, 9, and 1 are state variable, system output vector, and control variables vector.

Therefore, the matrix forms of the small-signal models can be expressed as follows:

lLB1 .
. |us2|. _|d
=22 La=|2);
Ubpc1 d,
Ubpc2
—Rip1 -D |
0 — 0
LBl LBl
_RLBZ 0 Dl - 1 DZ - 1
A= Lg, L, Lg, )
, 1=D -1 -1 |
CDCl RDCCDC1 RDCCDC1 7-33
-D, D, ~1 ~1 (7-33)
CDCZ CDCZ RDCCDCZ RDCCDCZ-
—Vpc
0
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Figure 7.12: Large signal model and decoupling network accompanied with closed-loop
compensators. (a) Large-signal average model of the proposed converter; (b) Decoupling
network and closed-loop compensators.
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In the system small-signal models, the state variables are controlled by two control
variables. Accordingly, the transfer function matrix of the converter can be obtained as
follows:

G=C(sI—A)B+D (7-34)
The rank of transfer function matrix represents the number of control variables. Therefore,

G2 <o-type transfer function matrix can be determined according to the number of control

variables and based on (7-30).

] | (7-3)

T o w
Where y and u are the system output and input vectors, and component gj; represents the
transfer function between y;i and u;. In this study, the decoupling method is adopted to
separately design closed-loop compensators for the coupled control loops [32]. The
decoupling networks and closed -loop compensators are depicted in Figure 7.12(b). As a
result of adopting the decoupling network G~ derivation, the state vector x can be expressed
as x = Gu*, where u* is the modified input vector consist of duty ratios u* = G*u [32], [33].
Therefore, x = GG*u. In agreement with modern control theory, to allow each output of the
matrixes be controlled by each singular input, the matrix GG~ should be a diagonal matrix

[27]. According to G*= G xu?,

1 —%
G2 =| g, 1“ (7-36)
922
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Using decoupling network G*x results in the cross-coupled two-loop control system G2«

2 to be independent single-loop control for each input in two control variables systems as

follows:
V1 921
— = - — 7-37
” 911 — Y912 922 (7-37)
Y2 921
— = - — 7-38
" 922 — 912 r» (7-38)

To design the system compensators, frequency-domain bode plot analysis is employed. To
remove the steady-state errors of the system step responses, proportional-integral (PI)
controller is used. Also, the compensator should have a lead unit in addition to the integral

unit to reach the desired phase margin 60°<P.M < 80 and proper gain margin G.M > 10 db

with suitable cutoff frequency. Therefore, the compensator with general form of (K1 (1 +
K2S) / S (1 + K3S)) is adopted. Regarding the mentioned considerations, the values of K,
Kz, and K3 for compensator Gypc are 1853.7x107°, 3023.1x10°°, 20.7x10°, and those for
compensator Gi_g1 are 42023.1x10#, 302.3x107°, 85.1x10°. The open-loop bode plot prior
and pro to compensation are presented in Figure 7.13.
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Figure 7.13: Bode plots. (a) iL1(s) / di(s). (b) voc(s) / d2(S).
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7.7 Power Management Algorithm
In the system shown in Figure 7.14(a), the proposed converter has been used this to
interface a FC source at the first input port and a battery at the storage port. In this system,
the FC source provides the steady-state power demanded by load connected to DC bus
while the battery is utilized to feed a part of power demand during low generation of the
FC source and high-load circumstances, as well as to improve the dynamic performance of
the FC and startup transitions. As the transient load power is hard to predict, the power
management system aims to regulate the DC bus voltage Vpc, set the fuel cell power level
Pec in its reference power, and take into account the state of charge (SOC) regulation of
the battery. Accordingly, the proper operation scenario should be determined. As shown in
Figure 7. 14(a), two degrees of freedom (i.e., d1 and d2) are available for controlling the
power flow and regulating the DC bus voltage simultaneously, and two PI controllers are
adopted to reach these goals. The control scheme is fully implemented using a digital signal
processor (DSP). The SOC regulation for the battery enables the system to maintain the
battery voltage in permissible minimum and maximum voltages Vet.min< VBT < VBT.Max-
When the battery voltage goes below the minimum value ver.min, the battery charging is
necessary. Therefore, if the generated power of FC is more than the load, the battery
charging is started while the load is supplied. The amount of power for charging the battery
depends on the battery capacity. Moreover, the battery discharge can start when the battery
voltage is higher than ver.max, Which depends on the FC power generation and load. The

flowchart of the strategy is shown in Figure 7. 14(Db).
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Figure 7.14: The power management scheme and its flowchart. (a) The power

management scheme. (b) flowchart.
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Figure 7.15: Experimental results for scenario | (Ver = 450 V, Ppc = 4 kKW and Vpc =
760 V). (a) Gate-source pulses of switches S» and Sz, current and the voltage across
inductor Lg2. (b) Gate-source and drain-source voltage of switches S; and Ss. (c) Gate-
source voltage of switches S1 and S4, DC-bus voltage, and battery voltage. (d) VVoltage
of capacitors Cpc1, Cpcz2 and Caux. (€) Gate-source and drain-source voltage of switch S;.
(f) Gate-source and drain-source voltage of switch S.
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Figure 7.16: Experimental results for scenario | (Ver = 300 V, Puc =4 kW and Vuc =
760 V). (a) Gate-source pulse of switches Sy and Ss, current and the voltage across
inductor Lg». (b) Gate-source and drain-source voltage of switches S, and Ss. (c) Drain-
source voltage of switches S; and S4, DC-bus voltage, and battery voltage.

7.8 Experimental Results
To verify the theoretical analysis and operation modes of converter during different
scenarios, a 4 kW prototype is implemented as the proof of concept, and the experimental
results are given in Figure 7.15- Figure 7.18. Converter performance in scenario | is shown
in Figure 7.15, where the battery voltage is 450 V and the converter is feeding full load.
As shown in Figure 7.15 (a), the gate-source pulses of switches S, and S3, current and the

voltage across inductor Lg: are illustrated. It can be seen that the duty-cycle of switches

TABLE 7.2: MAIN EXPERIMENTAL PARAMETERS OF THE PROPOSED CONVERTER

PARAMETERS AND COMPONENTS VALUE
BATTERY VOLTAGE (VgT) 250-500 V
OUTPUT VOLTAGE (Vbc) 760V
OuTPUT POWER (Ppc) 4 Kw
SWITCHING FREQUENCY 100 KHz
INPUT INDUCTOR Lg1 300 uH
RESONANT INDUCTOR Lg> 100 uH
CAPACITORS Cc AND Co 20 uF
POWER SWITCHES (S1, S2, S3, S4) GS66516T (FROM GAN SYSTEMS)
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are about 0.6, which is in good agreement with the theoretical equation. The drain-source
voltage of switches Sz and Sz are shown in Figure 7.15(b). It is clear that the voltage stress
of switches are limited to half of output voltage Vpc due to the clamp circuit configuration,
indicating the clamp-circuit suppress the voltage spikes; thus, employing the switches with
small rated-voltage is possible leading to lower conduction loss. The gate-source voltage
of switches S; and S4, battery voltage, and DC-bus voltage Vpc during scenario | are given
in Figure 7.15 (c), which clearly confirms the control algorithm is working correctly. The
waveforms of the voltage of capacitors Caux, Coc1, and Cpc2 are shown in Figure 7.15 (d).
The experimental results for soft-switching performance of switches S and S are given in
Figure 7.15 (e) an (f), respectively. It is clear that the voltage of switch becomes zero before
its gate-pulse is applied, implying the overlap between the voltage and current stress of
switch is negligible. The results of converter performance in scenario I, when battery
voltage is 300 V, is shown in Figure 7.16. The gate-source pulses of switches S, and Ss,
current and the voltage across inductor Lg> are demonstrated in Figure 7. 16 (a). The
voltage stress of all switches S1-S4 are shown in Figure 7. 16 (b) and (c). To investigate the
performance of proposed converter in scenario 1V, a test is done when the output port is
generating the power. Figure 7.17 shows the results of the converter performance in
scenario IV. The inductor current iLs2 and gate-source voltage of switches during scenario
IV are given in Figure 7.17 (a) while the duty-cycle is about 0.5, which proves the
correctness of control algorithm. Figure 7.17 (b) and (c) illustrate the gate-source voltage
of all switches and drain-source voltage of switches S, and Ss. It is clear that the clamp

circuit is confining the voltage stress across the switches.
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Figure 7.17: Experimental results for scenario IV (Ver = 400 V, Puc =4 kW and Vuyc =
760 V). (a) Gate-source pulse of switches Sy and Ss, current and the voltage across
inductor Lg2. (b) Gate-source and drain-source voltage of switches S, and Ss. (c) Gate-
source voltage of switches S1 and S4, DC-bus voltage, and battery voltage.
The dynamic performance of the converter is demonstrated in Figure 7.18. Transition from
scenario | to scenario 1, the control scheme operates in a way that the circuit draws enough
current from battery, as shown in Figure 7.18 (b). converter output is Figure 7. 18 (b)
demonstrates the output voltage and the inductor current i g1 while there is a step change
of load between 150 Q and 200 Q. It is clear that the control technique keeps the output

voltage constant with the load step-change. The efficiency of the converter operation under

different power values for different scenarios is shown in Figure 7.19.
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Figure 7.18: The experimental results of dynamic performance. (a) Transitioning from
scenario | to scenario Il. (b) Output voltage and inductor current when load step-
change between 150 Q and 200 Q.
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Figure 7.20: Laboratory prototype.
The maximum theoretical and experimental efficiency are obtained as 97.5 and 97.3 % at
4000 W, respectively. Figure 7. 20 shows the laboratory prototype of proposed double-
input three-level dc/dc converter.
7.9 Conclusion
In this chapter, a double-input three-level dc/dc converter consisting of two buck-boost
half-bridge modules is proposed. The proposed converter can supply the load in the
absence of one of the sources. Moreover, it can charge the battery by the power generated

from DC-bus when the vehicle is working in the braking mode. To increase both the power
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density and efficiency, GaN switches are used. To decrease the voltage stress of switches,
a cascaded configuration is employed which paves the way for adopting switches with
small Rps(on). To investigate the performance of converter during different condition, in
terms of availability of power of sources, the converter is analyzed for three different
operation scenarios. Finally, a 4 kW prototype is built to verify the correctness of
theoretical analysis. The proposed converter offers several merits over the state-of-the-art
2LBC and 2LBIC converters in terms of voltage stress across switches, cost, and size of

passive components, which make it a promising candidate for BPEV app
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Chapter 8 PWM Plus Phase-Shift Modulated Three-Port Three-Level Soft-

Switching Converter Using GaN Switches for Photovoltaic Applications

8.1 Introduction

Gallium nitride (GaN) high electron mobility transistors (HEMTS) are a promising
technology for high-efficiency and high-power density applications. In this chapter, a
stacked three-port three-level converter (STPTLC) using GaN switches is proposed for
interfacing the renewable energy sources with load for applications that the presence of
energy storage device is necessary. Derived from the asymmetrical bidirectional half-
bridge converter, the proposed converter presents valuable advantages in terms of simple
control scheme, extended soft-switching performance over a wide range of operating
conditions, and reduced voltage stress across switches. The soft switching for all switches
at turn-on instant is guaranteed thanks to active clamp configuration, resulting in high-
efficiency performance. The pulse-width-modulation plus phase-shift control technique
paves the way for decoupled regulation of the output voltage and power by presenting two
control freedoms, which allows the input voltage to vary in a wide range. To diminish the
current stress of switches and minimize the conduction loss, the root-mean-square (RMS)
current of inductance and the boundary condition of the phase-shift controller in different
operation cases are studied. Finally, the experimental results of a 1 kW, 100 kHz prototype

of STPTLC using GaN switches are given to confirm the validity of the proposed concept.
8.2 Proposed STPTLC and Its Operation Analysis

8.2.1 Configuration of the Proposed Converter

A TPC is a well-established means of realizing a highly regulated dc-link bus in systems
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with multiple sources. Since the input port is connected to a RES such as PV, TPC has to
have the maximum power tracking capability. Due to the volatility of renewable energy
sources, presence of an energy storage element is necessary to supply the mismatched
power.

In this section, the proposed STPTLC is thoroughly studied. Stacking converters such as
that depicted in Figure 8.1 aims at improving the efficiency and voltage gain without
requiring any extra component. It is obvious that the power can transfer among three ports
directly without using any transformer. The clamp circuit limits the voltage stress of
switches; hence switches with smaller on-resistance Rps(on) can be used, leading to lower
conduction loss. Compared to other TPC, STPTLC offers the soft-switching performance
for a wide range of power and input voltage and needs less number of switches and
inductors to achieve high voltage gain.

Symbols are defined as follows: filter inductors Lgi1, Le2, power switches Si, Sp, Ss, Sa,
auxiliary capacitor Caux, clamp capacitor Cc, and output capacitor Co. Vout denotes the
voltage of high-voltage port (HVP), which is equal to summation of voltage of clamp
capacitor and output capacitor, Vcct+Veo. In Figure 8.1, the battery is emulated by a voltage
source Vgr. Also, the solar panel is modeled as an ideal voltage source Vpy in series with
a diode Dpy. The voltage across switches Sz and Sz are symbolized by Vap and Vab,
respectively. The gate pulse of switches S» and S4 are complementary to that of switches
S1 and Ss, respectively. The inductor Lg; is adopted as a filter to reduce the battery current
ripple, and the inductor Lg: is used to form a resonant circuit to realize ZVS performance
and confine the peak current of HVP switches. The main switches S1 and Sz can transfer

the power from PV to the battery and the load, respectively. While no extra voltage stress
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is added across the switches, an auxiliary capacitor is added to the circuit to extend the
range of soft-switching performance, which forms a resonant tank with the inductor Lgo.
This auxiliary capacitor stores the magnetic energy of inductor Lg2, and released it to the

output capacitor Co.

_gm o, g _?4 DC Link
. 5 * iou
Le2 Si"—l[‘vcb . o Cy lm '
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3\ Bra FCsr L"v-»-l Vev I“

Figure 8.1: Proposed STPTLC for hybrid BT/PV applications.

8.2.2 Operation Mode Analysis

As depicted in Figure 8.2, based on the generated power of PV array and the power
demanded by load, four operation scenarios can happen: 1) Scenario I, when the power of
solar panel is not enough to supply the load (cloudy day or nighttime). 2) Scenario I, when
the generated power of PV array Ppy is more than the power demand, i.e.,Pp;, > P,,; SO,
the battery absorbs the extra power generated by PV so that the output voltage is regulated
at a constant value. 3) Scenario I1l, when the battery can be charged from the utility grid
through an inverter, which is possible only for grid-connected application. 4) Scenario 1V,
ABHB operation, when the load is disconnected, i.e.,P,,; = 0, and the battery is charged
by the generated power of PV array.
The operating principle and characteristics of proposed converter are demonstrated with
the following assumptions: 1) the capacitors Cc, Co, Caux are large enough so that they can

be taken as constant voltage sources; 2) All switches S1-S4 are considered to be ideal.
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Figure 8.2: Different scenarios according to different condition of PV and load; (a)
Scenario I.(b) Scenario 11.(c) Scenario I11.(b) Scenario IV.

5) Scenario I: Depending on the output power of PV array, the converter works as either
dual-input converter (DIC) or single-input single-output converter (SISOC). If the
generated power of PV is zero, i.e., Ppy = 0, the converter operates as a SISOC and the
battery supplies the load alone, and if PV cannot meet the demanded, i.e.,Ppy < Py, the
converter operates as a DIC. In this condition, the battery is discharged and helps to supply
the load so that the output voltage is controlled at a constant value. The operation modes
for these two different cases are similar. According to the assumptions, the proposed

converter operation during one switching period can be divided into four intervals. The
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corresponding equivalent circuits and the key waveforms during one switching period are

depicted in Figure 8.3.
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Figure 8.3: Operation modes and key waveforms for scenario 1. (a) Mode I. (b) Mode II.
(c) Mode I1l1. (d) Mode IV.

Interval | [to-t1]: At time to, switches S1 and Sa are on, and the battery current is going
through the inductor Lgi; so, the inductor is being charged. Figure 8.3 (a) illustrates the
current flow path for this interval. The voltage across inductor Lg: is negative, therefore its
current decreases linearly, demonstrated in Figure 8.4. As a result of adopting active-
clamped circuit, the voltage stress of switches S, and Sz are limited to the voltage of

capacitors Cc and Co, respectively.
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Lp, dr Upr
L @ =Veg — Ve — VU
B2 dt Ca Cc Co
dea .
9 Cq 7 = —lip2 (8-1)
dve, i Vee T Veo
T dt LB2 R,
deo =i _ Vce + Vco
\ ° dt LBz R,

Interval Il [ti-t2]: At time ty, switch S4 is turned off and Ss is turned on. The current flow
path for this interval is depicted in Figure 8.3 (b). As shown in in Figure 8.4, the current of

inductor Lg: increases, but the current of Lg2 changes depending on the voltage of Vcc and

VCa.
dijpq _
Bl gy Vgt
L @ =Veq —V
B2 dt Ca Cc
dve .
Ca dta = —lLB2 (8-2)
dec i Vce + Vco
c LB2
dt R,
C deo _ _ch + Vco
° dt R,

Interval 11 [t>-t3]: At time t, switches S is off and Sz is on. Figure 8.3(c) shows the current

flow path for this interval. The current of inductor Lg: and Lg2 decreases and increases

linearly, respectively.
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Lpq dt = Vpr — V¢c
dipg,
L, dt = Vca
dve .

Cq d—ta = —lp2 (8-3)
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Figure 8.4: Key waveforms.
Interval IV [ts-t4]: At time t1, switches Sz is turned off and S is turned on. Figure 8.3 (d)
shows the current flow path for this interval. Depending on the voltage of Vcc and Vc,, the
current waveform of inductor Lg> varies. As shown in Figure 8.4, for the equal value of

Ve and Vea, the current will be “flat”.
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Lp, T Ut — Vcc
dip,
Lz =3 = Vca = Vco
dea .
Cq dr w2 (8-4)

dvec i Vee T Veo

c LB1
dt R,

deo =i _ Vee + Vo

04t LB2 R,

6) Scenario Il: During this scenario, the generated power of PV is more than the load
demand, so the battery is charged by the extra power. The converter works as a dual-output
converter in this condition. The operation intervals and the equivalent circuits are similar
to those in the scenario I, except the inductor current i g: is different. Figure 8.5 shows the
inductor current i g1 for scenario | and 11 according to the different condition of PV power

Ppvand load power Pout.

_»(.'51

2- —Scenario I |

—=Scenario Il

Inductor currentiLBl(A)
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N \r’

3.6155 3.616 3.6165 3617 16175
Time(s)

Figure 8.5: The inductor current for different scenarios | (Ppv < Pout) and Il (Ppy > Pou).

7) Scenario IlI: In this scenario, the grid charges the battery through an inverter.
Whereas in scenario |, the gate pulse of switch S; leads that of switch Ss, in this scenario
the gate pulse of switch S: lags that of switch Sz to control the power flow in the reverse
direction, which means the phase shift ratio, 0, is negative. The equivalent circuit and the

key waveforms in this scenario are depicted in Figure 8.5. As shown in Figure 8.6 (a), the
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power flows from HVP to the battery. The operation modes in this scenario are similar to
those in scenario | with different sequence of intervals. As shown in Figure 8.6 (b), the
sequence of switching intervals in a switching cycle happens as follows: S;Ss, S1S3, S1Sa,
and S»Ss.

Scenario 1V: In this scenario, the load is disconnected and the generated power of PV array
charges only the battery. The principle of operation of the converter in this scenario is
similar to that of a conventional ABHB converter. The switches S; and S are driven
complementary and other switches are turned off. There are two intervals in one switching
period. The equivalent circuit of proposed converter during scenario IV is depicted in

Figure 8.6 (c).

EA S: S |

a b

(a) (b) ©

Figure 8.6: Equivalent circuit and key waveforms of converter in scenario Il and IV.

(a) Equivalent circuit in scenario 111. (b) Key waveforms in scenario I11. (c)

Equivalent circuit in scenario 1V.

8.2.1 Steady-State Characteristics
1) Voltage gain

From aforementioned assumptions in the Section A, the relation between the voltage of

HVP port and Low-voltage port (LVP) can be obtained. From Figure 8.2, it is apparent that

the output voltage is summation of voltage of capacitors Cc and Co.
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Vout = Vee +Veo (8'5)
By applying the volt-sec balance on the inductor Lg1, Vcc can be expressed by

VB T

= 2L (8-6)

VCC

From Figure 8.1, the HVP of proposed STPTLC can be modeled as a bidirectional buck-
boost converter, represented in Figure 8.5. According to Figure 87 and the volt-sec balance

on the inductor Lg2, Vco can be obtained by

_ Vap (8-7)
VCO 1 _ D
| B} c ?1 -?-4

o™~ (1’0

<

s

2
|

».Ib

Figure 8.7: Equivalent circuit of HVP of proposed STPTLC.

As the average voltage across the inductor is zero in the steady state, the relation of voltages
on two side of inductor Lgz in Figure 8.1 results in the following equation:

Ver +Vea = Vap + Ve (8-8)

From (5) — (8), the output voltage Vout can be calculated as follows:

(8-
2VBT VCa - VC c

V. =
ou =T pF 1D 9)

From Figure 8.4 (e), to extend the ZVS range for switches Sz and S4 and to equalize the
voltage rating of switches and capacitors, the voltages Vce, Vca,Vco should be equal. So,

the relation between the voltage of HVP port and LVP port can be obtained as follows:
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2Vpr
Vou =7—"p

(8-10)
2) Analysis of Inductor Current and Transferred Power

In order to keep the output voltage regulated as well as control the power flow, the PPSM
scheme is proposed for STPTLC. Firstly, the relationship of transferred power with phase-
shift ratio (0) and duty cycle (D) needs to be derived. As illustrated in Figure 8.8, depending
on the values of D and 0, there are four operating cases that require to be studied
thoroughly: 1) case I, when 8 < 1 — D < 0.5; 2) case Il, when 1 — D < 6 < 0.5; 3) case
I1l, when 6 < D < 0.5; 4) case IV, when D < 6 < 0.5. In Figure 8.8, “Boost Mode”

represents the power flow from LVP to HVP, i.e., P > 0and 6 > 0. When P < 0 andf <

0, which is defined as “Buck Mode”, the power the power flows from HVP to LVP.

0
A
0.5 e
l Boost
Mode
U1 B
; Buck
. uEh e Mode
v’ sl I
-0.5

Figure 8.8: Operating cases for different values of phase shift ratio 0 versus duty-cycle
D.

Case 1 [@< (1-D) <0.5] [see Figure 8.9 (a)]:
The key waveforms for this case are shown in Figure 8.9 (a). From current-second balance
principle on the capacitor Caux, the relationship between the inductor current i g at to and

t3 can be derived by
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Ts
f icaux(t)dt =0 (8-11)
0

i1p2(to)(1 = D)Tg + iy, (t3)DTs = 0 (8-12)

From operation modes and Figure 8.4 (a), the inductor current i_g2 at t3 can be expressed

by

, , Vo + Ve — V,
ip2(t3) = ippa(to) — co LCC ca 0T (8-13)
B2

From current-second balance principle on the capacitor Co, the average current of switch

S4 can be written by

Ts
j isa (Ot = Ly (8-14)
0

From (12) - (14), the output power can be calculated by

_VETs
alg,

P (2D-2D%—6))|4] (8-15)

From (15) it is obvious that the transferred power is inversely related to the switching
frequency fs and inductance Lg2. The maximum power can be obtained at the maximum

phase-shift ratio (6hax) as follows:

dP  VZ2,T
i 2Zt 5 (2D — 2D? — 2|6,0,]) = 0 (8-16)
B2
|Hmax| =D — D? (8'17)
VEutTs 2.2
max =, (0~ D) (8-18)
B2
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The maximum transferred power as a function of switching frequency fs and inductance
Lg2 is presented in Figure 8.10 (a). As shown in this figure, the maximum transferred
power decreases with increase of either switching frequency or inductance.

Case 2 [(1-D) < @< 0.5] [see Figure 8.9(b)]:

Figure 8.9(b) shows the current and voltage waveforms for operating case 2. Employing

the similar derivation procedure, the output power can be obtained by

2T
p_Yout's - D)2(1—2|0|) (8-19)
Alg,

Case 3 [0< D <0.5] [see Figure 8.9 (¢)]:
The current and voltage waveforms for this case are depicted in Figure 8.9 (c). With the
same analysis method, the output power in this case is completely similar to Case 1,

which is a function of the phase-shift ratio () and duty cycle (D), determined by

2
_VoutTs on_op2_
P= iy, (2D-2D“ )4 (8-20)

Case 4 [D <6< 0.5] [see Figure 8.9 (d)]:
The key waveforms for this case are shown in Figure 8.9 (d). Applying the similar

mathematical derivation, the output power is given by

2T
p=YOut’s p2(;_yjg)
4lg,

(8-21)
Figure 8.10 (b) shows the delivered power as function of duty cycle and phase-shift ratio
for different operation modes, in which the negative power refers to a power transfer from

HVP to LVP. As depicted in Figure 8.10 (b), the direction of power flow can be changed

seamlessly because the proposed converter has a unified operation for various values of
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phase shift ratio; so, similar equations are valid for a negative phase shift ratio. It is
important to note that zero delivered power does not imply zero current. In essence, when
the phase-shift ratio is zero (6=0), there is reactive power going through the switches
resulting in some switching losses. Further examinations show that the transferred power
curve is symmetric around the axis D=0.5, and it enhances with the rise of the duty cycle

(D) for D < 0.5 and the decrease of D for D>0.5. The transferred power curve is analogous

to the sinusoidal wave when the duty cycle is fixed. The maximum transferred power in

Boost Mode and Buck Mode are identical to each other, happening at D=0.5 and 6=+0.25.
3) Current and Voltage Stress of Switches

In order to calculate the current stress of switches, first the current of inductor Lgy, iLse,

should be thoroughly analyzed.

A Sl | Sz ‘ b
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S1 S3 Si |

0 0
Vis2 ViB:2
ILB2 P> ~— 1LB2 —~—— ————
to ti 2 i3 ts to t1 t2 3 ts
(b)
S1 S1 B Si |
DTs '
S4 S4
]
Vin2
ViB2 I
ILB2 P~———r ILB2 [~ —~_
to t L2 ts 173 to 1 £ 5
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Figure 8.9: Different operation modes according to different values of duty-cycle and
phase shift ratio 6. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.
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Figure 8.10: Maximum transferred power and normalized transferred power; (a)

Maximum transferred power as a function of switching frequency fs and inductance Lgo.

(b) Normalized transferred power versus different phase-shift ratio and duty cycle.
From the explanation given in “Operation Mode Analysis” section, the inductor current
iLs2 can be calculated, which is given in Table 8.1. The RMS current of inductor Lg> for
different operating cases is given in Table 8.2. The inductor current is a function of phase
shift ratio 6 and duty cycle D, indicating that any change in operation point can lead to
change of the peak current and RMS current of switches; hence choice of a proper phase-
shift ratio and duty cycle is vital in minimizing the switching and conduction losses. Figure
8.11 shows the normalized RMS current for different values of duty cycle and phase-shift

ratio. The base inductor current i g2 is defined as I.g2 pase as follows:

VoutTs
I1p2 base = OLu (8-22)
B2
Is1,max = i1 (t2) — iLp2(t2)
— Vouth 6(1 —-D? - 0) + Vouth (1 - D)D (8-23)
~ 2Lg, 1-D 2Lp, 2
. , , VoutTs 8(D2—D+6 VoutTs (1-D)D
isamax = —ip1(ts) + ippa(ty) = 2= ( ) - (8-24)

2L, 1-D 2Lg; 2
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Table 8.1: The Current of inductor Lg: for different values of D and 0.

Condition

iLg2(t=to-11)

iLg2(t=t1-12)

iLg2(t=t2-13)

iLB2(t=t3-14)

_\o:wﬂm t —\eznﬂm —\o:nﬂm t _\aﬁnﬂm
fl<(1-D)<05 0D — — - 6(1-D —-6(1—-D)—D+ — 6D
61 < ( ) 2Lg, ( ﬁv 2Lg, ( ) 2L, [=6( ) + ﬂm_ 2Lg,
Vout T,
Nom” *[-6(1-D)-D
v Lw. d\oznﬂm t _\o:nﬂm B2
1-D)< 6l <05 T 2(1-D)(1-6 (6D — =) - 6(1-D
(1-D) 2L (1-Da-e) | Z— T 2L 00 -D) ﬁ
+7)
_\e:wﬂm t —\ezwﬂm t —\S:.Hm t _\aﬁﬂm
. 6D — — 6D — — —-6(1—-D)—D+ = D
6l <D <05 2Lg, ( Ts 2Lg, ( T 2L, [=6( ) + ﬂh 2Lg, 0
_\e:wﬂm t d\oznﬂm S:R.ﬁ t _\aﬁﬂm
D <161 < 0.5 6D — — - D(1-¢6 -D(1—-6)—0+— 6D
o1 2Lg, ( Ts 2Lg, ( ) 2Lg, [=D( ) Ts 2Lg,

Table 8.2: The RMS Current of inductor Lg: for different operating cases.
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Operating Case Condition RMS Current of inductor Lg,

2 2
Case 1 0] < (1—-D)<0.5 _Vouth\/_g (3D2-3D +0)

[LBZ,rms - ZLBZ 3

Case 2 (1-D)< 16| <05

ILBZ,Tms - 2LBZ 3

 VouTs J(D —1)2(=36%2+36+D —1)

Case 3 8] <D < 0.5

_ Vouth\/ 62(3D% — 3D + 6)

[LBZ,rms - ZLBZ 3

2(39 — 392 —
Case 4 D<16l <05 _ VouTs \/D (36 — 362 - D)

ILBZ,rms - 2LBZ 3

The maximum current of switches can be expressed as follows:

) ) Vout T,
ls3,max = i1p2(t3) = ZOZ;; 6D (8-25)
V...:T.
lsamax = —iLp2(to) = Zozt 26D (8-26)
B2

From Figure 8.4, it is apparent that the LVP and the HVP switches should withstand the
voltage of clamp capacitor Vcc and Vco, respectively. Therefore, the voltage stress of power
switches can be obtained from (6) and (7) as follows:

VBT V t
Vo1 =Vsp =Vs3 =Vgp = —— = =

8-27
1-D 2 8-27)

4) ZVS Performance
Aside from the conduction loss, the switching loss is another concern to provide the high-
efficiency operation. In this section, detailed analysis of the soft-switching performance in
the proposed converter is given. In the proposed converter, ZVS soft-switching
performance can be realized owing to the PPSM control algorithm. Figure 8.12 shows the

circuit modes when S; and S» are operating at ZVS.
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Figure 8.11: Normalized RMS current versus different phase-shift ratio and duty cycle.

In this case, before turn-on of S, the current i g2 is negative as shown in Figure 8.5 and
corresponding switching voltages are shown in Figure 8.12 (a). After turning-off of switch
S1, parasitic capacitance of switch Sz, Coss2, discharges from Vcc to zero and parasitic
capacitance of switch Sy, Coss1, charges from zero to Ve, as shown in Figure 8.12 (b). After
the completion of the charging and discharging process, the difference of the current of the
inductors Lg1 and Lg> freewheels through the antiparallel diode of switch Sz. As switch S,
is provided with turn-on gate signals, it starts conducting at zero voltage. In similar way,
the ZVS operation of other switches can also be visualized.

In this part, the soft switching performance in this region during scenario I, the battery
discharging operation, is discussed. As discussed in section B, case 1 is recognized as the
low inductance current region, shown in Figure 8.11. In fact, the ZVS soft-switching
performance in the scenario | is quite similar to that in scenario 11, 111, and IV. The results
and analytical procedure derived in this section are valid for the proposed converter

regardless of the operation scenario.
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Figure 8.12: ZVS turn-on of switch S». (a) just before turn-on instant. (b) rapid charging
and discharging of output capacitor Coss1 and Coss2. (d) antiparallel diode freewheeling.
(d) current polarity alternation.

The conditions to obtain ZVS performance of switches S1-S4 can be expressed by

Voue T
ig1 (to) = (ippy(to) — 2"2‘;; 6D) < 0 For S1 (8-28)
Voyut T
is,(t,) = <iLBl(t2) — 2"2‘;; 6(1— D)) >0 For S, (8-29)
Voue T
is3(t1) = (— Z"Zt 26(1 - D)) <0 For Ss (8-30)
B2
Voue T
isa(ts3) = ( Zzt > 9D> >0 For Sq (8-31)
B2

The maximum and minimum inductor current i_g1 happens at to and tz, respectively, which
can be calculated by

PBT VBTDTS _ VOUtTS H(ZD - 2D2 - 9) VBTDTS
Ver 2Lg;  2Lp, 1-D 2Lp,

ip1(to) = (8-32)
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PBT VBTDTS _ Vouth Q(ZD - ZDZ - 9) VBTDTS
Vgr  2Lgy  2Lp, 1-D 2Lp,

ip1(t2) = (8-33)

According to (28) and (29), the soft-switching condition of switches S; and Sz is more
rigorous than that of switches Sz and S4 due to the DC current injection. Thus, ZVS turn-

on performance of all switches can be satisfied once the following conditions are met.

VoutTs 8(D-D?-8)  VprDTs
2Lg> 1-D 2Lp,

ig1(ty) = <0 (8-34)

VoutTs 0(4D-3D?-6)
2Lgs 1-D

is2(t2) = >0 (8-35)

From (34) and (35), it is apparent that the ZVS performance depends on the duty cycle,
the phase-shift ratio, the output voltage, the inductance Lg2, and switching frequency fs.
The ZVS current of switch S is shown in Figure 8.13 (a), which implies that the ZVS of
switch S at turn-on instant can be realized in the overall duty-cycle and phase-shift ratio.
Another condition to achieve the ZVS performance is that the energy stored in the
inductance Lg> should discharge the output capacitor of switch S; to zero. Thus, the
detailed ZVS condition of switch Si can be derived as:

2

, 2C,, V2
(izp2 (t0))? > %
B2

+ (i1p1 (0))? (8-36)

The soft switching range of switch S; is depicted in Figure 8.13 (b) as a function of battery
voltage Ver and output power Poyu. It can be seen that that the larger inductance Lgz, the
easier switch S; can obtain ZVS. It demonstrates that ZVS current of switch S reduces
when the output power increases. Additionally, it highlights that as the output capacitance
of switch decreases, the soft-switching range of switch S: increases. So, GaN switches

allows for the implementation of soft-switching performance in a wide range of output

power and input voltage due to their smaller output capacitance compared to their silicon-
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based counterparts. As a conclusion, ZVS can be implemented for all the switches for a

wide operating range in this case. It is noteworthy that soft-switching performance of

switches in other cases can be ensured similarly.
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Figure 8.13: ZVS current of switches S; and S,. (a) Normalized ZVS current of switch
Sz versus different phase-shift ratio and duty cycle. (b) ZVS current of switch S; versus
different battery voltage and output power.

8.2.2 Design Considerations
1) Passive Component Selection:
In this section, the design guide to choosing the inductors Lg: and Lg2 and the auxiliary
capacitor Caux is given. The inductor Lgy works as a filter in the boost converter to limit the

battery current ripple, so it can be obtained as follows:

L DTsVgr
P17 (ALgy)

(8-37)

The design of inductor Lg: is of paramount importance for the proposed converter since it
plays an indisputable role in the soft switching, the conduction losses, and the maximum

transferred power; so, more attention should be given to its selection. According to (31)
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and (36), to achieve the soft-switching, the inductor Lg2 should satisfy the following
conditions (38)-(39).

0(D — D% — 0)V,,,

Lgz > 8-38
827 T (1 D)DVyy P (8-38)
2
L > 2CossVCc
B2
(VutoTs oD)? — (Vouth 6(2D —2D2—-9) VBTDTS>2 (8-39)
2LBZ ZLBZ 1-D ZLBl

It can be observed that the larger inductance Lg2 is selected, the more possible soft-switched
turn-on operation can be. On the other hand, according to (8-18), increasing Lg> shrinks
the maximum transferred power.

Regarding the auxiliary capacitor Caux, it is assumed this capacitor acts as a voltage source;
so, this capacitance should be chosen such that it is adequately large. In addition, the
auxiliary capacitance is selected so large that the resonance between the auxiliary capacitor
Caux and inductor Lg; is avoided.

2) Control Scheme

As previously discussed, a PPSM scheme is implemented in the proposed STPTLC. As
exhibited in Figure 8.14 (a), uwiz and Uiz are the two carrier signals, D is the duty-cycle of
switches S; and Sz and regulated by control voltage up, and 6 is the phase shift ratio
between uwi1 and Uiz, and Ts is the switching period. Balancing the power and voltage
between battery and PV, duty-cycle D is applied as one of the control freedoms, while the
phase shift ratio 0 is employed as the second control freedom to regulate the voltage and
power between PV and load. Based on the operation principles of STPTLC, the equivalent
circuit between the battery and PV is an asymmetrical bidirectional half-bridge converter,

and the equivalent circuit between the PV and the load is a non-inverting bidirectional
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buck-boost converter. The modulation scheme depicted in Figure 8.14 (a) paves the way
for the independent control of the control of ABHB converter and noninverting
bidirectional buck-boost converter. In other words, the PV resembles the output of the
ABHB converter and input of noninverting bidirectional buck-boost converter, implying
the load and the battery is decoupled by the PV. The block diagram of control scheme is
shown in Figure 8.14 (b), including maximum power point tracking (MPPT) control of PV,
battery charging control, and load voltage control. The MPPT controller is adopted for
extracting maximum available power from PV module under all conditions. Since the
battery voltage is constant, the output voltage can be regulated by a voltage-mode control
loop. The sign of phase-shift ratio 0 indicates the power flow direction. The positive and
negative values indicate the power flow from LVP to HVP and from HVP to LVP,
respectively. Due to the symmetrical performance of converter in Scenarios | and Ill,
seamless power flow can be obtained by adopting PPSM. To balance the voltage of output
capacitors Co and Cc, the duty-cycle D is employed that aids in developing the ZVS range
for HVP switches and equalizing the voltage stress across all switches.
3) PCB Layout Considerations

The use of GaN switches is rapidly increasing in high-efficiency, high-power density
applications due to their intrinsic merits; however, special care should be taken not only
for the component selection, but the PCB layout as well to take full advantage of the
intrinsic capabilities of the GaN switches in the final design. Main issues to be addressed
in the adoption of GaN switches in power converters are controlling the voltage and current
variation, di/dt and dv/dt, which necessitates proper attention to the PCB design to

minimize the parasitic elements.

207



Viriz

]
\

VrefBT

(@) (b)
Figure 8.14: Control scheme: (a) modulation scheme, (b) control block diagram of
proposed converter.

So, it is necessary to have precise simulation model to make sure that the behavior of the
circuit is in accordance with the experimental design. Figure 8.15 shows the schematic
diagram of STPTLC including different parasitic elements, consisting of the driving circuit
and decoupling capacitors. In Figure 8.15, Lswi and Lcwi represent the source parasitic
inductance and the common parasitic inductance, respectively. Lci, Lpi, and Lpi represent
the power loop inductance, La1, Ls1, and Lor represent the gate driver loop inductance.
Also, C; to Cg is used to model the driving capacitors, and Cpec1 and Cpec2 Show the
decoupling capacitor. Cissi, Cossi, and Cgqi are the input capacitance of switch S;, output
capacitance of switch S;, and Miller capacitors, respectively. Rgi and Rsi represent the gate
resistor and parasitic gate resistor, respectively. To reach an optimal performance,
designing a PCB with low common source inductance, power loop inductance, and gate-

driver loop is critical [32].
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Both common source inductance and power loop inductance cause huge overshoot on
the drain-source voltage; however, the power loop inductances are the most crucial
parameter that can increase the voltage spikes across the drain-source of the switch. So,
minimizing the power loop inductances is of great importance. To ensure the power loop
inductances are small, the source pin of switches Sz and S4 should be connected to the drain
pin of switches Si1 and Sz by the shortest path, respectively. Also, the ground pin of the
driver is directly connected to the source pin of the switch to reduce the common source

inductance, and consequently to avoid false turn-on and turn-off.

For this study, it was of interest to investigate the impact of placement on the parasitic
inductance. In fact, a possible solution to the problem of parasitic inductances is proper
placement of components on PCB. In the lateral structure, two switches of a half-bridge
are placed on the same side of PCB, and conversely, in the vertical structure, two switches
are mounted on the different sides resulting in small parasitic inductance [33]. In this
chapter, to minimize the parasitic inductance, all switches Si, Sz, Ss, and S4 are mounted
on the top layer of PCB and decoupling capacitors are placed on the bottom-side, shown
in Figure 8.16. Moreover, to diminish the parasitic inductance, 4-layer structure of PCB is
adopted by putting the polygon copper pour in parallel in 4 layers, and the switches are
placed very close to each other as well, depicted in Figure 8.16 (a). From Figure 8.16(c),
the current paths are stretched into the wide parallel planes in all layers, acting like an

interleaved configuration, leading to small parasitic inductance.
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Figure 8.15: The equivalent circuit of BHB module including various parasitics.
This approach is also applied to the gate-driver circuit to decrease the gate driver loop
inductance. The driver circuits are mounted exactly beneath the switches to reduce the
length of the driving loop. A model is simulated in the ANSYS Q3D Extractor to estimate
different parasitic components, indicates that the commutation loop inductance of proposed
layout (Le1, Lp2, Lc1, Le2, Lbt, Loz, Lps, Lpa) is 1.2 nH, common parasitic inductance (Lcs,
Lcse, Less, Lesa) is 0.5 nH, the quasi-common parasitic inductance is 0.3 nH, and gate
driver loop inductance is 2.2nH. Then, these values are used for the parasitics elements in

the simulation to estimate the voltage spike across the switches.
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Figure 8.16:. Layout of STPTLC; (a) Top view. (b) Bottom view. (c) Side view.

8.2.3 Comparison of The Proposed STPTLC and Other Three-Port
Converters

A close look at the proposed converter and comparing it with other converters is of great
importance since it provides useful information about different features of TPCs for various
applications. Table 8.3 presents a number of performance parameters to compare the
proposed STPTLC and new TPC topologies, including nonisolated converters cited in [17],
[19], and [31], partially-isolated converter cited in [11], and isolated converter cited in [16].
Topologies are compared under certain characteristics such as number of components
including switch, diode, inductor, and transformer, control technique, voltage stress of
switches, and efficiency. The comparison is made only on the bases of simple synthesized
topology. Control schemes and extra cells added to achieve additional benefits are not
taken into account in this comparison. Regarding the soft switching operation, all of
switches in these converters can achieved ZVS at turn-on, except the nonisolated
converters cited in [19], in which the hard-switching operation of switch and reverse-
recovery problem of diodes deteriorate the efficiency. Although the partially-isolated

converter cited in [11] has the least number of switches, this converter lacks the feature of
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the bidirectional power flow since the diode rectifier is employed in the output stage; so,
the working scenario 11 is not possible with this topology.

Looking at the state-of-the-art control scheme, a classic PWM is used in the most
nonisolated converters such as converters cited in [17], [19], and [31], in which a simple
algorithm is adopted. The duty-cycle is the only parameter to regulate the voltage and
power flow, implying the independent control of power and voltage is not feasible. One
approach to regulate the voltage of three ports independently is introduced in the partially-
isolated converter cited in [11], which is based on the combination of pulse frequency
modulation (PFM) and PWM. Nevertheless, the interdependence of impedance and
frequency complicates the design of passive components. Moreover, this control technique
allows for voltage regulation for a limited operating range. The independent voltage
regulation of different ports can be tackled by PPSM control scheme that provides
decoupled control of power and voltage by employing phase-shift and duty-cycle,
respectively. PPSM control scheme is adopted in the proposed converter for hybrid
renewable energy systems with energy storage device, which can extend ZVS for a wide
range of operation and decreasing the circulating current. Although PPSM control
technique is applied for the isolated converter [16], high number of switches in this
converter increases the complexity of the control circuit, diminishes the overall system
efficiency, and increases the cost. Even though both proposed converter and the
nonisolated converters [19] consist the same number of semiconductor devices, the
bidirectional power flow for all three ports is possible only in the proposed converter.
Compared to other converters, the proposed converter offers the main features of TPCs

with a smaller number of switches and diodes as well as fewer magnetic cores. In brief,
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stacked configuration offers high voltage gain with reduced voltage stress across the
switches, providing the conditions to employ the switches with smaller on-resistance
Rps(on) that results in higher efficiency. This particular combination of high-efficiency,
high-power density, and high-frequency behavior intrinsic to GaN, makes the converter
attractive for applications that size is a critical parameter.

Table 8.3: Comparison study between the proposed converter and other TPCs.

. ) Partially-
Nonisolated | Nonisolated |
L isolated Isolated Proposed
Specification Converter Converter
converter converter [16] Converter
[19] [31]
[11]
No. of switches 3 6 2 14 4
No. of diodes 1 0 4 0 0
No. of
0 0 1 2 0
transformer
No. of inductors 3 2 1 2 2
Boost voltage
) 1/(1-D) 1/(1-D) N/(1-D) | ND(1-D)Ri/(L¢fs) 2/(1-D)
gain (Vo/Vin)
Voltage stress
_ Vin/(1-D) Vind/(1-D) | Vin/(1-D) Vint Vin/(1-D)
of switches
Control PWM+
] PWM PWM PPSM PPSM
technique PEM
No. of ports
with
bidirectional 2 3 2 3 3
power flow
capability
o Only two
Soft switching ] Yes Yes Yes Yes
switches

The energy stored in inductors (EL) and the energy stored in capacitors (Ec) provide a

means for estimating the volume of a given converter. The stored energy in the inductors
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and capacitors of a converter can be calculated by (40) and (41), respectively, where 1.; is

the dc current flowing in inductor Ljand Vci is the dc voltage of capacitor Ci.

L; I?

E, = TL (8-40)
C; VZ

E, = ‘2 ci (8-41)

The stored energy in the inductors and capacitors for the nonisolated converters in Table
I11 is depicted in Figure 8.17 (a) and (b), respectively, when V, = 400V, P, = 1 kW, fs =
100kHz, and Vet = 50~100 V. From Figure 8.17 (a), the inductive stored energy in the
proposed converter is lower than that of the converters in [19] and [31], while the inductive
stored energy in the proposed converter is higher than that of the converter in [17]. It
implies that the estimated weight and size of the passive components for the proposed
converter is lower than that of the converters in [19] and [31] and higher than that of the
converters in [17]. Figure 8.17 (b) shows the total capacitive stored energy for different
three-port converters. It is clear that the proposed converter has a total capacitive energy
less than the converters introduced in [19] and [31] due to the employing three-level
structure at the high-voltage side (HVS). Similar to the proposed converter, the converter
introduced in [17] has three-level structure at HVS, offering the minimum total capacitive
energy. However, compared to the proposed converter, the converter introduced in [17]
only uses the inductor to transfer the energy to the HVS. In the proposed converter, the
resonance between the capacitor and inductors allows the designer to control the current of
the switches to reduce the turn-off losses. Moreover, even though the total number of the

semiconductors in the converter introduced in [17] is more that of the proposed converter,
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the operation in scenario 11 to transfer the power from HVS to the battery is not possible

in converter [17].

0.2

~&-Proposed Converter|
~6-Converter in [17]
-&-Converter in [19]
—#—Converter in [31]

0.15

0.1

50 75 100 0
Battery Voltage VB’I’ W) Proposed Converter ~ Converterin [17]  Converterin [19]

(a) (b)
Figure 8.17: Comparison of the inductive and capacitive stored energy for different
nonisolated TPCs. (a) Inductive stored energy. (b) Capacitive stored energy.

Inductive Stored Energy E ()
Total Capacitive Energy (J)

Converter in [31]

8.3 Experimental Results and Analysis
In this section, the experimental verification of a LkW prototype of the PWM plus phase-
shift modulated STPTLC are given to prove the theoretical analysis and operation principle

of the proposed converter. The design specifications for the prototype are illustrated In

Table 8.4.
Table 8.4: Design specifications.
Parameters Value
Battery voltage Var 50-100 V
PV voltage Vpy 100-200 V
output voltage Vout 400V
output power Poy 1000 W
switching frequency fs 100 kHz
Switches GS66508T (650 V, 30 A, Rpsiony of 50 mQ)
Inductor Lg: 300 uH
Inductor Lg> 10 uH
Auxiliary capacitor Caux DCP41052006JD2KSSD (WIMA, 20 uF, 600 V)
Output capacitor (Ce and Co) | DCF->4IO52006JD2KSSD (WIMA, 20 uF, 600 V)
in parallel with C5750X6S2W225K250KA (TDK, 2.2 uF, 450 V)
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8.3.1 Loss Analysis of Proposed Converter

Referring to Figure 8.5 and [1], the equations for calculating the losses in converters using
GaN devices can be obtained. Table 8.5 gives the loss equations for key components,
including the switching and conduction losses of switches, core and conduction losses of
magnetic cores [34]. In this chapter, due to ZV'S performance, the capacitive switching loss
as well as the loss of capacitor is not considered. To calculate the switching loss for GaN
devices, simulation using LTSpice model by the manufacturer is beneficial. The double
pulse simulation model can precisely estimate the turn-on and turn-off losses.

The turn-on loss and the turn-off loss under different drain-source voltages for eGaN
HEMTs GS66508P from GaN Systems Inc. can be calculated using LTSpice model. The
loss breakdown under different load conditions using the equations given in Table 8.5 is
presented in Figure 8.18.

Table 8.5: Loss equations for key components.

Parameters Value
Conduction loss P¢ = Rpscon)[&rms
) o By integrating the product of the voltages and
Switches (S1-Sa) Switching loss ] o
currents using double pulse test circuit
Gate drive loss Pg = VaQgatefs
fs 2p2
Inductors Core loss b= . td*(fB%)
53 T gz t gies
(LBl and ng)
Winding loss Py = Rgsplfrms

*fs is the switching frequency, Qgae IS the total gate charge and Vg is the drive voltage, which in case of
SI8261BAC is 6.8V, B is the peak AC flux density, Resr is the equivalent series resistance of the inductor,
and the coefficients a, b, ¢ and d can be derived from datasheet.
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Figure 8.18: Loss breakdown for different scenarios under full-load and half-load
condition. (a) Full-load Pow=1000W, Vg71=100 V, D=0.53, and scenario I. (b) Full-load
Pout=1000W, VeT=100 V, D=0.53, and scenario Ill. (c) Half-load Po,t=500W, Vg1=60
V, D=0.75, and scenario I. (d) Half-load Pow=500W, Ve1=60 V, D=0.75, and scenario
Il.

The maximum theoretical efficiency for scenario | and Il is 97.9 % and 97.8%,
respectively. It can be concluded that, due to using GaN switches, the conduction loss in

the proposed converter is decreased compared to its silicon-based counterparts.

8.3.2 Experimental Results

A 1kW prototype of proposed STPTLC converter was implemented to verify the
theoretical analysis. The design specifications and the components used in the prototype
are given in Table 8.4. Use of GaN switches aids in high-efficiency and high-power density
due to their small on-resistance Rps(on), zero reverse-recovery, and small packaging. The
experimental results for different scenarios | — IV are shown in Figure 8.19 - Figure 8.22,
respectively. Since the conventional TPC converters lose the soft-switching performance
at light load, the converter performance at output power Po:=100 W is investigated from

an efficiency viewpoint, shown in Figure 8.19.
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The battery voltage Vgr, the voltage of output capacitors Vco and Ve, and output voltage
Vout are shown in Figure 8.19 (a). As it is clear the voltage of capacitors Cc and Co are
balanced, and the control circuit is working properly. The gate pulse of switches in scenario
| are shown in Figure 8.19 (b), in which the duty-cycle is approximately 0.5. There is no
voltage ringing caused by parasitics in the gate pulses, implying the design of gate driving
circuit in PCB layout is carried out correctly.

To study ZVS performance, the gate signals and voltage stress across switches S, Sz, Sa,
and Sy are shown in Figure 8.19 (c), (d), (e), and (f), respectively. The voltage stress of all
switches is 200 V, which is half of the output voltage. Therefore, low voltage switches with
low on-resistance Rps(on) can be used. The voltage spike on switch Sz is more than other
switches, which is 20 V (about 10%), meaning that low parasitic inductance is achieved by
optimizing the PCB layout design. Figure 8.19 (c) and (f) illustrate the detailed turn-on
instant for the switch S; and S, at 100 W, demonstrating ZVS is realized even under light
load condition.

The results of converter performance at full load 1 kW for scenario I are shown in Figure
8.19. The gate signals for scenario | at full-load condition is shown in Figure 8.20 (a),
indicating the duty-cycle is about 0.72. Figure 8.20 (b) clearly indicates that the clamp
circuit is reducing the voltage stress of switches S: and S». Figure 8.20 (c), (d), and (e)
show the gate pulse and voltage stress on the switches S1, Sz, and Sa, respectively.

As it is clear ZVS soft-switching performance is achieved for all switches. The inductor
current iLg1 and ig2, and the gate signal of switch S; are shown in Figure 8.20 (f). The
current ripple of battery is in the acceptable range confirming that the design of inductor

L1 is precise.
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Figure 8.19: Experimental results during scenario | at light load when D=0.5 (Vg =
100V, Vout =400 V, Pout = 100 W). (a) Battery voltage, output voltage, voltage across
capacitors Co1 and Co. (b) Gate-source voltage of switches. (c) gate-source and drain-
source voltage of switch Si. (d) gate-source and drain-source voltage of switch Sa. (e)
gate-source and drain-source voltage of switch S4. (f) gate-source and drain-source
voltage of switch S,.

As expected, the experimental results shown in Figure 8.20 (f) prove that the inductor
current i_g is flat since the voltage of capacitors Cc, Co, and Caux are equal.

As shown in Figure 8.21, the operation of proposed converter under full-load condition
in scenario 11 is in the line with the theoretical analysis. Figure 8.21 (a) depicts the gate
pulses of switches. The phase-shift between the gate pulse of switches S; and Sz is 1us and
the duty-cycle is 0.53. Also, the gate-pulse of switches highlights that the adopted
technique to reduce the parasitic inductance is effective and there is not any false turn-on
or turn-off. The gate pulse and voltage stress across the switches S1, Sz, and Sz are shown

in Figure 8.21 (b), (c), and (d), respectively. These figures provide evidence that the soft

switching at turn-on instant is achieved in scenario IlI.
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Figure 8.20: Experimental results during scenario | at full-load condition when
D=0.72 (VeT =60V, Vout =400 V, Po = 1 kW). (a) Gate-source voltage of switches.
(b) drain-source voltage of switches S; and S (c) gate-source and drain-source
voltage of switch S:. (d) gate-source and drain-source voltage of switch S». (e) gate-
source and drain-source voltage of switch Sa. (f) gate-source voltage of switch Sy and
inductor current i_g: and ig1.

The inductor current i1 and iLs2, and the gate signal of switch S; and Sz are shown in
Figure 8.21(e). There is perfect agreement between the theoretical analyses discussed in
the previous section and the experimental results shown in Figure 8.21 (e). The battery
voltage Vgr, the voltage of output capacitors Vco and Ve, and output voltage Vout are
demonstrated in Figure 8.21(f). As predicted by (10), the experimental result proves that
the voltage gain is four when duty-cycle is 0.53. The results of converter performance

during scenarios Il and IV are demonstrated in Figure 8.22. The gate pulse, drain-source

voltage of switch S; and the inductor current i_g1 are depicted in Figure 8.22 (a).
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Figure 8.21: Experimental results during scenario Il at full load when D=0.53 (VgT =
100 V, Vpc =400 V, Po = 1000 W). (a) Gate pulse of switches. (b) gate-source and
drain-source voltage of switch Si. (c) gate-source and drain-source voltage of switch S».
(d) gate-source and drain-source voltage of switch Ss. (e) gate-source of switches S; and
Ss, inductor current iLg: and iLg:1. (f) Battery voltage, output voltage, voltage across
capacitors Co1 and Co.
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Figure 8.22: Experimental results during scenario Il and 1V at full load when D=0.6 (VT
=80V, Vcc=200V, Po=1000 W). (a) Gate-source and drain-source voltage of switches
S1 and inductor current i_g1 during scenario 11 when Ppy=1020 W. (b) battery voltage and
gate-source voltage of switches Sy and S, during scenario V.
The generated power of PV array (Ppv=1020 W) is more than the power demanded by load
(Pout=1000 W); so, the battery is charged by the surplus power. Figure 8.22(b) shows the

gate voltage of switch S; and Ss, and the battery voltage (Vet =60 V) when the PV voltage
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is 200 V and the duty cycle is 0.62. The experimental results also clearly substantiate that
the control scheme is working properly in all operating scenarios.

Regarding the application of the proposed three-port converter for hybridizing renewable
energy sources, the controller performance with wide-range changed battery voltage is
experimentally verified. Figure 8.23 (a) shows the output voltage Vout when the battery
voltage Vg is changed gradually from 50 V to 100 V over dozens of seconds. It can be
seen that the output voltage follows the reference voltage of 400 V with wide-range
changed battery voltage, implying the wide voltage-gain range from 4 to 8 is achieved. To
evaluate the dynamic behavior of the proposed three-port converter, a step-change of load
is applied to the proposed circuit. Figure 8.23(b) demonstrates the output voltage and the
inductor current i_g1 while there is a step change of load between 160 Q and 200 Q. It can
be concluded that the control technique keeps the output voltage constant with the load

step-change.
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Figure 8.23: Controller performance verification. (a) Output voltage with wide-range
changed battery voltage from 50 V to 100V.(b) Output voltage and inductor current
when load step-change between 160 Q and 200 Q.
The theoretical and measured efficiency during scenario | and 111 are depicted in Figure
8.24 (a). The maximum theoretical and experimental efficiency happens at 600 W, which

are 97.9% and 97.7%, respectively. Theoretical and experimental efficiency at full load
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condition are 97.5% and 97.3%, respectively. The developed prototype is shown in Figure

8.24 (b).
------- Theoretical Measurement
98 .
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Figure 8.24: Efficiency curves and prototype of the proposed converter. (a) Calculated
and measured efficiency curves. (b) Laboratory prototype of STPTLC.

8.4 Conclusion

In this chapter, a three-port three-level converter for hybridizing of renewable energy
sources is introduced which features simple topology, low voltage stress across switches,
ZV'S performance for wide load variation, and decoupled control of power and voltage. It
also benefits the inherent advantages of the conventional ABHB converter in terms of the
lower number of components, small size, and weight. The proposed STPTLC has different
operation scenarios based on the output power of PV that varies with weather and daytime.
The RMS current of inductance and the boundary condition of the phase-shift controller in
different operation scenarios are analyzed to find the low-conduction-loss operation mode.
A control system comprised of PWM and phase-shift controlled algorithm is proposed,
which provides a solution to cope with the wide input voltage variation as the voltage and
power are regulated independently. Finally, the performance of proposed STPTLC was

verified using a 1 kW, 100 kHz experimental setup built with GaN switches.
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Chapter 9  An Integrated Interleaved Ultra High Step-Up DC-DC Converter
Using Dual Cross-Coupled Inductors with Built-in Input Current Balancing

for Electric Vehicles

9.1 Introduction
An integrated interleaved dc-dc converter with ultra-high voltage gain and reduced voltage
stress based on the coupled-inductors and switched-capacitor circuits is proposed in this
chapter, which is suitable for interfacing the low-voltage energy sources, such as fuel-cell,
with a high-voltage dc bus in electric vehicle applications. Input-parallel connection of the
coupled-inductors offers a reduced input current ripple and the current rating of
components, as well as automatic input current sharing without a dedicated current sharing
controller. A promising power-density improvement technique is given, in which only one
magnetic core is utilized to implement two coupled-inductors that can provide the filter
functionality as well as transformer behavior. To suppress the voltage ringing resulting
from the leakage inductors, the active-clamp configuration is employed that can facilitate
the soft-switching performance for all switches in a wide range of output power. A voltage
multiplier stage is adopted to not only boost the voltage gain but help alleviate the reverse-
recovery problem of diodes. The steady-state performance, theoretical analysis, and a
comparison with the state-of-the-art converters are given in this chapter. Finally,
experimental results of a 1 kW, 100 kHz prototype are provided to confirm the validity of

the proposed concept.
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9.2 Proposed Integrated Interleaved Ultra High Step-Up DC-DC Converter with
Dual Coupled-Inductors

Hybrid Electric vehicles (HEVs) have received much attention in the past decade due to
environmental and economic benefits. Fuel-cell (FC)-powered HEVs are attracting
considerable interest as FCs offer high-efficiency performance with the lowest emission,
and they are cheap in terms of capital cost compared to other renewable energy sources
[1]-[4]. General scheme of the power train of an FC-powered HEV depicted in Figure 9.1,
where the voltage levels of FC (about 20-30V) are relatively low compared to that of dc-
bus voltage. So, a high step-up dc-dc converter (HSUC) is recognized as being the essential
power conversion unit, which is characterized by having high voltage gain, high power-
density, high reliability, high efficiency, and low cost [5]-[7]. Small input current ripple is
another characteristic that is a key performance indicator in FC-based power systems. In

other words, the input current ripple directly impacts the lifetime of FC system [8].

Energy Storage Unit

’ x High Step-UP
DC-DC
Converter

Bidirectional
DC-DC
Converter

Fuel-cell
5L

&

DC-Bus

Inverter

\Elecll‘i( Motor

@

Figure 9.1: General scheme of power train of an HEV based on the fuel cell.
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9.2.1 Circuit Configuration

The general layout of the proposed ITUHSC is shown in Figure 9.2 (a), which is derived
from the interleaved half-bridge converter. The IIUHSC consists of a current-auto-balance
integrated interleaved stage (CABIIS), a ZVS active-clamp switching stage (ACSS), and a
voltage multiplier stage (VMS). CABIIS is comprised of the primary windings of two
coupled inductors, connected in a way that the automatic current distribution can be
realized, and the current stress of semiconductors can be reduced. ACSS paves the way for
the soft-switching performance and confining the voltage stress across the switches. The
high voltage conversion ratio is achieved by virtue of the VMS, which is composed of
series-connection of the secondary windings of coupled inductors. The multiplier
capacitors not only help increase the voltage gain but also serve as the dc-blocking
capacitor. As a result, the converter operates in continuous conduction mode (CCM). As
shown in Figure 9.2(a), in the proposed concept, only one magnetic core is utilized to fulfil
the functions of both input filters and coupled inductors. Figure 9.2 (b) demonstrates the
equivalent circuit of the proposed converter, where S; and S represent the main switches;
Sc1 and Sc2 denote the clamp switches; Cc is the clamp capacitor; Do1 and Do2 denote the
output diodes; Dr1 and Dy represent the regenerative diodes; Cmi and Cm2 denote the
multiplier capacitors; Vin, Vout, and Rout denote the input voltage, output voltage, and the
load, respectively. Also, the coupled inductors are modeled by the ideal transformers, the
leakage inductors Lki and Lk2, and the magnetizing inductors Lmi and Lm2. Note the primary
inductor Lia with N1a turns is coupled with its secondary inductor L2a with N2a turns.

Similarly, the primary inductor Lin with Np turns is coupled with its secondary inductor
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Lon with Ny turns. To simplify the analysis, turns-ratio is defined by n = Nap/ N1a= N2a/
Nia.
9.2.2 Operation Modes

Due to the specific connection of coupled-inductors and dc-blocking capacitor at the
secondary side, the IITUHSC operates in CCM,; so, the duty cycle should be more than 0.5.
The duty cycles (D) of the main switches are identical and there is a phase-shift of 180°
between the gate pulses of the main switches. The operation of converter during one
switching period Ts can be divided into 16 modes, as illustrated in Figure 9.3. Due to the
symmetry of the circuit, only 8 operation modes are analyzed in this section, which are

depicted in Figure 9.4 and are explained in the following.

Current-Auto-Balance oNib © icmi Vemy Vemz, o ipes I, B
Integrated Interleaved Stage — I_;_';} - -}':"Jr( m1 1 g Cm2 1097 =°1 Vout
Lo Jis [ s ] e |
T i . iz
n L N
FDo Ve Col,
tior2
Dy oy ® Rout
: >
it Vo i
Vi + Vo1 +1
O RV X Da Va s C
Vin ]
,P Load £
\
ZVS Active-Clamp Voltage Multiplier
Switching Stage Stage
(@) (b)

Figure 9.2: Proposed ITUHSC converter. (a) Schematic. (b) Equivalent circuit with
magnetic component model.

Mode 1 [to ~ t1]: Prior to to, the main switches are ON, and the clamp switches are OFF.
All the diodes are reversed-biased. During this mode, the magnetizing and the leakage
inductors, Lm1 and Lm2, Lki and Lk, are being charged by the input voltage linearly. As
shown in Figure 9. 4(a), the load is being supplied by output capacitors. This mode can be

described by
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Vin

—(t —ty) 91
Lia + Ly 7 0 -1

Im12() = ipk12(t) = ipm12(to) +

Mode 2 [t1 ~ t2]: At ty, the gate-pulse of Sy is removed and it turns off, depicted in Figure
9.4(b). Since the parasitic capacitor of switch Si controls the voltage variation across the
switch, the ZVS performance at turn-off can be achieved. Due to the small capacitance of
parasitic capacitor, the voltage of switch S; charges linearly and can be expressed as

iLml(tl)

s1

Vas1(t) = (t—t1) (9-2)

At the end of this mode, the voltage of the switch reaches to the clamp capacitor voltage
Vce.

Mode 3 [t ~ t3]: This mode starts when the antiparallel diodes of switch Sc: starts
conducting the current. So, the voltage stress of switch S; is clamped to Vcc, shown in
Figure 9.4(c). In the meanwhile, the energy of input source is being stored in the
magnetizing and leakage inductors.

Mode 4 [tz ~ t4]: At the beginning of this mode, the diodes Do1 and Dy turn on. In this
mode, the energy stored in the magnetizing inductors is transferred to the output capacitor
Co1. As illustrated in Figure 9.4(d), the multiplier capacitor Cmz is discharged in this mode.

The equations describing this mode are given as follows:

Vin =V,
i1 (6) = iy (83) + = (¢ = t3) (9-3)
ml

Vo1 = Vema — (n+ 1)V,

i1 (8) = i (t3) + Lot (t —t3) (9-4)
, , Vo1 = Ve — (n + 1)V,
i (8) = g (£3) =~ G (9-5)
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Figure 9.3: Key waveforms of the proposed converter.

Mode 5 [ts ~ ts]: At the begging of this mode, the turn-on pulse is applied to the gate of
Sci. Therefore, the ZVS performance of Sci is achieved. As shown in Figure 9.4(e), the
equivalent circuit of converter in this mode is the same as that of the previous mode.

Mode 6 [ts ~ tg]: At t=ts, the clamp switch Sc; turns off. Then a resonant circuit composed
of the leakage inductor Lk1 and the parasitic capacitor of switch Cs: is formed. Accordingly,
the current of Lx1 changes linearly due to the small capacitance of Csz, and the stored energy
of Csz is transferred to the leakage inductor. During this mode, the voltage of the switch
Sciincreases linearly as well. The equivalent circuit in this mode is shown in Figure 9. (f).

The voltage of switch S; can be defined by

Vas1 (£) = Ve - ””Cﬁ (t = t5) (9-6)
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Mode 7 [ts ~ t7]: At t=ts, the voltage of switch S; becomes zero and its antiparallel diode
turns on. The current of diodes Do1 and Dr. decreases linearly, and its slope is controlled
by the leakage inductance.

] ] Vo1 =V, 9-7
[ (t) = ipk1(te) — e ®7)

t—t

(©) ' (h)
Figure 9.4: Operation modes in one switching period. (a) Mode 1 [to ~ t1]. (b) Mode 2
[t1 ~ t2]. (c) Mode 3 [tz ~ t3]. (d) Mode 4 [t3 ~ t4]. (¢) Mode 5 [ts ~ ts]. (f) Mode 6 [ts ~
te]. (9) Mode 7 [ts ~ t7]. (h) Mode 8 [t7 ~ tg].

Mode 8 [t7 ~ tg]: At the beginning of this mode, the turn-on pulse of switch Sy is applied

while its antiparallel diode is conducting; therefore, the switch S; turns ON with ZVS
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operation. Moreover, the magnetizing and leakage inductors, Lm1 and Lki, are being
charged by input source. Other components operate in the similar way as in mode 7. At the
end of this mode, the diodes Do1 and D> are cut off.

As shown in Figure 9.3, in the remaining operation modes, the circuit performance is
similar due to the symmetry of the converter. Indeed, in the CABIIS circuit, the operating
principle of switches Sz and Sc, are similar to those of switches S1 and Sc1, and identical
commutation process happens between the switches Sz and Scz. In the VMS, the diodes

Doz and Dr1 conduct the current.
9.3 Steady-State Performance of the Proposed Converter

9.3.1 General Assumptions
In order to simplify the steady-state analysis, the parameters of coupled inductors and
switches are considered identical, i.e., Lk1 = Lk2 = Lk, Lm1 = Lm2 = Lm, and Cs1 = Cs2 = Cs.
Also, the VMS capacitors as well as the output capacitors are assumed to be identical due
to the symmetry of converter, i.e., Cmi1 = Cmz2= Cmand Co1 = Co2 = Co. Furthermore, it is
estimated that the voltage of all the capacitors except the parasitic capacitance of switches
IS constant during one switching period since their capacitance is relatively high.

9.3.2 Voltage Gain
Similar to the conventional boost converter, the voltage of clamp capacitor can be obtained

by applying the volt-second balance to the magnetizing inductors as follows:

(9-8)

In (8), D denotes the duty-cycle of the main switches S; and S,. From (4), the raising rate

of the output diode current is defined by
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dipo1 _ Vor = Vema — (n+ 1)V,

krise = dt 4n2lL, (9-9)
From (7), the falling rate of the output diode current ipo1 can be determined by
_ dipo1 _ —Vo1 + Vems
kfaw = —— =4 L. (9-10)

From (4) and (10), the peak current and the fall time of the output diode current ipo1 can be
calculated as follows:

VC 1+(Tl+1)VC —V1
Ipo1,peak = = 4n2L, : . (1 - D)T; (9-11)

IDol,Peak — Vle + (n + 1)VCC - Vo
_kfall Vol - Vle

trau = ~ (1 - D)T, (9-12)

Where Ts denotes the switching period. By applying Kirchhoff’s Voltage Law (KVL) to
the converter when switches S; and Sc2 are ON and the diodes Do2 and Dy1 are conducting
the current (Mode 13), the voltage of multiplier capacitor Cm1 can be written as

Ve = (n+ 1)V, (9-13)
In steady state, the average current of a capacitor is zero; so, the average current of output
diode Do1 is equal to the average output current, which can be written as

Vout

1
Loue = IDol,avg = R = 2T 1D01,Peak[(1 - D)Ts + tfall] (9-14)
out s

Considering (8)-(14), the voltage gain of the proposed converter can be determined by

Vour 42n+1)
Vin  (1—=D)++/(1—D)? + 6k

M = (9-15)

Where k = 8 n? (2n+1) Lk / (n+1) Ts Rout. Figure 9.5 demonstrates the relationship between

the voltage gain and the duty-cycle for different values of leakage inductance Lk, which
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obviously indicates that a high voltage gain is achieved even with small duty cycle.

Moreover, the voltage gain reduces as the leakage inductance increases.
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Figure 9.5: Voltage gain of the proposed converter as a function of duty cycle, turns-
ratio, and leakage inductance.

9.3.3 Automatic Input Current Sharing
In this section, the effects of mismatches in the individual circuit parameters, including the
magnetizing inductance and duty cycle, on the automatic current sharing capability of the
converter is investigated. These mismatches happen in the practical situation. It is
noteworthy to mention that the two coupled inductors are decoupled magnetically due to
the short magnetic reluctance of the center leg without air gap. So, only mismatch between
N1a/N2a and N1v/N2p are considered. The average magnetizing current can be written as

Iin . an’ +1

ILmi,avg = 2 Ioutm (9-16)

For the sake of simplicity, the parameter is defined as AlLmavg / lin= (ILmi,avg - ILm2,avg) /

ILm2,avg + lLmiavg). From (4), the ratio of average magnetizing current I m1,pk and lLmz2,pk Can

be defined by

ILmZ,avg _ (1 - D1)(2"2 + 1)
ILmZ,avg (1 - DZ)(an + 1)

(9-17)
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Assuming the parameters of first branch are constant, defined as D>=D and Lmi=Lm, and
there are variations in the parameters of first branch; defining D1=D + AD and Lm1 = Lm+

ALnm. Then, to simplify the analysis a function is defined as follows:

p1y=nr D 9-18
By applying the first order approximation, we have
2 a2
f(D+A4D,L,, +ALy) = f(D,Ly,) + a—l];AD + a—]LCALm (9-19)

Combining (18) and (19) and substituting into (17), the parameter AlLmpk/ Iin can be
expressed as

Alimavg _ oo 4D  n Ay
Iin “1-D 2n+1 Ly,

(9-20)

The similar analysis can be applied to the maximum magnetizing current, which is defined

by

; _v 2n+1 T,D;(1 — D;)
kmbpk "“t[Routa —D) ALp(2n+1)

(9-21)

To simplify analysis, the parameter is defined as Alimpk / lin= (ILm1,pk = ILm2,pk) / ILm2,pk +
ILm1,pk). From (4), the maximum magnetizing current I mi,pk and lumz,pk can be defined by
(22). Then, combining (21) and (22) and substituting into (20), the parameter Alimpk / Iin
can be expressed as (23).

From (17), it is obvious that the magnetizing currents of two branches are equal (AlLmpk =
0) if the parameters of two branches are identical, i.e., AD = ALy = 0. Figure 9.6 (a) and
(b) show the effect of the mismatches in the parameters of coupled inductors on the current

sharing characteristics, in which o = AD / (1-D), = AL /L, n=1.5, D = 0.65, Ro= 160, Ts
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=10 us, and L =50 uH. It can be seen that the mismatches in the duty cycle values as well
as the parameters of coupled inductors has a negligible impact on the sharing the input
current between two phases.

ILmZ,pk _ Lmz(1 - DZ) 4'Lml(zn + 1)2 + RouthDl(1 - Dl)z

— (9-22)
Iim2,pk Lini(1 = Dy) 4Lz (2n + 1) + Ry Ts D, (1 — D,)?
Alpmpi 4Ly (2 + 1)% + RyTs(1 — 2D)(1 — D)? 4D
Im  8Ln,(2n+ 1?2 +2R,T,D(1—-D)2 1-D
(9-23)
R,T:D(1 — D)? AL

t 8L, (zn+ 1?2 + 2R,T.D(1—D)? L
In Figure 9.6(a), the difference between the average of magnetizing currents is depicted,
which clearly indicates that the current can be equally divided even with some variations
in the circuit parameters. Also, the maximum magnetizing currents can be approximately
equal even with presence of mismatch in the circuit parameters, as illustrated in Figure
9.6(b). From the aforementioned analysis, the current sharing characteristics of the
converter is realized even with the presence of the mismatches in the different parameters

of circuit resulting from the driver cell as well as fabrication of coupled inductors.
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Figure 9.6: Automatic current sharing performance. (a) Effect of mismatches in the
parameters on the average current of magnetizing inductors. (b) Effect of mismatches
in the parameters on the maximum current of magnetizing inductors.
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9.3.4 Magnetic Integration
In this section, implementing the advanced magnetic integration technology as a means to
improve the power density of the proposed converter is discussed. The coupled inductors
are wound around outer legs, which provides the condition to decouple them magnetically
as the center leg enables a low permeable magnetic path. The magnetic and electrical
equivalent circuit of the coupled inductors can be established according to Figure 9. 7 (a)
and (b), respectively. To simplify the analysis, it is assumed that the reluctance values of

the outer legs are equal. The maximum value of the flux density can be calculated according

to (24).
= Pac 9-24
dmax = bac + 2 (9-24)
The flux values flowing through outer and center legs can be expressed as
Nplpy + Nglg1 + a(Nplp, + Ngl.
¢1 — ( PiP1 Sis1 ( PiP2 S 52)) (9_25)
1+ ao)R,
_ (Nplpy + Nsls; + a(Nplpy + Nslsq))
= (9-26)
(1+ a)R,
1—a)(Nplpy + Nglgy — (Nplp, + Ngl.
— ( )( PiP1 Sis1 ( PiP2 S SZ)) (9_27)

e (1+ a)R,
Where o = Rc / (Rc + Ro), and Ip1 and Is: represent the current flowing through the primary
and secondary windings of the inductor Lia and Loa, respectively. Also, Ip2 and Isz represent
the current flowing through the primary and secondary windings of the inductor L1, and
Lon, respectively. According to the analysis given in the previous sections, the average
value of the current flowing through different legs can be determined by

IPl,avg = IPZ,avg = 0.5 (9-28)
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Is1,0vg = Is2,avg = 0 (9-29)
From Figure 9.7 (b), the dc analysis of the fluxes in the outer and center legs can be

calculated by

_ NPIin _ (1 + a)LPIin

Prac = R, = 2N, (9-30)
_ NPIin _ (1 + a)LPIin

Y T TYA (9-31)

bcac = P1,ac — P2ac =0 (9-32)

Where Lp1 = Lpz= Lp = Np? / ((1+a) Ro).
The ac-component of the flux in different mode can be obtained from Figure 9.7(c). In

mode 1, the following equations can be written as follows:

_ DTsVin (1 + @)Ll

A¢1,ac = Ad)z,ac = Ny = 2 (9'33)

A(l’c,ac = A(l’l,ac - A(nbz,ac =0 (9'34)

Similarly, the ac-component of the flux in mode 2 can be expressed by

_ (1 B D)TS(Vin — VCC) _ —DTsVin

A¢1,ac - NP NP (9-35)
1—-D)TV;
Apoac = % (9-36)
P
_ _ —TsVin
A¢C,ac - A()bl,ac - A¢2,ac - (9'37)

Np

Due to the symmetry of the circuit, the flux variation in other operation modes can be
calculated similarly. Similar to Mode 2, the ac-component of the flux in the center leg is
zero in mode 3.

From (24)-(37), the maximum value of the flux in different legs can be determined by
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(1 + a)LmIin + DTSVin

¢1,Max = 2N, 2N, (9-38)
1+ a)Ly,I;,  DTsViy,
= 9-39
brmar =+ N (9-39)
TsV;
bemar =5 (9-40)

The cross-section area of the core is essentially defined by the maximum the flux density
so that there is no core saturation occurs when flux density reaches its peak value.
According to (24) and (32), it can be concluded that there is no need to adopt an air gap in
the center leg as the dc-component of the excited flux will cancel in the center leg, leading
to less maximum the flux density; and consequently, lower core loss. From (34), with
reduction of AC flux in the center leg, the proposed integrated coupled inductors have a
lower core loss in the center leg than do conventional magnetic.
9.3.5 Soft-Switching Characteristics

As described in the section B, the ZVS performance at turn-on and turn-off is an inherent
merit of the proposed converter which is enable by the energy stored in the magnetizing

inductance. Regarding ZVS performance of the main switches at turn-on, as depicted in
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Figure 9.7: The flux flow path, the electrical equivalent circuit, and flux and current
waveforms during different operation modes. (a) The flux flow path. (b) the electrical
equivalent circuit of the coupled-inductors. (c) flux and current waveforms during
different operation modes.
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Figure 9.4(c) and (g), the parasitic capacitance of the switch must be completely discharged
before applying the gate pulse to the switch. In other words, the following condition should

be met:

1 1
sziliZn = > Cs;V§ fori=1,2 (9-41)
It is assumed the converter works in ideal lossless condition for simplification purposes.

Now, from (16), the ZVS condition can be determined by

Ly > 05t Vour fori=1.2 (9-42)
o st Jout -1 ]
T (4n+2) I3

Figure 9. 8 shows the leakage inductance Lk versus input current lin and the parasitic
capacitance of switch Cs. It can be seen that if the parasitic capacitance of switch decreases,
lower leakage inductance is required to realize the soft-switching performance in light load.
Because of low parasitic capacitance, (42) implies that the GaN switches can offer soft-
switching performance with smaller leakage inductance, leading to higher efficiency. From
Figure 9.8, it can be concluded that to extend the soft-switching region, higher leakage
inductance should be used. Nevertheless, it has to be taken into account, that increasing the

leakage inductance will decrease the voltage gain, as shown in Figure 9.5.

9.3.6 Voltage and Current Stress of Semiconductors
Due to the active clamp circuit, the voltage stress of switches is confined to the clamp

capacitor voltage.

Vout

le,max - Lscl,max - [‘SZ,max - LsZc,max -
In + 2

(9-43)

Equation (16) reveals that the voltage stress of switches is much lower than the output

voltage, decreasing with increase in turns ratio. Thus, to limit the voltage stress of switches,
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a proper n can be selected. As a result, a switch with small rated voltage as well as small

on-resistance can be employed. The voltage stress of diodes can be achieved from (9-44).

Vout

Vo1 = Vpoz = Vpr1 = Vprz = > (9-44)

The peak current of main switches can be obtained as follows:
Is1peak = 0.51inavg + 2NUpr1 peak + Ipripeak (9-45)
sy pear = 0-51in,avg + 2nlpo1 peak + Ipotpeak (9-46)

Under the steady-state condition, the average current of diodes equals to the output

current due to the capacitor current-second balance.

2 Iout (9‘47)

IDrl,peak = IDrZ,peak = IDol,peak = IDoZ,peak = 1—D

By substituting (47) into (45) and (46), the peak current of main switches can be
expressed as
Is1pear = Iszpear = 3(2n+ 1)l /(1 — D) (9-48)
The peak current of clamp switches can be derived from

IScl,peak = IScZ,peak = 0.5l;; = 2n+ 1)l /(1 — D) (9-49)
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Figure 9.8: ZVS condition for the proposed converter as a function of input
current (lin) and parasitic capacitance (Cs) when n=1.5 and V=600 V.
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9.4 Comparison of The Proposed Converter and Other HSUCs

In order to investigate the features of the proposed converter in comparison with some
of the well-known nonisolated interleaved high step-up converters, the key characteristics
of converters, including voltage gain, voltage stress of semiconductors, and number of
passive and active components, are summarized in Table 9.1.

A comparison of the voltage gain of the proposed converter with other HSUCs for
different values of the duty-cycle are given in Figure 9.9 (a)-(c). It can be seen that the
proposed converter offers the desired voltage gain without working under extreme duty-
cycle values. Besides, as depicted in Figure 9.9 (d), the proposed converter offers lowest
voltage stress across the semiconductors, therefore, switches with lower rated-voltage and

smaller on-resistance can be adopted, resulting in improved efficiency and cost.
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Also, as indicated in Table 9.1, the voltage stress of diodes for the proposed topology is
half of the output voltage, implying that the diodes with smaller voltage drop can be used
bringing about lower conduction loss. Due to use of active-clamp circuit, the number of
power switches is the same in the proposed converter, converter [21], and converter [29],
and CIBC. Even though the converter [24] has the least number of active switches, it suffers
from the hard-switching performance that deteriorates the efficiency. Moreover, the total
number of semiconductors for the proposed converter is the same as the converter
introduced in [24]. It should be noted that the higher number of active switches does not
increase the complexity of the control circuit because the similar asymmetrical PWM is

used in the proposed converter. Due to using three-level structure in the output stage, the

TABLE 9.1: PERFORMANCE COMPARISON OF THE PROPOSED CONVERTER AND THE
CoNVERTER CITED IN [21], [24], [28], AND [29].

Proposed
Item CIBC Ref. [21] Ref. [24] Ref. [28] Ref. [29]
converter
Voltage gain n 2(n+1) 2(n+1) 2(n+2) 2(n+1) 2(2n+1)
1-D 1-D 1-D 1-D 1-D 1-D
Voltage ~ stress  of Vout Vout Vout (L+ DVout Vour Vout
switches n 2(n+1) 2(n+1) 2(n+1) 2(n+1) 2(2n+1)
Voltage stress of n+1
orad Vo B hyp | 2hy | 0o | F, Vout
dlodes (n+1) 2(n+l) n+2 2
Switch 4 4 2 3 4 4
No. of | Diode 4 2 6 6 6 4
Components | Cap. 2 3 5 4 9 5
Cores 3 2 3 3 2 1
Soft switching Yes Yes No Yes Yes Yes
Automatic  current
. No No No No Yes Yes
sharing
Output voltage ripple Large | Large Large Large Large Small
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voltage ripple of the output capacitors in the proposed converter is lower than that of other
converters.

As the magnetic cores occupy most volume of the converter, reducing the number of cores
remarkably shrinks the size of the converter. According to [30], the stored energy and total
apparent power gives a rough estimate for the size of the inductor and transformer,
respectively. A comparison of size of the magnetic components is carried out, which
evaluates the converters by comparing the total apparent power of coupled inductors. The
converters have been designed and simulated under same specifications, as follows:
Pout=1000 W, Vin= 30V, Vou= 600 V, fs= 100 kHz, and Alin= 10 %. Table 9.2 presents the
stored energy and total apparent power for most recent high step-up converters. The total
apparent power of coupled inductors is ample support for this claim that the magnetic
volume of proposed converter is less than that of the converter introduced in [21], [24],

[28], and [29].
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Figure 9.9: Comparison of the voltage gain and voltage stress of active switches. (a)
proposed converter versus CIBC. (b) proposed converter versus converter in [21], [24], and
[29]. (c) proposed converter versus converter in [28]. (d) voltage stress of active switches.

(©)

(d)

TABLE 9.2: COMPARISON OF MAGNETIC COMPONENTS SIZE BETWEEN THE PROPOSED
CONVERTER AND OTHER CONVERTERS. (Pour=1000 W, Vix= 30V, Vour= 600V, Fs= 100
KHz, AND Alin=10 %)).

Topology
Magnetic Item CIBC Converter | Converter | Converter | Converter | Proposed
[21] [24] [28] [29] Converter
Inductance L 2x100 - 2x100 uH - - -
i pH
i'rr]‘gﬂitz'rster Max. current Ima | 17.7 A - 177A - - -
Y LI%(pu) 1 - 1 - - -
Turn-ration 6.6 2.3 2.3 1.3 2.3 1.2
Primary Vims 48 2% 34 40 2% 32 2x 35 2x 35
Irms 23.8 2x 30.2 29.2 2% 29.2 2% 29.3 2x 24.9
Secondary Vims 440 2x 120 170 2x 110 2x 142 2x 57
Transformer lrms 2.7 2x 4.5 4.1 2x 4.1 2% 2.7 2X 7.6
Tertiary Vims - - 170 2x 40 2x 142 =
Irms - o 4.1 2% 2.6 2%x2.7 =
Y. VA(pu) 23304 3133.6 2562 2978.8 3584.6 2609.4
(1 pu) (1.34 pu) (1.10 pu) (1.28 pu) (1.54 pu) (1.11 pu)

TABLE 9.3: COMPARISON OF SIZE OF CAPACITORS BETWEEN THE PROPOSED CONVERTER
AND OTHER CONVERTERS. (Pour=1000 W, Vin= 30V, Vour= 600 V, Fs= 100 KHZz, AND

AV= 10 %)).
Topology
Item CIBC Converter | Converter | Converter | Converter Proposed
[21] [24] [28] [29] Converter
Capacitance 22 pF 22 uF 22 uF 2 x 10 uF 22 pF 2 x10 pF
Output Max. voltage 600 V 600 V 600 V 300 V 600 V 300 V
Capacitors Vimax
Y CV3() 79 7.9 7.9 1.8 7.9 1.8
Clamp Capacitance 10 uF 10 uF 2x10puF | 2x10uF | 2x10puF 10 uF
Capacitors Max. voltage 100V 100V 100V 100 - 200 100V 100 vV
Vmax V
Y CcVvi() 0.1 0.1 0.2 0.5 0.1 0.1
Switched Capacitance - 10 uF 2 x 10 uF - 2 x 10 uF 10 uF
Capacitors Max. voltage - 300V 300V - 300V 220V
Vimax
X CVZ(pu) - 0.9 1.8 - 1.8 0.484
Resonant Capacitance - - - - 2 x 0.1 uF -
Capacitors
Max. voltage - - - - 100 V -
Vimax
X CVZ(pu) = = = - 0.002 -
Total energy volume of | g 0.9 1 0.23 0.9 0.24
capacitors (p.u.)
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Compared to the converter introduced in [24], [28], and [29], less magnetic cores are
utilized in the proposed converter due to applying the integrated magnetic technology,
which advances the power density.
Now, a comparison of the size of capacitors is performed between the proposed converter
and other recent high step-up converters. The energy volume of capacitors can give an
insight into the size of capacitors [30]. So, the energy volume of capacitors for different
converters are calculated and presented in Table 9.3.
9.5 Design Considerations
9.5.1 Coupled Inductors Design

1) Turns-Ratio

As mentioned before, the converter is working in CCM and the duty cycle of main
switches should be higher than 0.5. From (15), along with ignoring the leakage inductance,

the turns-ratio can be calculated from

1
S8V,

~0.5 (9-50)
2) Magnetizing Inductance

Limiting the input current ripple, the magnetizing inductors operate similar to boost
inductor in the conventional boost converter. So, the value of the magnetizing inductors

can be determined by

i _ 2ViyDT;  D(1 = D)V, Ty (9-51)
mLTEmE T kL, k@4 Dy

Where K is the current ripple on magnetizing inductor. To ensure that the input current

ripple is 15%, the minimum magnetizing inductance can be calculated by
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B 5D(1 — D)V, T, (9-52)
Lma = Lmz > o T 1

3) Leakage Inductance

According (10), the leakage inductance plays an important role in soft switching
performance of semiconductors as well as the voltage gain and the falling rate of the output
diodes current. To extend the ZVS range of switches and restrain the slope of diodes current
in the proposed converter, higher leakage inductance is required, whereas, the voltage gain
decreases. Although increasing the leakage inductance widens the ZVS region and restrains

the slope of diodes current, the voltage gain decreases.

9.5.2 Capacitors Design
Based on the assumption made in the previous subsection, the capacitors should be
designed so large that they operate like a voltage source during one switching period. So,

the capacitors can be chosen as

I, T
Coy = Cy > "A”Ijms (9-53)
1—-D)V,,T.
Col > ( ) out's (9_54)
Routﬂvout
DVt Ts
Copp >——— 9-55
oz Routﬂvout ( )
(21 + D)oy T (9-56)

¢> T 4av,,

9.6 Efficiency Analysis
There are totally five major losses in the dc-dc converter: switching loss, switches
conduction loss, diodes conduction loss, capacitors conduction loss, and inductor

conduction loss. The switching loss can be ignored in the proposed converter due to the
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ZV'S performance of switches and ZCS operation of diodes. The switches conduction loss
can be calculated by

Ps = RDS(OTL)II%MS,S (9-57)
Where Rps(on) I the on-resistance of switch. To simplify the current analysis, the leakage

inductance is assumed to be zero. The RMS current of switches, Irmss, can be obtained

(2n + 1)1, [10—7D
Irms,s1 = Irms,s2 = (1— D)Out 3 (9-58)

(Zn + 1)Iout (1 - D)
Irms,sc1 = Irms,sc2 = (1-D) 3

from

(9-59)

The diode conduction loss can be determined by using the diode equivalent model of the
forward voltage drop VF in series with resistance Rp, which can be calculated from
Py = Rplgysp + Velp,avg (9-60)

Where Irms,p and Ip.avg are the RMS and average current of diodes, which can be derived

from
I _ 2Lt (9-61)
RMS,D \/m
ID,avg = Loyt (9-62)

The conduction loss due to equivalent series resistance (ESR) of capacitors can be

derived by
Pc = RESR,CII%MS,C (9'63)

Where Irms,c is the RMS current of capacitors and can be derived by
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4 +3D(1- D)
3(1-D)

’ 8
Irms,cm1 = Irms,cmz = lout m (9-65)

(9-64)

IRMS,Col = IRMS,COZ = Iout\]

_@n+ Dy [2(1-D)

Irms,cc = ad-D) 3 (9-66)
The conduction loss due to ESR of inductors can be derived by
P, = (RESR,p)II%MS,Lk + zn(RESR,s)II%MS,D (9-67)

Where Resrp and Resrs are the total ESR of primary and secondary windings,

respectively. RMS current of leakage inductance can be calculated by

2n+ 1)1,y 8nD  16n2(1—D3 + (1 —D)3)
I = 9-68
RMSLE = _p T omrit T 3nr 2 < D) (9-68)
The total loss in the coupled inductors can be calculated by
Pptor = Pr + Peore (9-69)

Where Pcore Can be obtained from the datasheet given by the manufacturer. The
efficiency of the proposed converter can be obtained from

— Pout
Pout + Ps + Pp + Pc + Pp ot

n (9-70)

Figure 9.10 shows the efficiency of the proposed converter versus duty cycle at different
values of output power, where Resr pand Resr s represent the parasitic resistance of primary
and secondary winding the coupled-inductors, respectively, Rpswn) represents the on-
resistance of the switches, Rp represent the parasitic resistance of the diodes, Resrc

represent the parasitic resistance of the capacitors, and VF is the forward voltage drop of
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the diodes.
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Figure 9.10: Theoretical efficiency versus duty-cycle for different values of output
power. (Resrp = Resr,s= 15 mQ, Resrc =22 mQ, Rpsen=5 mQ, Ro=7 mQ, n=
1.2, VE=1.25, and Vout = 600 )

9.7 Experimental Results

To validate the theoretical analysis, a 1kW prototype of the proposed topology operating
at 100 kHz is implemented, shown in Figure 9.11. The parameters and components used in
the prototype are listed in Table 9.4. To implement the desired coupled inductors, an EE55
ferrite core is used. A TMS320F28337S is employed to generate the signal pulses for the
control scheme. To handle high current as well as reduce the conduction losses, two
switches EPC2034 are connected in parallel.

The experimental results at the full-load condition for two different values of input voltage
30 V and 40 V are presented in Figure 9.12 and Figure 9.13, respectively. The gate-source
pulses of all switches are shown in Figure 9.12 (a). According to (15), to achieve a voltage
gain around 20, the control circuit should generate pulses with a duty cycle of 0.66. As can

be seen from Figure 9.12 (a), the experimental results match the theoretical analysis
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reasonably. Thereby, the operation with extreme values of duty-cycle to obtain a high

voltage gain is avoided in the proposed topology.

TABLE 9.4: PARAMETERS AND COMPONENTS OF THE PROTOTYPE

Item SPECIFICATION
Input voltage Vin 30-40 V
Output voltage Vout 600 V
Output power Pout 1 kw
Switching frequency fs 100 kHz

Switches

Two EPC2034 in parallel
(VDs =200V, Ips = 48 A, Ropson) =10 mQ)

Diodes

RFN20NS6SFHTL (Vim =600 V, Ir=20 A, VE=1.25V)

Clamp Capacitor Cc

220 uF (Electrolytic capacitor)

Output capacitors Cor and Coz

220 puF (Electrolytic capacitors)

Switched capacitors Cm: and

10 pF (Film capacitors)

CmZ
Magnetizing inductance Lm 40 pH
Leakage inductance Lk 0.8 uH

Turns ratio N2:N1

12:10- EESS ferrite core, N97 material

Microcontroller

Coupled
Inductors

24 cm

Figure 9.11: Photograph of the laboratory prototype with microcontroller.
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The voltage of output capacitors Co1 and Co2, the voltage across the clamp capacitor Cec,
and the input voltage are displayed in Figure 9.12(b). It can be seen that the voltage ripple
is so small, which confirms the correctness of the design of capacitors. The automatic
current sharing performance is explained in Figure 9.12(c), in which the current of leakage
inductors and input current are demonstrated. As can be seen, the automatic equal current
sharing can be obtained without adopting any special control scheme. Also, it is clear that
the magnetizing inductance of the coupled inductors acts like the input filter so as to reduce
the input current ripple. The voltage stress across switches S; and Sci are demonstrated in
Figure 9.12 (d). Due to use of active-clamp technology, the voltage stress of switches is
limited to the voltage of capacitor Cc, which is about 70 V. It can be concluded that the
voltage stress of switches are much less than the output voltage (600 V); therefore, switches
with smaller on-resistance Rpsen) can be adopted that leads to higher efficiency. As
discussed in the previous section, the soft-switching performance of main switches S; and
Sz is more challenging than that of the clamp switches. So, the soft-switching operation of
the main switch Si is considered in this section. To investigate the soft-switching
performance of the switch S, the gate-source and drain-source voltage are shown in Figure
9.12 (e). It is obvious that ZVS at turn on for the main switch S; is accomplished. The
voltage and current of diodes Do: and Doz are given in Figure 9.12 (f). As can be seen from
this figure, the diodes turn off under ZCS condition due to controlling their current by the
leakage inductance, alleviating the reverse recovery issue.

The experimental results of the proposed converter at input voltage 40 V are shown in
Figure 9.13. The gate pulses of switches are shown in Figure 9.13(a). It can be seen that to

achieve a voltage gain of 15, the duty cycle is about 0.55, which is in accordance with the
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equation (15) fairly. The input voltage and voltage stress across switches Si and Sc: are
demonstrated in Figure 9.13 (b). It can be observed that the voltage stress of switches (90
V) are much less than the output voltage (600 V); thus, the proposed circuit enables using
switches with smaller on-resistance Rps(on) that results in lower conduction losses. Figure
9.13 (c) and (d) shows the gate-source and drain-source voltage of switch S; and Sy,
respectively, where the ZVS at turn-on instant is demonstrated. The input current, the gate
voltage of switch Sy, and the current of output diode Do; are presented in Figure 9.13 (e),
following the theoretical analysis. The waveform of voltage and current of diodes Doz and
Do are presented in Figure 9.13 (f), in which the current of diodes are controlled by the

leakage inductance of the coupled-inductors.
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Figure 9.12: Experimental results at full-load condition and input voltage 30 V. (a) The
gate pulse of switches. (b) The voltage across different capacitors. (c) The current of
leakage inductors Lk1 and Lk.. (d) The voltage stress across switches Si and Sci. (€) The
gate-source and drain-source voltage of switch Si. (f) The voltage and current of diodes
Do1 and Doga.
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Therefore, ZCS at turn-off instant is fulfilled that helps alleviate the reverse recovery issue.

The theoretical and measured efficiency of the proposed converter for different output

power and input voltage values are shown in Figure 9.14 (a). The theoretical and measured

efficiency of the converter at the nominal output power (1000 W) and input voltage 40 V

are 97.1 % and 97.0 %, respectively. From Figure 9.14, it is clear that the maximum

efficiency occurs at the output power 600 W, where theoretical and measured efficiency

values are 97.7 % and 97.5 %, respectively. Figure 9.14 (b) compares the efficiency curves

of the proposed converter and other converters versus output power. In this comparison, it

has been assumed that the all the converters are working under the same operating

conditions (given in Table V). Also, the same switches and diodes are being used in all

the converters.
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Figure 9.13: Experimental results at full-load condition and input voltage 40 V. (a) The
gate pulse of switches. (b) The voltage stress across switches S; and Sci. (C) The gate-
source and drain-source voltage of switch Sci. (d) The gate-source and drain-source
voltage of switch S, (e) The gate voltage of switch Sy, current of diode Doz, and input
current. (f) The voltage and current of diodes Do1 and Dos.
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Figure 9.14: Efficiency variation under different voltage level and comparison of
efficiency. (a) measured and theoretical efficiency of the proposed converter. (b) The
efficiency comparison (Vout = 600 V, Vin= 30V, fs = 100 kHz, Pout = 1 KW).
It can be seen that the efficiency of the proposed converter is higher than the other
converters due to the reduced voltage stress of the semiconductors. The loss breakdown at
the full-load condition for different input voltage Vin =30 V and Vin =40 V are presented
in Figure 9.15(a) and (b), respectively. It can be seen that the coupled-inductor losses,
especially conduction losses, is the dominant power losses in the proposed circuit. To

further improve the efficiency of the proposed system, the better-graded wires for coupled-

inductors can be adopted.

Switches Diodes Switches Diodes
Losses Losses Los se Losses
Capacitors Capacitors
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Figure 9.15: The loss breakdown at full-load condition for different input voltage.
@ Vin=30V.(b) Vin=40V.
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9.8 Conclusion

In this chapter, a soft-switched dc-dc interleaved converter with high voltage gain was
proposed that integrates two coupled inductors and switched-capacitor circuit so as to
improve the power density, which is suitable for applications demanding high voltage
conversion ratio such as for FC-based HEV systems. To absorb the voltage spike across
the switches and recycle the leakage energy to the load, a promising integrated regenerative
snubber circuit is adopted. Compared to the other HSUC, the salient advantages of
proposed topology are high voltage gain, small input current ripple, low voltage stress
across the semiconductors, and built-in automatic current sharing. ZVS performance of
switches, along with ZCS operation of diodes, paves the way for improving the efficiency
of the proposed converter. As the asymmetrical pulse-width-modulation is used as a control
technique, there is no complexity added to the control technique. As the diodes current is
controlled by the leakage inductance, the reverse recovery problem is alleviated, and EMI
noise is restrained as well. The experimental results of a 1kW prototype of the converter
were presented to validate the proposed topology, which demonstrate the converter suits

well for applications demanding with high voltage gain.
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Chapter 10 A Soft-Switched DC/DC Converter using Integrated Dual Half-Bridge
with High Voltage Gain and Low Voltage Stress for DC Microgrid

Applications

10.1 Introduction
In this chapter, a soft-switched boost converter including an integrated dual half-bridge
circuit with high voltage gain and continuous input current is introduced that can be
suitable for the applications requiring a wide voltage gain range, such as for the front-end
of the inverter in a DC microgrid to integrate renewable energy sources (RES). In the
proposed converter, two half-bridge converters are connected in series at the output stage
to enhance the voltage gain. Additionally, the balanced voltage multiplier stage is
employed at the output to increase the voltage conversion ratio, as well as distribute the
voltage stress across semiconductors; hence, switches with smaller on-resistance Rps(on)
can be adopted resulting in an improvement in the efficiency. The converter takes
advantage of the clamp circuit not only to confine the voltage stress of switches, but also
to achieve the soft-switching characteristics, which leads to a reduction in the switching
loss as well as the cost. The mentioned features make the proposed converter a proper
choice for interfacing RES to the DC-link bus of the inverter. The operation modes, steady-
state analysis, and design consideration of the proposed topology have been demonstrated
in the chapter. A 1-kW laboratory prototype was built using gallium nitride (GaN)

transistors and silicon carbide (SiC) diodes to confirm the effectiveness of the proposed

topology.
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10.2 Structure and Operating Principles of the Proposed Converter
The general layout of a hybrid microgrid including a high step-up DC/DC converter is
demonstrated in Figure 10.1. Since PV modules can generate the low-level voltage, it needs
a DC-DC converter with a high voltage gain to solve the issue resulting from the mismatch
in the voltage level of PV and the DC-bus. In other words, this converter must boost the

voltage of PV (15-30 V) to the essential level demanded by the DC-bus (around 400 V).

DC-Bus
+
e Y
High Step-Up DC/IAC —
DC/DC C AC Load
R 0nvel1er_
Bidirectinal ™
DC/AC '

Battery

L —— Converter
L=

Utility

Figure 10.1: General layout of a hybrid microgrid system.

10.2.1 General Structure of the Proposed Converter
The proposed converter is shown in Figure 10. 2(a), which consists of conventional boost
converter with active-clamp circuit to provide an input current with low ripple as well as
soft-switching performance, and the balanced VMS to increase the voltage conversion
ratio. The equivalent circuit of proposed converter is depicted in Figure 10.2(b), in which
Vin denotes the PV source; V, denotes the output voltage; Lg denotes the boost inductor;
Cr denotes the DC-blocking capacitor; Co1—Cos denote the output capacitors; Cmi and Cmz

denote the switched capacitor; Sm and Sc denote the main and clamp switch, respectively;
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Do1—Dos denote the output diodes; and R, denotes the load resistance. It is noteworthy to
mention that a magnetizing inductor (Lm), a leakage inductor (Lk), and an ideal transformer
with a turn-ratio of n = N2/N1 are used to model the transformers. In Figure 10.2(b), Lk1
and Lmz denotes the leakage inductor and the magnetizing inductor of transformer T1; L2

and Lm2 denotes the leakage inductor and the magnetizing inductor of transformer To.

IDo1
—

Conventional Boost Stage

(a) (b)
Figure 10.2: The schematic of the proposed converter: (a) proposed converter; and (b)
the equivalent circuit.

10.2.2 Operation Modes

There are six operation modes in the proposed converter during one switching period, as
illustrated in Figure 10.3. The key waveforms during one switching period are shown in
Figure 10.4. To analysis the operation in the steady-state and derive the operational
parameters of proposed converter, following assumptions are made:

1) The inductor Lk shows the total inductance of leakage inductors Lki and L.

2) all passive and active semiconductors are considered ideal.

3) the capacitors are large enough to assume that their voltage is constant during one

switching period.
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Mode 1 [to—t1]: Before to, the clamp switch was conducting the current. At to, the gate pulse
of Sc is removed, as shown in Figure 10.4. As depicted in Figure 10.3(a), during this state,
the parasitic capacitors of switches Sw and Sc are being discharged and charged,
respectively. Due to the parasitic capacitor, the voltage stress of clamp switch increases
linearly, which is expressed by:

i1p(to) — 2niy(to) — ipm1(to) + iLma(to) (t = to)
Csm + Csc ° (10-1)

~

The duration of this mode can be determined by:

(Csm + Csc) (Vo1 (to) + Voa(t0))
i5(to) — 2nif(to) — ipma(to) + ipma(to)
Mode 2 [t1—t2]: This mode starts when the voltage of main switch Vsm becomes zero and,

Atyy =

(10-2)

hence, its antiparallel diode starts conducting the current. Thus, the ZVS performance of
main switch at turn-on instant is ensured. During this mode in Figure 10.3(b), the voltage
stress of clamp switch is restricted to the total voltage of capacitors Co1 and Co2 without
spikes problem. At the output stage, the output diodes Do2 and Dos are cut off, and diodes
Do1 and Do3 are conducting the current, expressed as:

ipo1(t) = ipo3(t) = 0.5i1,(t) = 0.5i1,(to)

+ nVer(to) + nVo1(t0;: Voa(to) = Vema (£o) (t—ty) (10-3)
k

During this mode, the boost inductor stores the energy of the input source, i.e., PV source,

and the input current increases which can be determined by:
. . Vin
ip(t) = ip(t) + 1. (t—t1) (10-4)
B

The current of magnetizing inductors can be defined by:
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Vol(tl)

im1 () = ipma(t) — L. (t—t1) (10-5)
im2(t) = ipm2(t) + Ver (ts) (t—1ty) (10-6)
m2

Mode 3 [t>—t3]: This mode starts at t> when the leakage inductors current becomes zero; so,
the diodes Do2 and Do turn on, as shown in Figure 10.3(c). Therefore, ZCS at turn-on
instant is achieved for these diodes, alleviating their losses. In the meantime, the
transformers transfer the energy of input source and output capacitor Coz to the switched
capacitor Cm1 and output capacitor Cos. The secondary windings of transformer are
connected in a way that the total voltage of the output stage increases. The current of

leakage inductance and output diodes, and main switch can be expressed by:

Ipo2(t) = ipoa(t) = 0.5ip,(t) (10-7)
= 05i,,(t) + nVer(t2) + nV;}itz) — Vem1(t2) (t—1t,)
isy(t) = 1n(8) + 2001 () + ipma(t) — ipm1 (D) (10-8)

Mode 4 [ts—ts]: At t3, the gate pulse of clamp switch is removed, and the output capacitors
of switches Sm and Sc are being charged and discharged, respectively. Due to the parasitic
capacitor, the voltage stress of main switch increases linearly. The circuit condition at the
VMS is the same as in Mode 3. The following equations define the voltage stress of main

switch and the duration of this mode as:

Ven = (1p(t3) + 2ni(3) — ipm1 (E3) + ipma(t3) (10-9)
sc = Con + Csc (t—t3)
Atas = (Cop T Csc)(Vo1(t3) + Vp2(t3)) (10-10)
34 =

i1 (t3) + 2nip,(t3) — ipm1(t3) + ipm2(t3)

Mode 5 [ts—ts]: As shown in Figure 4, at the beginning of this mode, the voltage across

clamp switch Vsc becomes zero; thus, the current flows through the antiparallel diode of
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clamp switch. Accordingly, the ZVS implementation of clamp switch at turn-on instant is
guaranteed. During this mode, the voltage stress of main switch is effectively confined to
the total voltage of capacitors Co1 and Co2 without ringing and spikes issue, shown in Figure
10.3(e). In the meantime, the boost inductor is transferring the PV-source energy to the
output capacitor Co1 and Co2. At the output stage, the output diodes Do2 and Dos are
conducting the current. The following equations can be written for this operation mode:

Ipo2(t) = ipoa(t) = 0.501,(2)

+ Wer(ta) = nVo1(ta) = 2nVop(ta) = Vem (84) (t—t,)
2L,
Vin - Vo - Vo
irp(t) = i1p(ty) + L; 2(t—t) (10-12)
V.t
[m1(8) = (pm1(ts) + Lz—(f) (t —ts) (10-13)
o (8) = i (ta) + Vier(ty) = Vo1(tg) — Voa(ts) (t—t) (10-14)

LmZ

Mode 6 [ts—ts]: At the beginning of this mode, the direction of inductor current changes;
thus, the diodes Doz and Dos are cut off and diodes Doz and Do3 turn on, as shown in Figure
10.3(f). Therefore, ZCS at turn-on instant is enabled for diodes Do1 and Do3, which helps
alleviate turn-on losses. In the meantime, the energy stored in the switched-capacitor Cm:
is being released to the output capacitor Cos. On the other hand, the switched-capacitor Cmo
is storing the energy transferred by transformers from the input stage. The current of
leakage inductance and output diodes, and clamp switch can be expressed by

ipo1(t) = ipe3(t) = 0.5, () = (10-15)
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nVer(ts) — nVyq(ts) — 2nVpp(ts) + Voa(ts) — Ve (ts)

0.5i,, (ty) +

isc(t) = ijp(t) + 2nip () + ipm2(t) — ipm1 ()

(t —ts)

2L,

(10-16)

At the end of this operation mode the gate pulse of clamp switch will be removed, and the

converter begins a new switching period.
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Figure 10.3: Operation modes: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4;
(e) Mode5; and (f) Mode 6.

262



DTs (1-D)Ts

s

.
Iimz

T
Irm1

Lsec

Vasyr[ "4
Ism

Vs

et

|
O S

VDo4y Vo2, i L-------t- Ipe2
SR I N :
Bk i i

|

|

-
v i I s i 5 Co=lo+Ty

Figure 10.4: Key waveforms of the proposed converter.

10.2.3 Voltage Gain
To derive the operational parameters of proposed converter, it is assumed that as compared
with the leakage inductors, the magnetizing inductors are so large that their effect can be
neglected. By applying the voltage-second balance to the inductor Lg and the primary

winding of transformers T, the output voltage Vo1 and Vo2 can be expressed as:

V:
Vol + Voz = 1 _mD (10_17)
Vol = Vin (10_18)
DV; -
V,, = - _l;-l) (10-19)

The duty cycle of the main switch is denoted as D = Ton/Ts, where Ton represents the
conduction time of main switch in each switching period and Ts represents the switching
period. Considering Figure 10.3, the voltage of DC-blocking capacitor can be derived by

applying the voltage-second balance to the primary windings of transformers T as follows:
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Ver =Vin (10'20)
From Equation (3) and (15), the diode Do1 peak current, Ipo1, can be written as follows:

anVin
20V + Vs =V, T—p Vot T Ve -
in 04 cm1 d,T, = 1—-D 0 cm (1-D —d,)T, (10-21)

I =
Dol 2L, 2L,

From Equations (7) and (11), the diode Do peak current, Ipo2, can be achieved from:

2nDV;,
2nVin = Vema T—p * Vem 10-22
Ipoy = #(D —d)Ts = 2L, d, T (10-22)

From Equations (21) and (22), the output voltage Vo4 and the voltage of switched capacitor
Cmz can be obtained by:

(D —dy)(1-D) — Dd,

(10-23)
(1-D)(D —dy + dy)

Vem1 = 2nViy,

(D—-d)(1-D)—-Dd, D(1—-D—-dp)—(1- D)dl] (10-24)

Vo4=2an[ (1—D)(D—d1+d2) (1—D)(1—D+d1_d2)

Since the average capacitor current must be zero at steady state, the output diode currents

Ipo1 and Ipo2 can be expressed as:

TS TS
I, = j ipo1 (6)dt = f ipoa(t)dt (10-25)
0 0

From Equation (10-25) and Figure 10.4, the output current can be determined by:

:(D—d1+d2)1 _(1-D+dy—dy)

o f Do2 — 2 Dol (10_26)

From Equations (10-23), (10-24), and (10-26), the parameters d; and d2, which are shown

in Figure 10.4 can be demonstrated in the form of:

d, = kD (10-27)
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d, = k(1 - D) (10-28)

8Lhofs

=05(1— [1-
k= 0.5( D

) (10-29)

Since the VMS operates symmetrically, the voltage stress of capacitors Coz and Cos is
identical; so, the voltage gain, M = Vou/Vin, can be defined as follows:

M = E _ Vol + VoZ + Vo3 + Vo4 (10'30)
Vin Vi

1 N 4n(1 - 2k)D
" 1-D (D-2Dk+k)(1-D+ 2Dk —k)

When ignoring the variable k in Equation (30) due to the small order of value of leakage
inductance, the ideal voltage gain will be:

Vo 4n+1

Vie, 1-D

(10-31)

Figure 10.5 shows the voltage gain characteristic of proposed converter versus different
duty cycle (D) and turns-ratio (n) for different values of variable k. The converter ensures
high voltage gain with a small turns ratio even with a low duty cycle and, thus, the voltage

stress as well as the switching loss can be reduced.
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Figure 10.5: Voltage gain characteristics: (a) voltage gain versus different duty
cycle and turns-ratio when k = 0.06; and (b) voltage gain versus different duty
cycle and variable k when n = 1.5.
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10.2.4 Voltage Stress Across Switches and Diodes
From the operation principle of proposed converter, the voltage stress of switches is
effectively restricted to the voltage across output capacitors Co1 and Co2 Without ringing
and spikes issue due to adopting active-clamp configuration. Thus, the voltage stress of

switches can be expressed by:

_ _ _ Vin _ V:)
Vsmmax = Vscmax = Vo1 + Vo2 = 1-D 4n+1

(10-32)

Due to the balanced operation of VMS, the voltage stress of all diodes is identical and can

be achieved by:

2nV,
Vbo1 = Vpo2 = Vpoz = Vpos = 4n—+01 (10-33)

From (10-33), it can be concluded that the switches and diodes withstand much lower
voltage stress than the output voltage resulting in switches with smaller on-resistance
Rps(n) can be used; hence, the efficiency can be improved. Moreover, when turns-ratio
keeps increasing the voltage stress of switches and diodes reduces.
10.2.5 The Magnetizing Inductor Minimum and Maximum Currents im1 and
im2
From (10-5), (10-6), (10-13), and (10-14), the relation between maximum and minimum

magnetizing current for transformers T1 and T2 can be written as follows:

VinDT.
Lnip = Imin = Ima,p = Iman = ZLL - (10-34)
mi

From Figure 10.2, along with the ampere-second balance for capacitors, it can be
concluded that the average value of the current of magnetizing inductors is zero. Thus, the

magnetizing inductor maximum and minimum current can be achieved from:
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[T A S SR (L
m1,P — Imi,N — Im2p — Im2,N — Tml (10_35)

10.2.6 ZVS Soft-Switching Conditions for Switches Sm and Sc
As illustrated in “Operation Modes” section, the soft-switching performance can be
achieved for both switches as an inherent advantage of proposed topology leading to less
switching loss in the active semiconductors. The ZVS performance is guaranteed for switch
Sc if its gate-pulse is applied when the anti-parallel diode is conducting the current during
mode 5. In other words, the following condition should be satisfied:

Vin

0.5Lgléc zvs = 0.5(Csp + Csc)(l -

% (10-36)

where the ZVS current Isc,zvs is defined by:

8nl, 2LgP, + DTVE VDT, | Bk

Isc,zvs = ILpmax + 2Imap + D - VL 7 DV (10-37)
in™~B mil o

To ensure the ZVS performance at turn-on instant for main switch Swm, the energy
difference between the energy stored in the leakage inductor Lk and magnetizing inductor
Lm should be larger than the energy stored in the parasitic capacitors of Sm and Sc. This
condition can be written as follows:

Vin
1-D

0.5Lgldyzys = 0.5(Csy + Csc)( )? (10-38)

The ZVS current of main switch Ism,zvs is defined by:

, _ . 8nl, _2LgP, — DTV,  Vin DTy N 8nPp,
sM,zvs = 1LBmin miP T T 2ViLg Ly (1-D)V, (10-39)

The relationship between the ZVS current versus the input voltage and output power for

both switches Sm and Sc are plotted in Figure 10.6(a) and (b), respectively. It can be seen
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that the soft-switching performance can be achieved for both switches for a wide range of

input voltage and output power, improving the efficiency of power conversion system.

ZVS Current of Clamp Switch

T30

ZVS Current of Main Switch (A)
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- 30 mSE _
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15 Input Voltage \'i" V)

400
20 Output Power P (W)200

g 1; Input Voltage V, (V)
@ ®)

Figure 10.6: Soft-switching characteristics of the proposed converter. (a) ZVS
current of the main switch; and (b) ZVS current of the clamp switch.
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Output Power l’"(W) 200

10.2.7 Current Stress of Power Switches and Diodes
From Figure 10.2 and Equation (8), the maximum current of main switch can be derived

by:

8nl, 2LgP, +DT\VZ VDT, 8nP,
ISM,max - ILB,max + 2Iml,P + D - ZVinLB Lml + DVO (10_40)

Similarly, the maximum current of clamp switch can be derived from Equation (16),

determined by:

8nl 10-41
ISC,max = ILB,min - 2Iml,P + (1— (l))) ( )

_ 2LgP, — DTV, Vi DT 8nP,
2VinLB Lml (1 - D)Vo

The maximum current and average current of output diodes can be estimated by ignoring

the effect of leakage inductance, which is given as follows:

21,
Ipo1,max = Ipo3max = 1-D

(10-42)
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_ 2k (10-43)

IDoZ,max = IDo4,max -
D
IDol,avg = IDoZ,avg = IDoS,avg = IDo4,avg =1, (10-44)

10.2.8 2.8. Comparison with Other High Step-Up Converters
To have a better insight into the performance superiority of proposed topology, a
comparison is carried out regarding the functional characteristics, including the voltage
gain, voltage stress of switches and diodes, number of passive and active components, soft-
switching performance, and complexity of control circuit. Table 1 compares the proposed
converter with the state-of-the-art high step-up DC/DC converters. It can be seen that the
proposed converter offers the much higher voltage gain, as well as lowest voltage stress of
semiconductors. Thus, the losses and price for implementing a prototype will be lower.
Regarding the soft-switching, even though the converters cited in [26] and [28] have the
soft-switching characteristic, the proposed converter can provide ZVS conditions for both
switches with minimum number of switches, resulting in efficiency improvement.
Furthermore, compared to other converters, the control technique and gate-driver circuit
are simple for proposed converter due to the asymmetrical PWM control scheme. Figure 7
shows the voltage gain and voltage stress of switches and diodes for proposed converter in
comparison to that of other converters. The relation between the voltage gain and duty
cycle (D), as shown in Figure 10.7a, indicates that the proposed converter boosts the input
voltage with lower operating duty cycle. Therefore, the voltage stress of the switches and
the losses will be lower. Figure 10.7 (b) and (c) demonstrates the voltage stress of switches

and diodes for different values of turns ratio (n), respectively. To sum up, the proposed
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topology outperforms its counterparts regarding the vital specifications of a high step-up

converter.

Table 10.1: Performance comparison among proposed converter and other

converters.
Item Converter Converter Cited in Converter Converter Proposed
Cited in [26] [27] Cited in [28] | Cited in[29] | Converter
. 2n+2 b@n+1)+1 42 2n+4 | dn+1
Voltage gain 1-D
1-D 1-D 1-D 1-D
|74
Switch voltage stress Yo ° Yo Yo Yo
2n+2 DCn+1)+1 2n + 2 2n+4 in+1
2nV, nVy, 2nV,
Diode voltage stress V. _— v ° °
g 0 D(2n+1) + 1 o n+2 An+1
St 4 2 4 2 2
No. of D?2 2 3 4 6 4
Components cs 4 3 5 6 7
L4 0 0 2 0 1
No. of Transformer or
coupled inductors 2 2 1 2 2
— Lo Soft
I Soft switching N Soft switching Hard A
Soft-switching @vs) Hard switching 2Vs) switching svznzt{:/rg;]g
Control circuit Complex Simple Complex Simple Simple

1 Switch; 2 Diode; ® Capacitor; 4 Inductor.

50 :’ 0.25 . . . ;’ 1.2
—o—Ref. [26] and [28] :, —s—Ref. [26] and [28] “a
—~ - =-Ref. [27] < -- -ge:. |§Z| z 11
=407 Ref. [29] 2 02 .. _Pe A Id , | 7
f-c —Proposed converter E . | —Proposed converter| 'g 1
N\}l z RO = —o—Ref. [26] and [28]
- 30 s LTl | S 09 - - -Ref. [27]
= 2 0-15 Teell 2 Ref. [29]
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= 7 ~d b
0 20 £ =)
& g z 07
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Figure 10.7: Comparison between the proposed converter and other step-up

converters. (a) Voltage gain versus duty cycle (D) when n = 2; (b) voltage stress
of switches versus turns ratio (n); and (c) voltage stress of diodes versus turns ratio

(n).
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10.3 Loss Analysis of Proposed Converter
The losses in the proposed converter can be divided into five major contributors, namely:
conduction and switching losses of the switches, losses of the diodes, losses of the

transformers, and losses of the inductor.
10.3.1 Conduction Loss of Switches
The conduction loss of switches can be calculated by:
P cond,S = RDS(on)Iers,s (10-45)
where lims,s denotes the root mean square (RMS) current of the switch, and Rps(on) denotes

the on-resistance of the switch.

10.3.2 Switching Loss of Transistors
In the implemented converter, GaN E-HEMTSs switches are employed. As an advantage of
GaN switches, they do not have a body diode, as well as the reverse recover charge, the
loss caused by the reverse recovery charge of the body diode can be neglected. Other
contributors to the switching loss in a GaN switches can be listed as follows: (1) the overlap
of current and voltage during turn-on and turn-off; (2) gate charge loss; and (3) the loss
caused by the parasitic capacitance of switch. The total switching loss of the switches of

the proposed converter can be achieved from:

Psw,s = [0.5VIs(t, + tf) + 0.5Co5 Vi + QrVs]fs (10-46)
where fs is the switching frequency, tr, and tr are the rise and fall times of the transistor, Qt
is the gate charge, Vs the voltage stress of switch, and Vg is the gate driver voltage.

10.3.3 Diode Losses

The switching and capacitive charge (Qc) losses of the SiC diodes can be estimated by:
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PDi = QCVDfS + VfiID,rms (10_47)
where Vi, and Vp are the forward voltage and the voltage stress of the diode, respectively.
It is noteworthy to mention that the reverse recovery switching loss of the SiC diodes can

be ignored.

10.3.4 Inductor Losses
The losses of inductors include two main factors, the copper loss and the core loss. The
conduction loss, PL_cond, is caused by the DC current component flowing in the inductors’
windings, while the core 10ss, PL_core, is caused by the inductors’ ripple currents, which is

given in datasheet. The losses of inductor can be expressed as:
PCond,L = RL,ESRIEms,L (10-48)
fs
i Cc

5 + df{B?
gz t Bz T 15

PCore,L =

(10-49)

where R esr and I ms are the series parasitic resistances and the RMS current of inductor,

respectively. Additionally, the coefficients a, b, ¢, and d are given by manufacturer.
10.3.5 Transformer Losses

Similar to the inductor, the losses of transformer include two main contributors, the copper

loss and the core loss, which are express as:

O Run In
Peonar = Rrpsglic {1+ Z — ()%}
7] ’ 10'50
] Ry gsr lac ( )
fs
Pcorer = a > + deZBZ (10-51)
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where Rt esr, Rwn, Ibc, and Iy are the series parasitic resistances, the AC winding resistance,
the RMS current of transformer, and the RMS current of the nth frequency component,
respectively.

The theoretical breakdown of total loss at half-load and full-load conditions are shown in
Figure 10.8 (a) and (b), respectively. It can be seen that the switches and diodes are the

major contributors to power loss in the proposed converter.

T Diodes Losses Diodes Losses
“\( 14.4 W) 52% T T (131 W) 38%

i

Inductor Losses Transformers Losses Switches Losses Inductor Losses
(1.8 W) 6% (1.52 W) 5% (16.1 W) 47% (2.82 W) 8%

(@) (b)

Figure 10.8: Loss breakdown (a) half-load condition (P, = 500 W); and (b) full-
load condition (P, = 1000 W).

Transformers Losses
(2.82 W) 6%

Switches Losses
(10.1 W) 36%

10.4 Design Considerations
10.4.1 Selection of Turns Ratio
The proper selection of the turns-ratio helps employ the switches with lower voltage rating.

The turns ratio can be achieved from (31), and expressed as:

n = V;J(l_D)_Vin
4V,

(10-52)
10.4.2 Choice of Leakage Inductance

The leakage inductance plays an important role in the operation of converter regarding

ZVS performance and voltage gain. It can be calculated from (29) and is given by:

nDViy (1 — (1 = 2k)?)
€= 81, (10-53)
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10.4.3 Choice of Magnetizing Inductance
A good criterion for selecting the magnetizing inductance is to help the switches to obtain

ZVS. Thus, it can be derived from Equation (39) as follows:

TsDV;,
L1 = Lz > 2
2VinlLg (1-D)V,

10.4.4 Choice of Boost Inductance
The boost inductance is adopted to reduce the input current ripple, so to have 20% current

ripple ratio, the required boost inductance can be obtained from:

L =Vianasz
B~ 720%I1,, (10-59)

10.4.5 Design of Capacitors
From the operating principle of proposed converter along with charge-second balance on

the capacitors, the capacitance can be selected as:

o _(=Dtdi—dyl
o1 — f.AV,y (10-56)

C =(1_D)+d1_d2)lo 4‘n+11 _dZIDOZ_(l_D_dZ)IDOI)
02 fil\V,y 1-D ° 2 (10-57)

. _(-Dtdi—dyl,
03 — f:qAVo3 (10'58)

L _@—di+dy)l,
04 — f;AV04 (10-59)

Co=Co. = (D —dy +dy)Ipos
ml — “*m2 — Zf:qAchl (10-60)

(dalpoz = (1 =D = d3)Ipo1)(1 = D)
= 27T, (10-61)

Cr
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Where AVo1, AVe2, AVo3, AVos, AVemi, and AVer denote the maximum allowed voltage
ripples allowed for Co1, Co2, Co3, Cos, Cm1, and C;, respectively. Additionally, fs is the
switching frequency.

10.5 Simulation and Experimental Results
To demonstrate the operation modes of the proposed converter along with its effectiveness,
a scaled-down laboratory prototype is simulated and implemented. The specifications and
components of studied converter are given in Table 10.2.

Table 10.2: Parameters and components of implemented converter.

Parameter Value
Input DC-voltage (Vin) 15-30 V
Output voltage (Vo) 400 V
Output power (Po) 1000 W
Switching frequency (fs) 100 kHz
Magnetizing inductance (Lm1 and Lm2) 100 pH
Leakage inductance (L1 and Lk2) 10 pH
Turns ratio of coupled inductors (n) 1.5
. EPC2047 (200 V, 160
Switches A10 mQ)
Diodes C3D10065E
Output capacitors (Co1, Co2, Coz, and Coa) 47 uF
Switched capacitors (Cmi and Cm2 ) 10 pF

10.5.1 Simulation Results
To investigate the performance of the proposed converter, two simulations in full load and
light load condition are done. In these simulations, the GaN switch model introduced by
the company is used. The specifications of the converter are given in Table 10.2.
A) Full Load Condition (Vin =22V, Po = 1000 W, and D = 0.65)
Figure 9 demonstrates the functional current and voltage waveforms of simulated converter

at the rated output power (P, = 1000 W), including the ZVS performance of switches, the
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boost current i_g, the secondary current isec, and the current of diodes. From Figure 10.9(a),
it can be seen that the output voltage is adequately regulated by the control circuit. Figure
10.9(b) shows the current of boost inductor Lg and leakage inductor Lk, which confirms
that the design of boost inductor is carried out correctly. Moreover, the leakage inductor
current is varying linearly, following the theoretical analysis. The current of output diodes
are demonstrated in Figure 10.9(c), implying that ZCS performance at turn-off instant is

realized for output diodes leading to the efficiency improvement.
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Figure 10.9: Simulation results. (a) Input voltage, output voltage, and output
power; (b) the input current iLg and the secondary side current isec; (c) current of
the output diodes Ipo1 and Ipoz; (d) voltage and current of the main switch; and (e)
voltage and current of the clamp switch.

The soft-switching operation for main and clamp switches is shown in Figure 10.9(b) and
(c). It is clear that the voltage stress of switches becomes zero before the gate pulse of
related switches is applied. Moreover, confirming the equations given in previous section,

the voltage stress of switches is around 65 V, which is much lower than output voltage
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(400 V). Therefore, switches with smaller on-resistance can be used, contributing to fewer
conduction losses.

B) Light Load condition (Vin =22 V, Po = 100 W, and D = 0.48)

Figure 10.10 shows the functional current and voltage waveforms of simulated converter
during light loading (Po = 100 W), including the ZVS performance of switches and the
voltage of output diodes Vpo1 and Vpo2. The soft-switching operation for main and clamp
switches is shown in Figure 10.10 (a) and (b). It is clear that the voltage stress of switches

becomes zero before the gate pulse of related switches is applied.
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Figure 10.10: Simulation results during light loading when P = 100 W, D = 0.45,
Vin=22V, and V, =400 V. (a) Voltage and current of the main switch; (b) voltage
and current of the clamp switch. (c) voltage of the output diodes Vpo1 and Vpoz;
and (d) voltage of the output capacitors Voi1—Voa.

Moreover, confirming the equations given in previous section, the voltage stress of
switches is around 42 V, which is much lower than output voltage (400 V). Therefore,

switches with smaller on-resistance can be used contributing to less conduction losses.
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Figure 10.10(c) illustrates the voltage stress of the output diodes, which is 180 V that is
much lower than the output voltage. From Figure 10.10(d), it can be seen that the voltage
of capacitors is regulated enough with low ripple, implying the selection of the output

capacitors are carried out correctly.

10.5.2 Experimental Results
In this section, the experimental results of implemented prototype with the specifications
given in Table 10.2 are demonstrated. A photo of prototype converter is presented in Figure
10.11. The results demonstrating the performance of converter at full-load condition are
shown in Figure 10.12. The gate pulse of switches is given in Figure 10.12(a), implying
the driver circuit is effectively generating the signals for GaN switches. Moreover, it can
be observed that there is no ringing in the gate-pulse; thus, a false turn-on or turn-off is
avoided. Figure 10.12(b) demonstrates the current of boost inductor Lg and the current of
leakage inductor Lk. The input current has a low ripple that proves the validity of equation

given for designing the boost inductor.

Ca Tz

Figure 10.11: Photo of the implemented prototype.
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Figure 10.12: Experimental results for rated power when Vi, = 20 V, D = 0.65,
and Poyut = 1000 W. (a) Gate-source voltage of switches Sm and Sc; (b) the voltage
of output capacitors; (c) the current of boost inductor and leakage inductor, and
gate pulse of main switch; (d) gate-source and drain-source voltage of switch Sw;
(e) gate-source and drain-source voltage of switch Sc; and (f) the voltage and
current of output diodes Do1 and Dog.

isM

Regarding the impact of current ripple on the efficiency and lifetime of PV source, the
proposed topology can be a perfect candidate for power conversion in the PV-based DC
microgrid. The voltage of output capacitors and input voltage are shown in Figure 10.12
(c). It is apparent from this figure that the voltage ripple of capacitors is in the acceptable
range. Figure 10.12 (d) and (e) show the drain-source voltage and current of switches Sm
and Sc, respectively. The turn-on instant clearly indicates that the voltage across switch
becomes zero before the gate pulse of switch is applied, implying ZVS is achieved. This
can lead to a considerable improvement in the efficiency of converter since the switching
loss is the main contributor to the loss of the high step-up converters. Moreover, the voltage

stress across the switches are confined properly by adopting an active-clamp configuration.
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The voltage stress and the current of output diodes Do1 and Do are presented in Figure
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Figure 10.13: Experimental results for half load power when Vin =30 V, D = 0.
5, and Pout = 500 W. (a) Gate-source voltage of switches Sm and Sc, and output
voltage Vo; (b) gate-source and drain-source voltage of switch Sw; (c) gate-source
and drain-source voltage of switch Sc; and (d) the voltage and current of output
diodes Doz1 and Dop.

It is clear that the falling slope of diodes current is controlled by the leakage inductance;
consequently, the turn-off loss of the diodes is reduced. Since the soft-switching realization
at light load is critical for high step-up converters, the performance of converter at half of
rated power is investigated. Figure 10.13 shows the results for a test done at half load (Po
= 500 W). Figure 10.13(a) demonstrates the gate pulse of switches Sm and Sc, and the

output voltage Vo. It indicates that the duty cycle (D) of main switch is equal to 0.5, which
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confirms the equation (31). The drain-source voltage and current of switches Sm and Sc are
illustrated in Figure 10.13 (b) and (c), respectively.

The turn-on instant clearly indicates that the voltage across the switch becomes zero before
the gate pulse of switch is applied. This means ZVS is obtained for this loading condition,
which can greatly lead to improvement in the efficiency of converter since the switching
loss is responsible for major losses of the high step-up converters, especially at light load.
Figure 13d shows the voltage and currents flowing through the output diodes Ipo1 and Ipo.
This figure reveals that the current of the diodes is controlled by the leakage inductance of
the transformers; thus, the overlap between the voltage and current during turn-off process
can be reduced. Figure 10.14 exhibits the measured and calculated efficiency using the
equations given in Section 2.9. From Figure 10.14, the theoretical and measured
efficiencies at full-load situation are 96.3% and 96.7%, respectively. It is noteworthy to
mention that the maximum efficiencies achieved at an output power of 600 W are 97.3%

and 97.1%, associated with the theoretical and measurement, respectively.
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Figure 10.14: Calculated and measured efficiency versus output power.

10.6 Conclusions
A soft-switched high step-up DC/DC converter based on the dual half-bridge circuit is

proposed in this chapter. Presenting a high voltage gain, as well as the soft-switching
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performance for a wide range of input voltage and output power, the proposed converter is
an excellent candidate for a DC/DC converter as the front-end of the inverter in DC
microgrid applications. The voltage multiplier concept and dual half-bridge are combined
at the output stage to increase the voltage gain and reduce the voltage stress across the
switches and diodes. To suppress the voltage ringing resulting from the leakage inductance
of transformers, the active-clamp circuit is adopted, thus, switches with lower rated voltage
can be used. To minimize the voltage stress of output capacitors, the symmetrical voltage
multiplier is implemented at the rectifier stage that can ensure the voltage distribution
evenly among output diodes. Furthermore, this stage increases the voltage gain by
recycling the leakage energy to the output capacitors as well. The voltage stress of
switches. A comparison is carried out to show the effectiveness of the proposed topology
compared to state-of-the-art converters for EV applications. A 1-kW laboratory prototype
of the proposed converter is implemented using GaN E-HEMTSs and SiC Schottky diodes

to validate the theoretical analysis.
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Chapter 11 Family of Modular Single-Stage Quasi-Resonant Inverters

111 Introduction

DC/AC inverters play an important role in the integration of the energy storage and
renewable energy resources, hybrid DC/AC inverter for home applications, AC motor
drives, electric vehicle, wherein the efficiency and power density are the vital design
criteria. Up to now, voltage source inverter (\VSI) and current source inverter (CSI) were
the most common inverters for various applications; however, in the last few years, we
have witnessed a progressively rapid pace of change, principally because of advent of Z-
Source inverters. Generally, to supply the loads which need higher AC voltage, a DC/DC
converter followed by a DC/AC inverter is employed, in which a bulky 60-Hz transformer
is used that result in low power density. A high step-up DC/DC converter with high-
frequency transformer is the second approach to reduce the size of the system. Using a
high-frequency transformer in the DC/AC stage, known as high-frequency link (HFL)
converters, is the third common architecture. However, the number of switches in such
HFL converters is high leading to complex control circuitry. The advances in single-stage
inverters, coupled with the new control technique, have the potential to give rise to a new
generation of high-efficiency converters with high power density. The Modular Quasi-
Resonant Inverters (MQRISs) provide high voltage gain for input source without utilizing
any transformer, resulting in higher power density and higher efficiency. In the proposed
family of MQRISs, a resonant circuit is employed not only to achieve soft switching for all
switches but to limit the inrush current during start-up. Indeed, the resonant circuit operates

like a series resonant tank but controlled by a simple pulse width modulation (PWM). So,
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the proposed converters can handle the complexity of frequency modulation (FM).
Moreover, because of using active-clamp configuration, the voltage stress of switches are
confined; consequently, switches with small on-resistance Rpsen) can be used leading to

increase in the efficiency.
11.2 Examples of the existing inverters

11.2.1 Three-phase Voltage Source Inverter (VSI)

As shown in Figure 11.1 (a), consisting of six switches (like MOSFETSs or IGBTS) that
form three legs, VSI is very simple and is used in uninterruptible power supply (UPS),
electronic frequency, and adjustable speed drives, and so on. The voltage of three-phase
VSI generally have the same magnitude and frequency but their phases are 120° apart. Any
false turn-on in each leg caused either by purpose or by EMI can make the shoot-through
problem that would destroy the device. Meanwhile, the magnitude of output AC voltage is
limited by the voltage level of DC source. A boost converter should be added to VSI for
applications with low and unregulated input voltage, therefore, to enhance the magnitude

of DC voltage.
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Figure 11.1: schematic of Three-phase voltage source inverter. (a) buck VSI. (b) bi-
directional boost VSI

11.2.2 Three-phase Z-Source Inverter (ZSI)
ZS| employs an impedance network to overcome the limitations of the conventional VSI

converter which can either increase or decrease the input voltage. In other words, ZSl is a
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buck-boost converter that can provide unique features in terms of having a wide range of
output ac voltage. Furthermore, the shoot-through state is a fascinating characteristic of
ZSI paving the way to realize the buck-boost performance. Figure 11.2(a) and Figure
11.2(b) show the unidirectional and bi-directional ZSI, respectively. Quasi-ZSI (qZSl) is a
new version of ZSI which draws a continuous constant current from DC source, a vital
feature to tackle with the problem of using large electrolytic capacitor in VVSI. Moreover,
it can handle a wide range of DC voltage as a result of buck-boost operation. Using
components with lower ratings and reducing the stress of the source are the other advantage
of gqZSlI. Figure 11.2(c) and Figure 11.2(d) demonstrates the schematic of unidirectional

and bi-directional qZSlI, respectively.
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Figure 11.2: Schematic of three-phase Z-source inverter. (a) unidirectional ZSl. (b) bi-
directional gZSl. (c) unidirectional gZSlI. (d) bi-directional gZSI.

11.2.3 Three-phase Split-Source Inverter (SSI)
The Split-Source Inverter is derived based on the combination of three-phase Sl and a

conventional boost converter. It uses less number of passive components in comparison to
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the ZSI. SSI utilizes the same modulation technique used in VSI, compared with ZSI that
need an extra switching state. Having a filter inductor in the DC side, SSI also draws a
continuous input current. Unidirectional and bi-directional SSI are shown in Figure 11.3(a)

and Figure 11.3(b), respectively.
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Figure 11.3: Schematic of three-phase split source inverter. (a) unidirectional SSI. (b) bi-
directional SSI.
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11.3 The proposed Family of MQRIs
The proposed family of MQRIs is combined of half-bridge buck-boost modules to generate
the high-voltage from the distributed energy resources such as PV and FC which are low,
unregulated voltage sources. The modules are connected in parallel in the input side and
differential-mode in the output side such that a one-phase and three-phase sinusoidal wave
can be generated from two and three modules, respectively. To extend the voltage gain and
reduce the voltage stress of switches, modules are placed in the cascaded configuration so
that the output voltage is distributed equally across switches. Besides the cascaded
configuration, the active-clamp structure limits the voltage stress across switches; thus, the
switches with low rated-voltage and low on-resistance Rpson) can be employed. The
switching loss is the major factor for losses in the inverters, which can be alleviated by
realizing the soft-switching performance. A resonant tank is utilized to shape the current
and voltage waveforms so that the soft-switching operation can be achieved. Meanwhile,

the big difference with respect to the conventional resonant inverters is that the control
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technique is the conventional PWM which is very simple compared to FM. In fact, the
advantages of resonant circuits in terms of soft-switching realization for wide load range
is attained without using FM technique.
114 The Proposed Family of Single-Stage Quasi-Resonant Inverters Design
Directions
The concept of differential mode inverter stems from connecting dc/dc converters to
generate an ac output. This method was introduced initially for synthesizing a single-phase

inverter from differentially connected two bi-directional dc/dc converters [240].

Adding a dc offset is necessary in such a way that the output of each converter is either
positive (non-inverting converters) or negative (inverting converters). An example of a
single-phase buck-boost inverter is shown in Figure 11.5(a). The output of each converter

is depicted by (1), and (2), and the differential output is depicted in (3).

Since this family of inverters are appropriate for high-density applications, such as
renewable energy resources, their switching frequency is very high, more than 50 kHz; so,
they should be implemented by GaN or Silicon Carbide (SiC) MOSFETs. However,
regarding the small on-resistance R psion) of GaN switches, they are superb candidates for

the distributed energy resources applications.

115 Application Examples Using the Proposed MQRI
A family of single-stage quasi-resonant inverters is proposed which has a generalized
structure- parallel connection of modules in the DC-side and the differential connection of

modules in the AC-side. Based on the voltage and current level of DC-source, the members
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of the proposed family of inverter can be categorized into a single-phase boost MQRI, a

single-phase buck MQRI, and a three-phase boost MQRI.

11.5.1 Single-Phase Boost MQRI

A single-phase three-level boost MQRI can be synthesized with two units, wherein a source
IS connected as Vpc to the low-voltage side, and the load is connected as Vac to the high-
voltage side. Figure 11.4 shows a single-stage single-phase boost inverter.

The proposed inverter can be used for producing ac voltage from the renewable energy
resources. As an example, a solar panel is connected to the input side of the inverter which
includes two modules, as shown in Figure 11.5. In this application, a high voltage gain is
the major requirement; so, a greater number of modules can be added to the proposed
inverter to enhance the voltage gain ratio. For applications that input current is high and
the input current ripple impact the performance of the system, such as Fuel-Cell (FC), the
interleaved configuration can be utilized. Figure 11.6 shows an inverter used for FC
applications. In some applications, isolation is a vital characteristic regarding the EMI
issue. As shown in Figure 11.7, the proposed single-stage inverter can provide isolation to
have different grounds in the input and output of the system. To provide more step-up ratio,
the built-in transformer topology can be merged into the proposed MQRIs, shown in Figure
11. 8. Besides enhancing the voltage gain, the coupled inductor acts like a filter in the DC-
side to reduce the current ripple. The leakage inductance of coupled-inductor can be used
in combination with capacitor to form a resonant circuit resulting in soft-switching

performance of switches.
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11.5.2 Single-Phase Buck MQRI

Figure 11.9 shows a single-stage single-phase inverter for buck-mode operation, a source

is connected as Vpc to the high-voltage side and the load is connected as Vac to the low-

voltage side, in which the output ac voltage is lower than the input dc voltage.

11.5.3 Three-Phase Boost MQRI

In Figure 11.10, a three-phase boost MQRI consisting of three single-stage quasi-resonant

modules is shown, in which a source is connected as Vpc to the low-voltage side, and the

load is connected as Vac to the high-voltage side. Three single-stage quasi-resonant

modules are connected in the differential mode

11.6 Advantages of The Proposed Single-Stage Quasi-Resonant Inverter

Both modularity and the active clamp structure of proposed inverter reduce the
voltage stress of switches; so, the switches with smaller on-resistance R ps(on) can
be used, resulting in the conduction loss decreases.

The resonant circuit paves the way for realizing the soft-switching performance
which considerably reduces the switching loss in terms of turn-on and turn-off
losses.

The flexibility of proposed inverter allows the designer to configure it for various
application with different characteristics, such as high output voltage, low input
current ripple, and so forth.

The specific connection of modules removes the need for an output filter,
improving the power density.

The high voltage gain is achieved without using any transformer, contributing to

increase in both power density and efficiency.
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Figure 11.5: A single-phase boost MQRI with high voltage gain for low-voltage input
source.
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Vb

Figure 11.7: Single-phase isolated MQRI.
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Vbc

Figure 11.8: Single-phase non-isolated MQRI with built-in transformer.
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Figure 11.9: A single-phase buck version of MQRI.
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Figure 11.10: A three-phase boost version of MQRI.

11.7 Experimental Results

In this section, a single-phase buck version of MQRI inverter using two modular units
is investigated experimentally. Figure 11.9 shows the circuit schematic, which is composed
of 8 switches, two resonant inductors, two filter inductors and input and output filter
capacitors. The specification of test setup is given in Table 11.1. The laboratory setup is
shown in Figure 11.11(a), in which the GaN switches GS66508T from GaN Systems Inc.
are employed, which has the nominal drain-source voltage of 650 V and current ratings of
30A. It is noteworthy to mention that the drain-source resistance of these switches (Ros(n))
are 50 mQ. In this setup, a TMS320F28377S digital signal controller is utilized to generate

PWM pulses with desired switching frequency of 100 kHz.

The experimental results of the prototype are shown in Figure 11.8(b) and Figure 11.8(c).

While the inverter is operating in the buck mode, as the input voltage (V;,,) from the power
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supply is equal to 90 V, the generated differential output is shown in Figure 11.11(b), with
a positive peak voltage of 45 V, a negative peak voltage of -45 V, and a frequency of 190

Hz. The output voltage of each unit is shown in Figure 11.8(c).

Table 11.1: The laboratory Setup specification

Parameters Values
Vsource 190 Vpk

fsine_wave 190 Hz

Load 10 Q

1. 100 kHz
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Figure 11.11: The experimental results. (a) the setup. (b) Differential-mode output
voltage of the inverter. (c) Output voltage of each converter.

11.8 Conclusion
In this chapter a family of modular quasi-resonant inverters combined of half-bridge
buck-boost modules is presented. To extend the voltage gain and reduce the voltage stress
of switches, modules are placed in the cascaded configuration so that the output voltage is
distributed equally across switches. Moreover, the active-clamp structure limits the voltage

stress across switches; thus, the switches with low rated-voltage and low on-resistance
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Rpson) can be employed. The switching loss can be alleviated by realizing the soft-
switching performance, which is implemented by a resonant tank. Also, the advantages of

resonant circuits in terms of soft-switching realization for wide load range is attained

without using frequency modulation.
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Chapter 12 Conclusions and Future Work

12.1 Conclusions

In this dissertation, various techniques have been introduced to improve the efficiency
and power density of the power electronics converters to employ them for different MVDC
applications, such ship power system, electric vehicle powertrain, MVVDC-based power
grid and so on. WBG devices have been used that help to achieve these goals since they
have small on-resistance, output capacitance, gate-charge, and footprint compared to their
Si counterparts. Moreover, the capability to work in higher switching frequency paves the
way for utilizing smaller passive components; therefore, it can improve the power density
considerably.

Firstly, an extendable isolated bipolar dc-dc converter is proposed for MVDC
distribution system in marine vessels, which is derived from the conventional half-bridge
circuit. The active clamp circuit is adopted in the proposed converter not only to limit the
voltage stress of switches but also to provide the soft-switching performance. The voltage
conversion ratio is improved considerably due to employing the diode-capacitor cells.
Since the short circuit fault is inevitable in the ship power system, the proposed converter
can protect the system by isolating the battery side from DC-bus.

Furthermore, a family of TPTLC for hybridizing of renewable energy sources is
introduced which features simple topology, low voltage stress across switches, and ZVS
performance for wide load variation. It also inherits the salient advantages of the
conventional ABHB converter in terms of the lower number of components, small size,

and weight. The proposed stacked TPTLC is taken as an example to investigate the
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correctness of the proposed concept, which has different operation scenarios based on the
output power of FC and the state of the charge of battery. In the stacked TPTLC, a high
voltage gain is achieved without using the transformer, which results in significantly
reduced cost and size of the system. The RMS current of inductance and the boundary
condition of the phase-shift controller in different operation scenarios are analyzed to find
the low-conduction-loss operation mode. A control system comprised of PWM and phase-
shift controlled algorithm is proposed, which provides a solution to simultaneously regulate
the voltage of different ports and control the power flowing between ports.

Also, a modular, quasi-resonant bidirectional dc/dc converter has been presented as an
interface between the battery and high-voltage bus in EV system. Analysis of the
experimental results show the following: 1) the voltage stress of switches is reduced in
proportion to the number of modules; so, switches with lower drain-source resistance can
be used. 2) A resonant circuit is formed that enables the soft-switching performance even
under light load condition. 3) Modularity of proposed topology helps the designer to
employ the modules in such a way that different needs of various applications can be met.
4) Due to the small package, zero reverse-recovery, fast switching speed, and small gate
charge, use of GaN switches brings about reduction in the losses and the size of the
converter.

To improve the power density, a steep-gain interleaved bidirectional DC-DC converter
with intrinsic voltage-quadrupler and reduced total switch stress has been proposed.
Charging the capacitors in parallel and then delivering the energy through different paths
during the discharging process is the operating principle of SGIBC in forward mode to

achieve high voltage conversion ratio. On the other hand, in backward mode, the switched
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capacitors are charged in series and discharged in parallel, which provides a high step-
down gain. Due to the capacitive voltage divider, the voltage stress across the switches
becomes smaller, which facilitates employing lower voltage rating switches. Consequently,
a significant reduction in switching and conduction losses is realized. Moreover, the
proposed converter possesses the built-in equal current sharing feature without adopting
extra circuitry. Therefore, the proposed topology is appropriate for applications demanding
bidirectional power flow with a wide voltage range, such as interfacing the UC with the dc
bus in EV systems.
Additionally, magnetic integration is another solution to improve the power density, which
offers a high voltage gain. The circuit integrates two coupled inductors and switched-
capacitor circuit so as to improve the power density, which is suitable for applications
demanding high voltage conversion ratio such as for FC-based HEV systems. To absorb
the voltage spike across the switches and recycle the leakage energy to the load, a
promising integrated regenerative snubber circuit is adopted. Compared to the other HSUC,
the salient advantages of proposed topology are high voltage gain, small input current
ripple, low voltage stress across the semiconductors, and built-in automatic current sharing.
ZV'S performance of switches, along with ZCS operation of diodes, paves the way for
improving the efficiency of the proposed converter. As the asymmetrical pulse-width-
modulation is used as a control technique, there is no complexity added to the control
technique. As the diodes current is controlled by the leakage inductance, the reverse
recovery problem is alleviated, and EMI noise is restrained as well.

For micro-grid application, a soft-switched high step-up DC/DC converter based on the

dual half-bridge circuit is proposed. Presenting a high voltage gain, as well as the soft-
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switching performance for a wide range of input voltage and output power, the proposed
converter is an excellent candidate for a DC/DC converter as the front-end of the inverter
in DC microgrid applications. The voltage multiplier concept and dual half-bridge are
combined at the output stage to increase the voltage gain and reduce the voltage stress
across the switches and diodes. To suppress the voltage ringing resulting from the leakage
inductance of transformers, the active-clamp circuit is adopted, thus, switches with lower
rated voltage can be used. To minimize the voltage stress of output capacitors, the
symmetrical voltage multiplier is implemented at the rectifier stage that can ensure the
voltage distribution evenly among output diodes. Furthermore, this stage increases the
voltage gain by recycling the leakage energy to the output capacitors as well.
Finally, a family of modular quasi-resonant inverters combined of half-bridge buck-boost
modules is presented. To extend the voltage gain and reduce the voltage stress of switches,
modules are placed in the cascaded configuration so that the output voltage is distributed
equally across switches. Moreover, the active-clamp structure limits the voltage stress
across switches; thus, the switches with low rated-voltage and low on-resistance Rps(on)
can be employed. The switching loss can be alleviated by realizing the soft-switching
performance, which is implemented by a resonant tank. Also, the advantages of resonant
circuits in terms of soft-switching realization for wide load range is attained without using
frequency modulation.
12.2 Recommendations for Future Work

The aim of this dissertation was to study the different techniques to improve the

efficiency and power density of power converters and propose new modular topologies

using WBG semiconductors, such as GaN and SiC MOSFETSs. Despite the ideas and
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solutions in this dissertation and the influx of research activities on the topic of using WBG
devices in high voltage dc-dc systems in recent years, a number of interesting questions
are yet to be addressed properly and comprehensively.

Even though GaN devices provide high efficiency power conversion, their reliability is
the major concern for different applications, which is the main weakness of this study.
Further works needs to be carried out to improve the reliability of the power electronics
circuit using WBG devices. Additionally, further research should be undertaken to
concentrate on the improving the thermal performance of these systems especially in harsh
working environments. Understanding the thermal performance of integrated circuits has
always been essential to avoid the overheating that can cause system malfunctions. The
miniaturization of electronic systems that produces a lot of heat make the role of thermal
analysis principal as a tool to provide the desired performance and reliability of circuit.
An important issue to resolve for future studies is the electromagnetic interference (EMI)
performance of WBG-based circuits as their fast switching speed and the ability to operate
at high frequencies brought new challenges. Future studies on the current topic are
therefore required, including WBG devices influence on noise sources, noise propagation
paths, EMI reduction techniques, and EMC reliability issues.

Developing an optimization-oriented design approach for extending the modular circuit is
a vital issue for future research. The number of boost half-bridge modules and the input
current ripple need to be selected based on a trade-off between the converter efficiency and
cost. A high number of modules lead to further reduction in the input current ripple, as well
as extended power level However, more inductors, switches, capacitors, and driving

circuitry are required, which results in higher cost.
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