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HIGH DENSITY POWER CONVERSION ELECTRONICS ENABLED BY GANBASED MODULAR TOPOLOGIES

Ansel Barchowsky, Ph.D.
University of Pittsburgh, 2017

This dissertation explores the use of modular multilevel converter (MMC) architectures,
coupled with wide-bandgap semiconductors, to achieve high power-density in power electronics
converters. At the converter level, the capabilities of the modular multilevel converter are
investigated for their use in low voltage, low power, DC-DC and DC-AC applications. This
investigation shows that the use of modular multilevel architectures enables low voltage Gallium
Nitride high electron mobility transistors (GaN HEMTs) to be used in applications for which their
voltage thresholds are not typically suited. This results in lightweight, compact, conversion
systems.
GaN HEMTs have been shown to provide a low loss, low volume alternative to Silicon
transistors for power conversion, but require several enabling technologies to make them ideally
suited to high-density converters. This work therefore presents two enabling technologies for GaNbased conversion circuits. First, a technique is developed that optimizes the gate resistance for
driving GaN HEMTs in order to ensure safe, rapid device turn on. Next, the development of planar
magnetic transformers is discussed, with a focus on high-frequency converter operation. For each
of these technologies mathematical analysis, circuit simulation, and hardware development are
performed and compared to ensure proper functionality.
iv

Taking advantage of those two enabling technologies, two converter architectures based
on the MMC structure are developed. First, a DC-AC MMC is presented, taking advantage of GaN
HEMTs and minimal filtering requirements to achieve high power density in low voltage systems.
Next, that topology is extended and a novel DC-DC converter based on two coupled DC-AC
MMCs is presented. Both systems are described mathematically, simulated, and developed as
hardware prototypes to prove functionality. While both converter systems are relevant for
applications in DC microgrids, the DC-AC converter will be specifically investigated for its
application as a variable speed drive in naval power systems. Likewise, the DC-DC MMC will be
shown to provide new solutions for high voltage spacecraft power systems.
Based on the work presented in this dissertation, engineers will be presented with
alternatives to traditional methods of achieving high density in power conversion systems. By
coupling the low filtering requirements and low losses of the modular multilevel converter with
low voltage, highly efficient GaN HEMTs, the presented converter systems achieve high power
density and efficiency with minimal filtering requirements. The result of this work is two novel
converter systems that will enable further research into lightweight, low volume, power
conversion.
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1.0

INTRODUCTION

Achieving higher power-density for power conversion systems is extremely important for
reduction of space requirements for electrical systems. For applications ranging from residential
homes and commercial datacenters to naval vessels and spacecraft, power demands are increasing
while available volume is decreasing, placing much more demanding restraints on the power
conversion and distribution systems. As a result, engineers and researchers are designing converter
systems optimized around power density and efficiency, enabled through the use of wide bandgap
semiconductors at high switching frequencies. To present an alternative to those designs, this
dissertation presents new methods for attaining high power-density in conversion systems, based
on the union of GaN transistors and the modular multilevel converter topology.
Existing research avenues in wide bandgap semiconductors and modular multilevel
converters have been focused on opposite ends of the power conversion spectrum. While MMC
systems have been widely employed in High Voltage Direct Current (HVDC) transmission
systems and Medium Voltage (MV) variable speed drives (VSDs), GaN converters have been
primarily designed for low voltage, high frequency conversion systems. This dissertation aims to
bring the theory and lessons learned about the MMC in high voltage transmission and medium
voltage VSDs to low voltage, high-density power conversion through the use of enhancement
mode GaN HEMTs in modular converter architectures. The research presented here investigates
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the application of GaN-based MMC converters for DC-AC and DC-DC conversion applications,
focusing on the achievement of high power-density and efficiency. .

1.1

OBJECTIVE

To meet the demands of the evolving power electronics market, many new topologies and
implementations have been realized using modern power electronic converters [1]. The rapid
technological development of these converters has been enabled by the maturation of wide
bandgap (WBG) power semiconductors, specifically SiC [2] and GaN [3]. Devices made from
these materials provide improved figures of merit when compared to traditional silicon MOSFETs
and IGBTs, allowing converters to operate at high switching frequencies without incurring
unbearable switching losses. Through the increase in frequency, converters require less significant
filtering components to achieve the same input and output quality, leading to a drastic reduction
in volume. Additionally, both of these WBG semiconductor types can sustain higher operating
temperatures compared to silicon, making them particularly attractive for high power density
applications [4]. To take advantage of these devices, new system topologies and control
architectures are being developed, providing improved capabilities, raising efficiency, and
reducing size requirements [3], [5], [6].
Numerous groups have developed DC-AC and DC-DC systems designed to be small and
light, with the goal of enabling power conversion electronics to be used in more diverse
applications at reduced installation cost. In the kW range, the majority of DC-AC systems utilize
the H-bridge topology, while the majority of DC-DC converters in the same power range use the
dual active bridge. Both apply the same principle, achieving high-density through the use of pulse
2

width modulation at increased switching frequencies. Low volume is achieved through the
resulting reduction in size of required filtering components [1], [2], [3]. However, higher frequency
operation corresponds to an increase of switching losses in the power stage of the converter, which
results in a design choice of limiting switching frequency in order to improve efficiency [4]. Thus,
power conversion engineers have begun exploring multilevel topologies in low voltage inverters
in order to allow the use of smaller semiconductor devices, while minimizing volume and losses
[4]. To this end, this work presents the adaptation of the modular multilevel converter (MMC) to
low voltage, high density applications. The MMC has been shown to be a highly versatile and
efficiency topology in high voltage direct current (HVDC) transmission systems, as well as
medium voltage variable speed drives [5], [6], [7], [8]. The voltage division between submodules
(SMs) in MMC allows for the use of low voltage switches and drastic reduction in the size of
required output filtering, without the required increase in switching frequency [5], [9]. In this
dissertation, the application of such MMC systems will be applied along with GaN devices in order
to achieve extremely high power density in both DC-AC and DC-DC systems. Each of these two
converter types will be analyzed, simulated, and demonstrated in hardware systems.
To characterize the converters presented in this dissertation, several supporting concepts
must be introduced and investigated for their merits in high-frequency, GaN-based power
conversion systems. First, the fundamentals of the MMC are discussed, including submodule
topologies, switching states, and the well-established equations that govern the dynamics of threephase MMC systems. Next, two essential technologies for high frequency, high density power
electronics are introduced – wide bandgap semiconductors and ferrite magnetic materials. These
technologies both allow for the creation of converters that are able to operate in the frequency
range from several hundred kilohertz to several megahertz, which is of specific relevance to high-
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density MMC design. This foundation will be used later within this work to present two
adaptations of these technologies specifically for the GaN-based MMC.
The first of these enabling technologies is a study that specifically investigates the gate
driving of GaN HEMTs for high-density power electronics. The gate-to-source path of GaN
HEMTs tends to be much more sensitive to overvoltage excursions than those of Si or SiC
MOSFETs, and as such great care must be taken when selecting gate resistance values for driving
these devices in power circuits. Here a natural trade-off exists between the overshoot on the device
and the speed with which turn on occurs, dependent on the resistance, inductance, and capacitance
of the printed circuit board (PCB) and the GaN HEMT itself. In order to ensure safe, rapid turn on
in the device, a method is presented that analytically predicts the optimal gate resistance for a
system based on circuit parameters and a selected safety margin. This method is developed based
on analytical models of GaN HEMTs during turn on and is then verified in a double pulse test
circuit implemented in hardware. The resulting tool is then used throughout this work in order to
ensure safe operation of the proposed GaN converters.
However, more than just the gate drive and device must be taken into account in order to
ensure proper converter performance at high frequency. With switching frequencies ranging in
into the megahertz region, however, design of magnetic elements becomes more challenging. For
high density transformer applications at high frequency, these challenges include large impact
from parasitic circuit elements, skin effects, and thermal restrictions [10], [11]. Magnetic
components at higher frequencies must therefore be carefully selected and designed in order to
ensure that they do not saturate, overheat, or contribute large amount of losses to the system. To
minimize volume requirements of the transformer for the DC-DC converter system while ensuring
that the converter functions as desired, a set of planar transformers is proposed and evaluated.
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These transformers are based on magnesium-zinc ferrite materials and take advantage of planar
cores with PCB-integrated copper windings to achieve high conversion ratios in minimal volume.
The proposed transformers are analyzed mathematically, simulated using finite element analysis
tools, and characterized in hardware using impedance analysis. Comparisons are made between
various winding and core designs for these transformers, and the resulting best-case transformer
design is inserted into the model and development of the DC-DC MMC.
Taking advantage of these two enabling technologies, two classes of converters are
presented in this work. First, A DC-AC converter based on a single-phase GaN MMC architecture
is shown. Through the advantages provided by the extremely low conduction and switching losses
of GaN HEMTs, the DC-AC MMC achieves high efficiency and power density while operating at
switching frequencies that are orders of magnitude higher than those employed by conventional
HVDC MMC systems. The MMC structure further allows for the reduction in size in energy
storage elements in the converter, achieving low harmonic content on the output with minimal
filtering systems. The result is a converter class that will allow for high quality voltage and current
outputs and low losses while in a form factor much smaller than conventional inverter
architectures. Specific application of the DC-AC MMC is also discussed, using the proposed
architecture as a variable speed drive (VSD) for naval vessels using DC distribution systems.
By combining two DC-AC converters via the planar transformer described previously, a
GaN-based DC-DC MMC architecture is then presented. This converter takes the advantages
provided by the DC-AC MMC system and furthers them through operation at a switching
frequency and AC link frequency of 1 MHz. This faster operation results in a reduction of the
requisite submodule capacitance by a factor of 106, drastically reducing the total volume of a
submodule and thus the converter. However, operation at such high frequency has never before
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been evaluated in the MMC architecture and special considerations need to be made to ensure
proper functionality of the converter. To mitigate the extremely high switching losses that would
be incurred through traditional operation of the converter, this work presents a trapezoidal
modulation strategy based on nearest-level comparisons to reduce the switching operation of a
given submodule to once per AC cycle. Additionally, new techniques are presented to avoid the
computationally demanding capacitor balancing algorithms that have been traditionally used in
HVDC systems and replace them with a sequential insertion technique resulting in natural
balancing between submodules. To demonstrate this system, its application as an anode discharge
power module for solar electric propulsion systems is presented. The result is a DC-DC converter
with input and output voltage and power levels scalable to the needs of the system in an
architecture that minimizes the volume and weight of the converter, achieving extremely high
power density.
For each of the proposed converter systems, analytical description and evaluation of the
converter operation is presented. The theoretical behaviors of voltages and currents through the
multilevel converter structures are presented and mathematical derivations are presented to
describe those behaviors. Based on those values, system development is presented, sizing
converter components and submodule structures to meet the demands of proposed test systems. In
addition, mechanisms for the controlled operation of these converters are described. For the DCAC converter, a phase-shifted pulse-width modulation (PS-PWM) scheme is presented, achieving
natural balancing in the arms in exchange for slightly higher switching losses than in other
modulation schemes. For the DC-DC MMC, however, this modulation must be replaced with the
previously described quasi-square wave nearest level modulation (QSW NLM) in order to further
minimize switching losses. In that case, a new capacitor balancing algorithm, based on progressive
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insertion of submodules, is presented and analyzed. Thus for each converter a complete analytical
model is achieved.
Next, simulation models will be developed for the each of the proposed converter systems.
The simulations are developed in MATLAB/SIMULINK with the PLEXIM plugin. The PLEXIM
plugin, an independent power electronic solver that interfaces with the SIMULINK platform,
allows for detailed modeling of the converter, including the switching losses of the GaN HEMTs.
The combination of the PLECS and SIMULINK simulation systems allows for complete
simulation of the converter systems, providing benchmarks for efficiency, total harmonic
distortion (THD), ripple, and control performance, to which the physical hardware can later be
compared. This dissertation presents complete simulation development and results for each
converter, including applications in relevant power systems.
Finally, for each converter structure hardware prototyping is presented. First, for the DCAC system, the development of submodule (SM) test PCBs is presented. This is used to analyze
the switching performance of GaN HEMTs in isolated switched capacitor half-bridge
configurations. Results for the switching performance and thermal analysis are presented. This SM
design is then extended to the full DC-AC MMC architecture, presenting PCBs that contain 14level MMC arms. These are evaluated at low voltage for functionality, demonstrating good results
for the DC-AC system. Finally, initial development of the DC-DC MMC system is presented, with
a high-speed two level converter design. This is used to verify the performance of the proposed
changes to the circuit topology, and will be used for further development of these systems.
To conclude, it is the purpose of this work to develop new techniques, topologies, and
control systems to enable the creation of high-density power converters based on the MMC
architecture. Various aspects of the design of both DC-AC and DC-DC MMC systems utilizing
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GaN HEMT devices will be presented, including mathematic models, simulation development,
and prototype realization. This work will be supplemented with projects designed to optimize the
use of GaN HEMTs and magnetic components in such high-density applications. These novel
converters provide alternatives to traditional designs to achieve high power density in scalable
power conversion systems.

1.2

ORGANIZATION

This dissertation is organized and sectioned based on the individual projects described previously.
First, background for the operation of MMC systems in high density applications will be discussed,
followed by overviews of the advantages of wide bandgap semiconductors and ferrite materials
for achieving high power density. With the background established, this work will then present the
enabling technologies of gate drive optimization and planar ferrite transformer design. To each of
these subjects a chapter is dedicated, establishing the techniques and their relevance to high density
converter design. Based on these enabling technologies and the fundamentals of MMC operation,
the two proposed converters will be presented. For each of the proposed DC-AC and DC-DC
MMCs, a chapter is used to describe circuit operation, analytical analysis, simulation, and
hardware development. This document then concludes by addressing the importance of these
proposed architectures and their relevance to the future of high density power converter design.
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2.0

BACKGROUND

In order to properly describe the GaN-based modular multilevel converter systems that are
presented within this work, several background technologies must first be described. This section
therefore details first the application of the MMC to high-density power electronics, comparing it
to existing techniques and providing an overview of the well-established 3-phase MMC structure
commonly used in HVDC systems. This will serve as a background to the derivations of the singlephase DC-AC and DC-DC converters presented further in this work. Next, the background for the
use of GaN HEMTs and their benefits for achieving high density and low losses in power
converters is discussed. Of particular interest in this work is the ability of the MMC to allow these
low voltage, highly efficient devices to be used to achieve high voltage converter operation.
Finally, an overview of ferrite materials and their benefits for MHz-range switching is presented,
laying the foundation for the transformer designs presented in Chapter 4. Using the background
presented here, this work will then proceed to apply application-specific development techniques
and achieve the desired high density MMC systems.

2.1

HIGH DENSITY MULTILEVEL POWER ELECTRONICS

The modular multilevel converter topology in HVDC converter applications boasts a
number of advantages over traditional multilevel designs. These include high modularity in
9

hardware and software, low generation of harmonics, low switching frequency and low voltage of
semiconductor devices, low filtering requirements, and high efficiency [1]. Extensive literature
exists for the MMC in 3-phase HVDC applications, [5], [6] and MV VSD applications, [7], [8].
Additionally, excellent references on MMC topology, modulation, and control is provided in [2],
controller design in [3], and energy storage requirements in [8] and [12].
Specifically, multilevel converter topologies, such as the neutral point clamped converter
[1] provide the capability to “build” voltage waveforms from fixed step sizes, rather than relying
on large filtering components to smooth out square waves generated from pulse width modulation
(PWM). The MMC provides a means by which large voltages can be broken into small switching
events, allowing voltage waveforms to be built from small step sizes, improving output
performance, minimizing filtering requirements, and reducing stress on individual semiconductor
devices. Extensive documentation exists for the MMC topology in the HVDC setting, as it
provides a number of advantages for long distances transmission systems, especially when
underground or underwater transmission is a necessity, or when space is at a premium. In this
work, DC-AC and DC-DC MMC systems will be explored, focused on scaling systems designed
for HVDC power transmission to a power and voltage levels suitable for use in low voltage, highdensity systems, for application in renewable energy integration, variable speed drives, spacecraft
power, and more.
A number of topologies exist for MMC systems, which range from systems comprised of
half H-bridge, full H-bridge, hybrid H-bridge, and more [5]. The two most typical configurations
are the half-bridge and the full-bridge, which are illustrated in Figure 1 and Figure 2, respectively.
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Figure 1. Half-bridge submodule for modular multilevel converter design
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Figure 2. Full bridge submodule for modular multilevel converter design

While both are commonly used within the HVDC industry, the half-bridge topology provides
lower switching losses. As the converters presented here will be operating at high switching
frequencies, the half-bridge is therefore preferred. A half-bridge submodule behaves as shown in
Figure 3. The two semiconductor devices in the system are switched inversely, with S1 introducing
the submodule capacitor into the system, and S2 bypassing that same capacitor.
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Figure 3. Switching states of a half-bridge modular multilevel converter submodule

The objective is to add or remove the voltage and charge stored on the capacitance to the system,
yielding either 0 V output, or output equal to the voltage on the capacitor, based on the switching
state. These submodules are then combined in series to form converter, as shown in Figure 4.
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Figure 4. Three-phase modular multilevel converter topology

The series combination of submodules of the MMC allows for the creation of a voltage waveform
that closely approximates a sinusoidal waveform, with little to no filtering requirements.
Based on the switching states shown in Figure 3, the voltage produced by a given phase arm can
be controlled by switching the appropriate number of SMs into state 1. By treating the SM capacitors as
ideal voltage sources, the phase a upper and lower arm voltages can be described according to (1) and (2)
respectively,
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𝑣𝑝𝑎 =

𝑉𝑑𝑐 (1 − 𝑚𝑠𝑖𝑛(𝜔𝑡))
𝑉𝐷𝐶
− 𝑉𝐴𝐶 𝑠𝑖𝑛(𝜔𝑡) =
2
2

(1)

𝑣𝑛𝑎 =

𝑉𝑑𝑐 (1 + 𝑚𝑠𝑖𝑛(𝜔𝑡))
𝑉𝐷𝐶
+ 𝑉𝐴𝐶 sin(𝜔𝑡) =
2
2

(2)

where the modulation ratio m is described by (3).

𝑚=

2𝑉𝐴𝐶
𝑉𝐷𝐶

(
(3)

As the voltage in the arms fluctuates, the capacitors in the arms will become slightly unbalanced,
inducing circular current flow between the phase arms. As a result, the currents in the upper and lower arms
can then be described by (4) and (5), respectively.

𝑖𝑝𝑎 =

𝑖𝐷𝐶 𝑖𝑎
+ + 𝑖𝑐𝑖𝑟𝑐,𝑎
3
2

(4)

𝑖𝑛𝑎 =

𝑖𝐷𝐶 𝑖𝑎
− + 𝑖𝑐𝑖𝑟𝑐,𝑎
3
2

(5)

where the circulating current is described by (6),

𝑖𝑐𝑖𝑟𝑐,𝑎 =

𝑖𝑝𝑎 + 𝑖𝑛𝑎 𝑖𝐷𝐶
−
2
3
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(6)

By substituting the expressions for the arm current into the equations for the voltage, the current
can be re-expressed as (7) and (8),

𝑖𝑝𝑎 =

𝑖𝐷𝐶
(1 + 𝑛𝑠𝑖𝑛(𝜔𝑡))
2

(7)

𝑖𝑝𝑎 =

𝑖𝐷𝐶
(1 − 𝑛𝑠𝑖𝑛(𝜔𝑡))
2

(8)

where n is the ratio between the AC and DC current, as described in (9) [13].

𝑛=

𝑖𝑎
2𝑖𝐷𝐶

(9)

It can be seen that the performance of the single-phase MMC is remarkably similar to that
of its 3 phase equivalent, with the expectation of producing extremely clean sinusoidal waveforms
with minimal loss.
In HVDC MMC applications the semiconductor device is typically an IGBT, as seen in
[5]. The reliance on IGBTs is a result of the extremely high voltage on those systems, often 10 kV
or more on a single device. In the application presented here, however, both system and device
voltages are significantly lower, at most on the order of 100 V, enabling the use of WBG
semiconductors for switching applications. These devices can provide significant advantages over
their Si counterparts, further improving this already efficient topology. The MMC topology is
perfectly suited to construction from many small WBG semiconductors, taking advantage of the
superior performance and size of the WBG devices to drastically reduce converter size and
improve efficiency. The well-established relationships and techniques presented in this section
form the basis for the high density converter designs and derivations presented in Chapter 5 and
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Chapter 6 and enable the development of systems designed to take advantage of GaN HEMTs in
MMC structures.

2.2

Wide Bandgap Power Semiconductors

In order for MMCs to take advantage of GaN devices in the high power systems presented
in this work, the function of the devices themselves must be well understood. As power electronics
develop, the emphasis on size reduction coupled with improved efficiency cannot be understated.
The goals, as expressed in [14], are twofold. First, many applications have space or weight
restrictions that benefit from size minimization, such as shipboard or avionic systems or in-home
PV converters. Second, many new topologies and implementations can be realized using modern
power electronic devices.
Wide bandgap semiconductors based on GaN and Silicon Carbide (SiC) are well-suited
transistor technologies for applications in next generation power electronic switching circuits.
These applications include renewable energy integration, electric vehicular circuits, as well as
aerospace and maritime systems. Due to their fast switching capability, wide bandgap
semiconductors (WBGs) are able to sustain efficient operation at high switching frequencies. This
attribute enables the use of smaller filter components within the converter topologies which leads
to volume reduction and increased power density. In naval and aircraft applications, power density
and volume are critical parameters as system weight reduction can lead to improved fuel
efficiency. In addition, WBGs can withstand temperatures above 300 deg. C, making them
particularly attractive in conditions where high temperatures are observed. Finally, the relatively
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low on-resistance associated with WBGs makes them more efficient during steady-state
conduction time.
The rapid development of WBG semiconductors and of higher voltage capabilities in both
SiC [15] and GaN [16] have enabled a new generation of DC-DC converters to meet both of the
previously stated goals. Both SiC MOSFETs and GaN HEMTs, the structures of which are shown
in Figure 5 and Figure 6, have been shown to maintain superior performance in high switching
frequency applications, thereby enabling the use of smaller filter components within the converter
topology and leading to a reduction in power conversion volume. Additionally, both of these WBG
semiconductor types can sustain relatively high operating temperatures, making them particularly
attractive for renewable energy applications [17].

Figure 5. Device structure for a vertical SiC MOSFET
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Figure 6. Device structure for a lateral GaN HEMT

In the case of high-density power conversion electronics, the application of WBG
semiconductors can drastically reduce the size requirements for both DC-AC and DC-DC
converters. However, the same characteristics of these devices that allow for faster state transition
can result in undesired transients in either the device itself or the converter as a whole. At the
device circuits level, the fast switching capability of SiC and GaN have led to detrimental transient
behavior such as overshoot, ringing, and false turn-on [18], [19], [20]. In order for WBG
semiconductors to deliver their full potential of enhancing DC-DC power electronics devices, the
aforementioned unfavorable characteristics of GaN and SiC must be understood, modeled, and
mitigated.
However, in spite of the many theoretical advantages of WBGs, considerable technological
readiness challenges have hindered their widespread adoption. For example, to address the
breakdown limitations associated with lateral GaN transistors, a paradigm shift towards vertical
device architectures is being investigated. Optimization of printed circuit board layout is another
important area of research, particularly since the fast switching capability of WBGs makes them
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more prone to detrimental transient effects contributed by the parasitic loop inductance [21]. This
is particularly true in GaN, where low voltage normally-off lateral devices have a 6 V maximum
rating on the gate terminal. Consequently, these GaN devices are more susceptible to failure in fast
switching power conversion circuits which often demonstrate second order system behavior such
as overshoot and ringing. In order to keep the device safe, external resistance is applied to the gate
of the GaN device which damps the problematic overshoot, at the expense of slower switching
times.
This work here presents an analytical formulation that solves this apparent optimization
problem by deriving an equation that finds the best value for the gate resistance, 𝑅G . In order to
find the optimal value of RG, the equivalent circuit models of the device during the three substages of switching, as reported in are analyzed in detail [16], [17]. The circuit models consist of
the parasitic nonlinear junction capacitances as well as the parasitic loop and package inductances.
The third sub-stage of switching is analyzed in greatest detail to determine how 𝑅G affects the
voltage overshoot on the gate-terminal of the GaN device. The mathematical problem presented is
solved and is then validated through hardware experimentation.
The calculated optimal value of 𝑅G will enable the fastest switching time without
catastrophic gate breakdown due to high overshoot. By finding the optimal gate resistance for safe,
rapid turn on of GaN HEMTs allows for their use in high-frequency conversion systems that
minimize the losses incurred during their switching.
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2.3

FERRITE MAGNETIC MATERIALS

In order to minimize volumetric requirements for power conversion circuits, a common practice is
to increase the switching frequency of the converter. The higher frequency switching allows for
the reduction of reactive circuit elements, specifically the capacitive and magnetic (inductor and
transformer) components that are required for the temporary storage of energy in switching
applications. As a portion of the work presented here, a transformer is developed for a GaN MMCbased DC-DC converter. The transformer is based on ferrite materials, using a planar core with
integrated PCB windings to help achieve 2 kW of power transfer in a minimal volume.
The advantages of ferrite materials and planar cores are discussed, the analytical selection
of a core is presented, and finite element analysis (FEA) of the proposed transformer and the
extraction of equivalent circuit parameters are shown. Ferrite materials are ceramic compounds
combining iron oxides with other metals and metal alloys in crystalline structures. These structures
“can be regarded as an interlocking network of positively-charged metal ions (Fe+++, M2+) and
negatively charged divalent oxygen ions (O=)” [22]. The metal ions used in these materials are
ferromagnetic – that is they exhibit enhanced atomic spin effects. When combined with oxides of
iron, the resulting ceramic material can maintain many of the benefits of traditional metal cores,
while exhibiting improved performance at high frequency. When compared to their metal and
metal alloy counterparts, tend to exhibit much lower saturation points as well as much lower
permiabilities. This arises from the dilution of magnetic metal ions by the oxygen within the crystal
structure and the antiferromagnetic interaction which stops ions without uncompensated spins
from contributing to the magnetic moment [23]. The compounds used in power transformers are
typically of the group known as soft ferrites, which exhibit low coercivity, high resistivity, and
attractive magnetic properties at high frequency [23]. The tradeoff for these benefits are much
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lower magnetic saturation levels, low Curie temperatures, as well as being extremely brittle [23].
In high frequency applications, these negative effects are overshadowed by their improvement
over traditional transformer cores.
The most common soft ferrite cores used in power conversion electronics are Copper-Zinc
ferrites Maganese-Zinc ferrites, and Nickle-Zinc ferrites, typically of the forms CuaZn1-aFe2O4,
MnaZn1-aFe2O4, and NiaZn1-aFe2O4, respectively. As discussed in [23], the inclusion of the ZnFe2O4
component allows for enhanced saturation magnetization. Of these ferrites, MnZn and NiZn are
typically used in the higher frequency range, each occupying key portions of the frequency range.
MnZn is typically used in applications under 2 MHz, while NiZn is typically used in applications
between 1 MHz and hundreds of MHz [24]. For the 1 MHz, 2 kW application presented in this
paper, Ferroxcube’s 3F4 MnZn ferrite was selected, for which the specific power loss and complex
permeability curves can be seen in Figure 7 and , while key parameters for this material can be
seen in Table V [24]. These properties make this MnZn ferrite ideal for power conversion in the
range of 1 MHz, allowing for the design of a compact transformer to help enable high-density DCDC converter design.
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Figure 7. Specific power loss of Ferroxcube 3F4 MnZn ferrite

Figure 8. Complex permiability of Ferroxcube 3F4 MnZn ferrite
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Table 1. Characteristic parameters of Ferroxcube 3F4
Symbol

Conditions

Value

µi

25 ˚C; ≤10 kHz; 0.25 mT

900 ± 20%

µa

100 ˚C; 25 kHz; 200 mT

1700

B

25˚C; 10 kHz; 1200 A/m

410

100 ˚C; 10 kHz; 1200 A/m

350

100 ˚C; 1 MHz; 30 mT

130

100 ˚C; 3 MHz; 10 mT

220

DC; 25 ˚C

10

Ωm

≥ 220

˚C

Pv

ρ
TC

Unit

mT

kW/m3

Planar magnetic cores for transformers and inductors are elongated, flattened devices that
cover large areas, as opposed to more cubic traditional cores. Their low profile allow design
engineers to achieve greater power densities by reducing the height of their converter systems,
which is often dominated by the magnetic components [25]. In conventional wire-wound magnetic
components, skin losses and proximity effects are extremely problematic at high frequencies.
Planar magnetics replace the vertically stacked coiled wires with flat windings around a linear
core. They are typically formed by the combination of two ferrite half-cores or a single ferrite halfcore and a ferrite plate. Windings are typically formed horizontally around the core, and are
generally comprised of Litz-wire or PCB traces.
This work presents the development of multiple transformers based on PCB integrated
windings and planar cores to enable high-density power converters. Using the same core material,
multiple core sizes, core compositions, and winding configurations for both parallel and series
connected PCB layers are designed. The transformer design is analyzed mathematically, each is
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analyzed using finite element analysis (FEA) in Ansys Maxwell, and prototypes of each core are
developed and tested with assistance from the Department of Energy’s National Energy
Technology Laboratory. The result is a transformer that is capable of handling 2 kW of power with
minimal mass and volume.

2.4

SUMMARY

This chapter has presented the basic technologies behind the modular multilevel converters
presented in the remainder of the work. The well-established three-phase MMC architecture is
described and the analytics as commonly seen in HVDC systems are presented. Further, its
potential as an alternative to traditional topologies is discussed in the context of achieving high
density in power conversion systems. To that end, two requisite enabling technologies have been
introduced. First, a discussion of the use of wide bandgap semiconductors in power electronic
systems is presented, with emphasis on the performance of such devices in converters operating at
high switching frequencies. For such systems, the low conduction and switching losses of GaN
HEMTs, combined with their low volumetric requirements and their excellent thermal
performance, make them an excellent solution for achieving high density in power conversion. To
further reduce volume and losses, this chapter also introduces the material fundamentals to be used
to design a planar transformer using a magnesium zinc ferrite. The transformer design based on
this architecture will be presented in Chapter 4, creating a solution for the MHz range DC-DC
converter. Based on these basic enabling technologies, the following chapters present the
development of conversion systems and their supporting features.
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3.0

GATE DRIVE OPTIMIZATION OF GAN HEMTS

For certain power conversion applications, design engineers prefer “normally off” devices,
which require positive gate voltages for turn-on, due to their improved safety in medium-high
voltage applications [26], [27], [28]. Many manufacturers have begun fabricating normally off
GaN devices, including Efficient Power Conversion Corporation ® (EPC), who produce the
enhancement-mode GaN HEMTs used in this study. Unlike other GaN devices [18], the EPC
transistor does not require a “cascode” structure to enable normally off operation. However, EPC
devices do suffer from certain limitations. For example, the recommended steady state gate voltage
during conduction is 5 V, however the gate insulator breaks down at voltages above 6 V [29], [30].
Therefore, only 1 V of safety margin is allowed between the recommended steady state operating
voltage and potential device failure. Due to the very fast switching capability of GaN, high voltage
overshoot on the gate is often observed [31]. In order to keep the device in its safe operating region,
an external gate resistance is applied. While damping the overshoot, this added gate resistance
comes at the expense of slower switching. Slower turn-on and turn-off can adversely affect the
efficiency of the system. In order to ensure that the device operates within its safe operating regime,
while minimizing device turn-on time and the resulting switching/transient losses of the system, it
is desirable to determine an optimal gate resistance for the driving circuitry.
This chapter presents an analytical formulation that solves this apparent optimization problem
by deriving an equation that finds the best value for the gate resistance, RG. The calculated optimal
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value of RG will enable the fastest switching time without the catastrophic gate breakdown due to
high overshoot. The mathematical problem presented is solved and is then validated through
hardware experimentation.
The chapter is organized as follows. First, it describes the occurrence of voltage overshoot
in GaN HEMTs, methods to mitigate overshoot, and design trade-offs for circuits using external
gate resistors. Next, an analytical circuit that predicts the gate-source voltage overshoot based on
a simplified 2nd order model of the device is presented. Finally, it validates the analytical model
using a double-pulse test circuit with a 200V GaN HEMT. The result is a simple mathematical
system that will allow design engineers to easily select the ideal gate resistance for their
application.

3.1

PROBLEM CONTEXT: OVERSHOOT IN GAN HEMTS

3.1.1 Risk of Gate Overshoot in GaN HEMTs

Lateral GaN HEMTs have been shown to exhibit turn-on times that are significantly lower
than Si transistors [32], [33]. Although rapid turn-on is desirable, resulting in lower switching
losses in the converter, it can present problems in devices with gates that are sensitive to voltage
excursions. This is the case for the EPC devices used in this study, which have a maximum rated
gate voltage of 6V [18], [28], [34]. This relatively low absolute maximum rating can be
problematic, since the device requires a steady-state gate-source voltage, VGS, of 5 V in order to
minimize conduction loss and enhance channel conductivity. Thus, only 1 V of safety margin is
allowed between the device’s recommended drive voltage and potential device failure.
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At the same time, this class of devices exhibits relatively low input capacitance (Ciss)
values. While enabling the desired rapid turn-on of the HEMT, the combination of this low
capacitance and circuit parasitics can cause high overshoot [35]. As a result, both improved printed
circuit board (PCB) design and external protective circuits are often required in order to effectively
mitigate voltage overshoot experienced on the gate. PCBs should be designed such that minimal
inductance is exhibited in both the gate-source and drain-source paths [34]. This can be achieved
by reducing the total path length, minimizing package sizes on external components, minimizing
coupling between conducting circuit elements, and taking advantage of multiple PCB layers to
route traces [36]. The reduction in circuit inductance corresponds to a decrease in peak gate voltage
(vGS,peak), but is often not enough on its own to prevent exceeding the maximum rated gate-source
voltage (vGS,max). In order to further protect the gate, an external circuit typically in the form of a
gate resistance, is often employed. While the addition of gate resistance is well understood to
dampen voltage excursion on the gate of the device, industry practices are generally designed to
ensure safety, without optimization in place for rapid switching. This work provides a means for
rapid, safe turn on, by finding the optimal value for the gate resistor to be used in the circuit.

3.1.2 Effects of Gate Resistance on Turn On Transients

Several methods exist for limiting voltage transients on device gates, the most common of
which are the addition of a fixed gate resistance or the addition of a Zener diode-based clamping
circuit [37]. The Zener diode clamping circuit limits the voltage of transients on the gate, including
potentially reducing ringing. However, that protection comes at the cost of both increased circuit
complexity and the addition of the non-linear capacitance of the Zener diode. Because Ciss is in the
picofarads range for many GaN HEMTs, the additional diode capacitance, even if small, can result
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in significant increases in total gate drive capacitance. This can result in significantly increased
losses in the switching circuit. Thus, it is often preferable to limit voltage transients with a simple
gate resistor. The layout of a device, including the gate resistance and equivalent device parasitics,
can be seen in Figure 9.

LD
CGD
RG

VDR

LG

CDS

VIN

CGS
LS

Figure 9. Circuit layout of a resistor-protected GaN HEMT illustrating device parasitics

The purpose of the external RG is to increase the damping of the system such that the peak
overshoot is reduced. This comes at the undesirable expense of increased rise time. This effect is
illustrated in Figure 10, which presents three commonly observed, generic turn-on characteristics.
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Figure 10. Commonly observed turn on characteristics for a generic device, where RG1 < RG2 < RG3

The purpose of the external RG is to increase the damping of the system such that the peak
overshoot is reduced. This comes at the undesirable expense of increased rise time. This effect is
illustrated in Figure 10, which presents three commonly observed, generic turn-on characteristics.
Here, RG1 < RG2 < RG3, illustrating the trade-off in gate drive circuit design. When 𝑅G1 is used, the
system is extremely underdamped and overshoots its steady-state operating point with fast rise
time. In some cases, the overshoot can exceed 𝑣GS,max , potentially causing device failure. When
the largest resistance, RG3 is used, the system is close to critically damped and converges slowly
to the steady-state operating point without any overshoot. Thus a design trade-off exists, in which
gate overshoot can be reduced at the cost of longer rise-time of the device. Longer turn-on time
corresponds to higher switching losses in the device, resulting from the extended crossover
between voltage and current fall/rise times. This reduces converter efficiency and may require
larger thermal management systems on both the semiconductor device and its driving circuit [38].
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In order to balance switching losses with device safety, it is usually advantageous to allow
for some overshoot, as long as the peak voltage does not exceed the maximum rated voltage of the
device. It is convenient here to define a given turn-on curve by its safety margin, ∆, as shown in
(10).

∆= 𝑣GS,max − 𝑣GS,peak

(10)

It can be seen then that there is some value of ∆ that will provide the ideal balance between
turn-on speed and device overshoot, as given by RG2 in Figure 10. Through the use of this optimal
RG value, the device turn-on is as fast as possible, with limited chance of catastrophic breakdown.

3.2

ANALYTICAL TURN ON MODEL FOR GAN HEMTS

In order to select the desired value of ∆ and its corresponding RG, the turn-on of the device must
first be analyzed. The turn-on transition can be separated into three distinct sub-stages,
corresponding to changes in the behavior of the device as turn-on progresses [39], [40]. The first
sub-stage is the “cut-off” period, in which the gate voltage begins to increase, but before the
threshold voltage is reached. In the second sub-stage, the threshold voltage has been exceeded, and
the device enters saturation, acting as a current source, while the capacitances around it continue
to charge and discharge. In the final sub-stage, the device enters the linear (or triode) region, acting
as a resistor, while the input capacitance continues to charge. In the assumed third sub-stage model,
the output capacitance of the device has been completely discharged. The equivalent circuits for
sub-stages 1, 2, and 3 are given in Figure 11, Figure 12, and Figure 13, respectively [39], [40].
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Figure 11. Equivalent circuit for sub-stage 1 of device turn on
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Figure 12. Equivalent circuit for sub-stage 2 of device turn on
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Figure 13. Equivalent circuit for sub-stage 3 of device turn on
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In order to completely capture the turn-on dynamics of the device, all of the sub-stages must be
analyzed. However, as the objective of this work is to determine specifically the peak overshoot,
and not the complete wave-shape, simplification is possible. Specifically, circuit analysis of the
three sub-stages reveals that sub-stage 1 is the least-damped of the three equivalent circuits
presented in Figure 11. Therefore, sub-stage 1 is utilized to model and predict overshoot, even
though overshoot occurs during sub-stage 3. This assumption results in a worst-case scenario for
overshoot, and ensures that any calculated value for RG will not allow the specified value of ∆ to
be exceeded. Thus, based on Figure 11, a set of equations is derived allowing engineers to select
either RG based on a desired ∆ or to find the resulting value of vGS,max based on a selected RG.
Referring to Fig. 3(a), when VDR is a step function, vGS can be derived using frequency domain
analysis and expressed as,

𝑉DR
𝑣GS (𝑠) =
𝑠

1
𝐶iss 𝐿eq
𝑅g
1
𝑠2 + 𝐿 𝑠 + 𝐶 𝐿
[
eq
iss eq ]

(11)

where s is the Laplace variable, and 𝐿eq is defined by (12).

𝐿eq = 𝐿G +

𝐿S 𝐿D
𝐿S + 𝐿D

(12)

Typically, this inductance is contributed by the layout of the PCB and/or the package of the device
if applicable. Most GaN HEMTs, including those manufactured by EPC, do not use standard

32

packages on their devices; however, the inductance of the PCB and testing equipment must still
be taken into account [41], [42]. The denominator of (11) can then be compared with the canonical
form of second order systems, as given in (13).

𝑠 2 + 2𝜁𝜔n 𝑠 + 𝜔n2

(13)

Here, 𝜁 is defined to be the damping ratio and 𝜔n is the undamped natural frequency of the system.
The damping ratio provides information about how much a system will overshoot its steady-state
value, while 𝜔n indicates how violently the system oscillates before it settles. From inspection of
(11) and (13), values for 𝜁 and 𝜔n can be derived as shown in (14) and (15), respectively.

𝜁=

𝑅G 𝐶iss
√
2 𝐿eq

𝜔n =

(14)

1
√𝐿eq 𝐶iss

(15)

The damping ratio also influences the maximum value of the overshoot, 𝑀P , in second order
systems as shown in (16) [43].

𝑀P = 𝑉DR (1 + 𝑒

−

𝜁𝜋
√1−𝜁 2 )
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(16)

Where, again VDR is the steady-state operating voltage of the gate driver. It follows then that the
right hand side of (16) should be equated with 𝑣GS,max − Δ as shown in (17).

𝑣GS,max − Δ = 𝑉DR (1 + 𝑒

−

𝜁𝜋
√1−𝜁 2 )

(17)

Then, from (17), 𝜁 can be solved for as shown in (18).

1
𝑉𝐷𝑅
𝜋 ln (𝑉GS,max − 𝑉DR − 𝛥)

𝜁=

2
𝑉𝐷𝑅
√1 + 12 [ln (
)]
𝑉GS,max − 𝑉DR − 𝛥
𝜋

(18)

The optimal value of RG can then be calculated by equating (14) with (18), and solved for if the
value of 𝐶iss and 𝐿eq are known. The value for 𝐶iss can be provided by device manufacturers, while
the value for 𝐿eq can be estimated by measuring 𝜔n during turn on. The value for 𝜔n is best
measured by using a very small 𝑅G value, so that the system is as minimally damped as possible.
The resulting equation giving 𝑅G for a specified Δ is presented in (19).

𝐿eq
𝑅G = 2√
𝐶iss

1
𝑉𝐷𝑅
𝜋 ln (𝑉GS,max − 𝑉DR − 𝛥)
2
𝑉𝐷𝑅
√1 + 12 [ln (
)]
𝑉GS,max − 𝑉DR − 𝛥
𝜋
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(19)

Similarly, if a value for 𝑅G is selected first, 𝑣GS,peak can be calculated substituting (10) and (14)
into (16) as given by (20).

𝑅 𝐶
−𝜋 ( 2𝐺 √ 𝐿𝑖𝑠𝑠 )
𝑒𝑞

𝑣GS,peak = 𝑉DR 1 + exp

(

(20)

2

(

√1 − (𝑅𝐺 √𝐶𝑖𝑠𝑠 )
2 𝐿𝑒𝑞

))

Thus, this analysis provides design engineers with tools for two scenarios. If a certain safety
margin is desired, (19) may be used to derive the optimal value of 𝑅G necessary. However, if the
designer only has a given set of resistors available, (20) may be used to find the expected overshoot
for each. The result is a simple tool allowing for optimization of gate resistors based on the design
constraints presented to the engineer.

3.3

EXPERIMENTAL VALIDATION WITH DOUBLE PULSE TEST CIRCUIT

In order to demonstrate the efficacy of the developed analysis tool, a hardware testbed was
implemented, using a GaN HEMT in a double pulse test circuit. The circuit design is shown in
Figure 14, and is similar to those presented in [44] and [45]. The device under test is once again
the EPC8010 [30], while the gate driver is the LM5113 [46]. The semiconductor and IC
components used in the test circuit are presented in Table 2, system and passive component
parameters in Table 2. .
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RDP
LDP
CF1

RSHUNT
Gate
Drive

RG

VIN

CF2

LEQ

CF3
CF4

VDR

Figure 14. Double pulse test circuit for turn on measurements

Table 2. Semiconductor and IC Components
Device Type

Parameters
Part Number

DUT

EPC8010

Diode

SK310A-LTP

Driver

LM5113

Voltage Rating
100 V

Current Rating
2.7 A

100 V

3A

100 V

Table 3. System and Passive Parameters
Parameter
VDC
VDR
RG
R1
R2
L1
Leq
C1
C2
C3
C4

Value
50 V
5V
1 –20 Ω
1.65 Ω
0.1 Ω
1 mH
8.6 nH
1 mF
10 µF
1 µF
0.1 µF
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Based on the stated parameters, a double pulse test PCB was designed and fabricated, as shown in
Figure 15.

Figure 15. Double pulse test PCB for verification of RG selection

Using this test circuit, the value for 𝐿eq was experimentally determined. This was accomplished
by measuring 𝜔n , as shown in Figure 16.
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Figure 16. Un-damped measurement of vGS vs t for calculation of Leq

Based on the value of the input capacitance at 𝑉DR , which was given by the manufacturer
to be 71 pF, and using a shorted gate resistor, 𝐿eq was calculated using (15) to be 8.6 nH. It should
be noted that although minimization of inductance in the gate-source loop is a critical component
for the proper operation of GaN HEMTs, it is not the focus of this study, and the methods presented
here function regardless of the value of 𝐿eq .
With all circuit parameters known, RG for the optimal case of Δ = 0 V was then calculated.
Solving (19) with Δ = 0 V and using the known system parameters yields a RG value of 10 Ω,
which when used in the test circuit results in the turn-on waveform shown in Figure 17.
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Figure 17. Turn on of EPC8010 with RG = 10 Ω

From Figure 17, it can be seen that the value of 𝑣GS,peak is exactly equal to 6 V,
corresponding to the desired safety margin.
Other values of 𝑅G were inserted into the same test system in order to assess the predictive
power of the relationship established in (19). The values ranged from 1 Ω to 20 Ω, including the
optimal 10 Ω case, creating systems of various levels of damping. Selected turn-on transients for
5 Ω and 1 Ω are shown in Figure 18 and Figure 19, respectively.
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Figure 18. Turn-on of EPC8010 with RG = 5 Ω

Figure 19. Turn-on of EPC8010 with RG = 1 Ω
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Next, values for the expected 𝑣GS,peak were found for each of the chosen values of RG using
(20) with the known system parameters. These values were then compared to the experimental
results as shown in Figure 20.

Figure 20. Predicted and measured values for vGS vs RG

Two key observations can be made based on these results. First, the agreement between
the derived second order mathematical model and the experimental results is reasonable, with
improved agreement at higher values of 𝑅G . This is due to the equivalent value of 𝑅G being
dominated at low chosen values by parasitic resistances in the PCB and by the non-zero output
impedance of the gate-drive IC. At higher values of 𝑅G , the overall resistance is instead dominated
by the chosen resistor. In both cases, agreement is close enough to verify that the second order
model is sufficient to estimate 𝑣GS,peak and the resulting overshoot above 𝑉DR . It can also be seen
that the optimal calculated resistance of 𝑅G = 10 Ω results in Δ = 0 V in both the modeled and
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experimental cases. These results validate the ability of (19) and (20) to be used by design
engineers for safe, rapid driving of GaN HEMTs either based on a selected safety margin, as in
the case of the optimal 10 Ω resistance, or via calculation of predicted overshoot values based on
pre-selected gate resistors.

3.4

CHAPTER SUMMARY

This chapter has presented a method for optimally selecting gate resistances utilized in driving
enhancement mode GaN HEMTs. First, causes and effects of overshoot in GaN HEMTs and two
potential solutions for overshoot reduction were discussed. For high-frequency GaN HEMT
systems, simple gate resistance is often preferable to more complex circuit solutions.
Next, an analytical model was developed, based on a worst-case approximation of gatesource voltage transients using the equivalent circuit of sub-stage 1 during turn-on. The resulting
design equations can be used in two ways. First, a safety margin can be selected for the device,
yielding an optimal value of 𝑅G which achieves the chosen safety margin with minimal resistance.
Alternatively, a gate resistance can be chosen based on available values which can then be used to
calculate the predicted overshoot on the device.
These two methods of analysis were then verified using a double-pulse test hardware
testbed with an EPC8010 as the DUT. Variation of the gate resistance from 1 Ω to 20 Ω, using the
same testbed to minimize variability, were then used to evaluate turn-on at various damping levels.
Results of the un-damped system were used to calculate the equivalent inductance of the gate loop,
which was then used to estimate overshoot for each of the selected resistors.
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It was shown that the experimental results closely matched the values predicted by the
mathematical model, converging as 𝑅G was increased. It can therefore be seen that a second-order
model for turn-on, based on the equivalent circuit of sub-stage 1, can be used to predict overshoot
and optimize gate resistance values in converter design. By allowing designers to achieve safe,
rapid turn on with GaN HEMTs, this work enables the reduction of switching losses in power
conversion design and helps to achieve high-density power conversion.
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4.0

PCB INTEGRATED PLANAR TRANSFORMERS

In high-density converter magnetics especially, PCB-based winding configurations become
particularly practical. The use of a PCB allows for individual windings to be printed on each side
of each layer of a board, allowing for interleaving without the typical wiring challenges in
conventional transformers. The reduction in wire thickness and the added interleaving combine to
reduce leakage and high frequency winding losses, which tend to dominate at high frequency.
Their greater surface area to volume ratio also helps with thermal conduction around the core.
These benefits do come at the cost of lower window utilization, increased footprint area, and
increased parasitic capacitance. An example of a planar transformer with integrated PCB windings
can be seen in Figure 21.
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Figure 21. PCB integrated planar transformer [25]

Based on this architecture, this chapter presents the development of custom PCB integrated planar
ferrite transformers. The goal is to achieve the minimal possible size for a 2 kW transformer being
switched at or near 1 MHz. The result is a transformer design that is compact, repeatable, and does
not saturate under the imposed converter restraints.
The selection methodology for magnetic components in power conversion electronics can be
achieved through a well-established method, which is presented in [47]. The technique, known as
the Kgfe method, compares the magnetic requirements of a given converter transformer application
to the geometric limitations of a given magnetic core in order attempt to minimize the total losses
of the transformer. If the converter’s required Kgfe coefficient is less than that of the chosen
transformer core, in addition to the flux density being less than the saturation point of the core, the
core is suitable for the application. From that point, winding calculations and copper area
allocations are performed, based on the switching frequency of the converter and the current
ratings of the primary and secondary windings. The following analysis will use the table of
coefficients given in Table 4.
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Table 4. Transformer parameters for power converter development

Parameter
Maximum flux density
Optimum flux density
Applied primary volt-seconds
Core loss
Core loss frequency coefficient
Core loss frequency exponent
Core loss flux density exponent
Applied voltage on the primary winding
Applied RMS voltage on the primary winding
Switching frequency
Equivalent re-magnetizing frequency
Wire effective resistivity
Window fill factor
Winding loss
Total transformer loss
RMS current value of the current through a winding
Total RMS current, referred to primary
Core cross-sectional area
Core volume
Mean length per turn
Core window area
Magnetic path length
Skin depth
Permeability of free space
Relative permeability

Symbol

Unit

Bmax
Bopt
λ1
PFe
KFe
α
β
v1
V1
fsw
feq
ρ
Ku
PCu
Ptot
I1,2
Itot
AC
VC
MLT
WA
lm
δ
μ0
μr

T
T
Vs
W
W T β cm3

V
V
Hz
Hz
Ωcm
W
W
A
A
cm2
cm3
cm
cm2
cm
μm
H/cm

In order to properly model the core, the losses in the core must first be understood and
compared to the winding losses in order to minimize total loss. Losses in magnetic cores can be
estimated by the Steinmetz equation, originally presented by Charles Steinmetz in 1894, for which
the general form is given in (21) [48], [49]:

𝑃𝑣 = 𝐶𝑚 𝑓 𝛼 𝐵̂ 𝛽
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(21)

Using the Steinmetz equation and the KGFE method, core can be sized for power electronic
converter applications and the expected flux density can be determined to ensure that the core does
not saturate during converter operation.

4.1

CORE SIZE DETERMINATION AND MATERIAL PARAMETER
EXTRACTION

In (21), 𝑃𝑣 is the power losses per volume, 𝑓 is the remagnitization frequency, and 𝐵̂ is the peak
induction. These quantities are then fit to the known loss data via three empirical parameters, as
described in [49]. To fit into the Kgfe method described previously, this expression has been
extended modified as presented in [47], taking into account geometric conditions of the core in
addition its material parameters, resulting in:

𝛽

𝑃𝐹𝑒 = 𝐾𝐹𝑒 𝐵𝑚𝑎𝑥 𝐴𝐶 𝑙𝑚

(22)

Kfe and β are extracted parameters from the manufacturers datasheet curves for the core
material, while AC and lm are characteristics of the core size itself. However, as discussed in [49],
the Steinmetz equation is only applicable for sinusoidal primary voltage excitations, as it does not
properly capture the re-magnetization losses from non-sinusoidal flux waveforms, as a result of
the influence of the dynamic hysteresis curves imposed by such excitations. In order to correct for
dynamic change in induction over a remagnitization cycle, [48] presents an averaging technique,
where,
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𝐵̇ =

1 𝑇 𝑑𝐵 2
∫ ( ) 𝑑𝑡
Δ𝐵 0 𝑑𝑡

(23)

However, while (23) accurately captures the averaged remagnitization rate for nonsinusoidal excitations in magnetic components, for calculation of power losses is must be modified
to be usable in a modified Steinmetz equation. To do so, [50] normalizes (23) over a sinusoidal
period, using the normalization constant given in (24).

𝑓𝑒𝑞 = 𝐵̇ ∙ (

2
)
Δ𝐵𝜋 2

(24)

Using this expression, a modified Steinmetz expression can be derived, based on the
equivalent frequency of the normalized average remagnitization rate found in (24) and the
frequency with which remagnitization repeats, fr [48]. The resulting loss expression is given by

𝛼−1 ̂ 𝛽
𝑃𝑣 = (𝐶𝑚 𝑓𝑒𝑞
𝐵 )𝑓𝑟

(25)

As for the traditional Steinmetz equation, this expression must be modified in order to
correlate with the Kgfe geometric method of selecting transformer cores. By including the
geometric characteristics of the chosen transformer core, (24) can be re-written as:

𝛽

𝛼−1
𝑃𝐹𝑒 = 𝐾𝐹𝑒 𝑓𝑒𝑞
𝐵𝑚𝑎𝑥 𝐴𝐶 𝑙𝑚 𝑓𝑠𝑤
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(26)

Here, 𝑓𝑒𝑞 is again the equivalent frequency of remagnitization, with the average induction
normalized as described in (23) and (24) and B expressed in terms of V, fsw, and 𝜆.

𝑓𝑒𝑞 =

2𝑉12
𝜋 2 𝑓𝑠𝑤 𝜆12

(27)

which, when substituted into (26), yields:

𝛼−1

𝑃𝐹𝑒

2𝑉12
= 𝐾𝐹𝑒 ( 2
)
𝜋 𝑓𝑠𝑤 𝜆12

𝛼−1

𝛽
𝐵𝑚𝑎𝑥 𝐴𝐶 𝑙𝑚 𝑓𝑠𝑤

2𝑉12
= 𝐾𝐹𝑒 ( 2 2 )
𝜋 𝜆1

𝛽

2−𝛼
𝐵𝑚𝑎𝑥 𝐴𝐶 𝑙𝑚 𝑓𝑠𝑤

(28)

In order to evaluate this expression, the values of Kfe, 𝛼, and 𝛽 must first be extracted from
the manufacturers datasheet. This is done by curve fitting the specific core loss plot shown in Fig.
36 for various excitation frequencies. The expression used to curve fit is the traditional Steinmetz,
as the excitations used to extract core losses, as shown previously in Figure 7. The curves were fit
using linear regression, resulting in the curves shown in Figure 22 and the extracted Steinmetz
values give in Table 5.
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Figure 22. Matched core loss data for Ferroxcube 3F4 MnZn ferrite

Table 5. Extracted core parameters for Ferroxcube 3F4 MnZn ferrite
Parameter

Value

Units

Kfe

3.92E-10

W T β cm3

α

2.0608

β

2.377

The winding loss for the converter was then estimated, based on the core dimensions and the
available area for copper windings. The value is based on dimensions of the core, the current in
the converter, and the resistivity of pure copper, as given by:
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𝑃𝐶𝑢

2
𝜌𝜆2 𝐼𝑡𝑜𝑡
𝑀𝐿𝑇
1 2
=(
)(
)( 2 )
4𝐾𝑈
𝑊𝐴 𝐴2𝐶 𝐵𝑚𝑎𝑥

(29)

The total current, Itot, describes the current flowing in both the primary and secondary
windings, referred to the primary side of the transformer, as given by:

𝐼𝑡𝑜𝑡 = 𝐼1 +

𝑛2
𝐼
𝑛1 2

(30)

Based on these calculations and the extracted core parameters, the winding losses
are evaluated, and are used along with the core losses to find the requisite and core geometrical
constants. The ideal operating point of the transformer is when the total loss in the converter is at
a minimum. That is, the derivatives of the core loss and winding loss are equal and opposite. From
that condition, equations are derived in [47] to describe the two geometrical constants for the
transformer. First, the required core geometrical constant for the power electronics converter is
calculated based on:

𝐾𝑔𝐹𝑒,𝑟𝑒𝑞 =

2
𝛼
𝜌𝜆2 𝐼𝑡𝑜𝑡
(𝐾𝑓𝑒 𝑓𝑠𝑤
)
𝛽+2
⁄𝛽
4𝐾𝑈 𝑃𝑡𝑜𝑡

2⁄
𝛽

∙ 108

Next, the geometrical constant of the core itself was calculated based on:

51

(31)

𝐾𝑔𝐹𝑒,𝑐𝑜𝑟𝑒 =

𝑊𝐴 (𝐴𝐶

2(𝛽−1)
⁄𝛽
)

𝑀𝐿𝑇

2⁄
𝛽
∙ 𝑙𝑚

𝛽
−
𝛽+2

𝛽
[( )
2

𝛽+2
2
−𝛽
𝛽+2

𝛽
+( )
2

(32)

]

Finally, the optimal flux density was calculated and compared to the maximum flux density of the
ferrite material at 100 ˚C. The optimal flux density is given by:

1
2+𝛽
2
𝜌𝜆2 𝐼𝑡𝑜𝑡
𝑀𝐿𝑇
𝐵𝑜𝑝𝑡 = 108 (
)(
)
4𝐾𝑈
𝑊𝐴 𝐴2𝐶

[

1
2𝑉 2
2−𝛼
𝐾𝐹𝑒 ( 2 12 ) 𝑉𝐶 𝑓𝑠𝑤
𝛽
𝜋 𝜆1
(
)]

(33)

This is an iterative process. If the chosen core is not sufficiently large for the given
application, a new core must be chosen. Likewise, if the chosen core results in a flux density greater
than the saturation point of the ferrite material, a larger core must be selected. The core selected
for this application was the Ferroxcube E43/10/28 [51].
Once the core is chosen, the number of primary and secondary turns can be calculated
based on the optimal flux density, as given by (34) and rounded up:

𝜆1
𝑛1 = 𝑐𝑒𝑖𝑙 (
)
2𝛽𝑜𝑝𝑡 𝐴𝐶

The secondary winding number can be simply obtained via the turns ratio:
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(34)

𝑛2 = 𝑛1 ∙

𝑛𝑗
𝑛1

(35)

For this application there are 3 primary turns and 1 secondary, handling 4A and 12A,
respectively. An additional design, using 12 primary turns and 3 secondary turns is also designed,
providing an anticipated reduction in flux density experienced within the core at the expense of
higher winding resistance and therefore higher winding losses.
DC currents of the expected magnitude could be carried in 140 µm copper without uneven
current spreading through the conductor. However, in high frequency applications, the skin depth
of copper paths must be taken into account. The skin depth for copper can be calculated using:

𝜌
𝛿=√
𝜋𝜇0 𝑓𝑠𝑤

(36)

For copper at 1 MHz, this value is approximately 66 µm. For planar transformer
applications, the thickness of the trace must be less than twice the skin depth to minimize eddy
current losses and thermal rise in the PCB’s copper traces [52]. Thus, 140 µm copper cannot be
used, and 70 µm is used in its place. However, due to the resulting loss of copper volume when
using 70 µm copper thickness, parallel windings must be introduced on other PCB layers. From
[25], it can be seen that the recommended limit for current density in 70 µm copper in power
conversion applications is approximately 2000 A/cm2.
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4.2

FINITE ELEMENT MODELING OF TRANSFORMER DESIGNS

In order to verify the analytical designs presented in the previous section, finite element analysis
(FEA) simulation tools were used to evaluate the transformers with a number of winding and core
conditions. The simulation tool used in this case was ANSYS Maxwell, which solves Maxwell’s
equations over surfaces designed to minimize computational time in both 2D and 3D simulated
environments. The objective here is to evaluate many winding configurations for the cores and
many core configurations for the transformers.
In planning the modelling of 2D transformers, picking the right cross section of the core
and windings is extremely important to attaining the proper results through simulation. For planar
transformers, a cross section cut horizontally across the core is appropriate, capturing cross
sections of all windings and the core window areas [53]. For the 2D modeling, three key fields
were examined. First, the current density of the windings was examined. Next, the magnetic field
through the entire system, including the air around the core was plotted. Finally, the magnetic flux
density in the core was plotted.
For the core modeled in this work, the dimensions of the Ferroxcube E43/10/28 and the
characteristics of the Ferroxcube 3F4 MnZn ferrite were imported into Maxwell for use in analysis.
The core was constructed using parallel windings as previously described. Two cases were tested,
first with two sets of parallel windings, next with four sets of parallel windings. Windings were
modeled using PCB 2oz copper material, and the PCB was modeled using FR4-Epoxy.
In order to determine the best interleaving method for the primary and secondary windings,
each case was constructed with multiple winding patterns. The objective was to minimize the
current density in each path, ensuring that it was under the maximum of 2000 A/cm3 and preferably
under 1000 A/cm3. Higher current densities lead directly to greater loss and higher heat dissipation
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requirements in the windings, and interleaving is an excellent method to alienate such stress. The
results for the various cases can be seen in Figure 23. The results from the simulation show that
for case 1, interleaving pattern 4 provides the lowest current density and for case 2, interleaving
pattern 2 provides the lowest current density. However, it can be clearly seen that case 2 provides
overall lowered current densities. As a result, case 2, interleaving pattern 2 was selected for 3D
modeling.
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Case 1 – Interleaving pattern 1

Case 1 – Interleaving pattern 2

Case 1 – Interleaving pattern 3

Case 1 – Interleaving pattern 4

Case 2 – Interleaving pattern 1

Case 2 – Interleaving Pattern 2

Figure 23. Current densities for various winding cases and interleaving patterns in A/cm 3

In order to accurately extract leakage inductance, magnetizing inductance, and capacitive
circuit elements, 3D modeling was performed. The 3D model for the core was generated by first
designing the windings and core shape in Solidworks, representing connections between PCB
layers as solid copper bars. While this will result in slightly lower capacitance and inductance than
true via modeling, it drastically reduces the number of curved surfaces requiring FEA meshing,
speeding up simulation significantly. The Solidworks models for the primary winding, the
secondary winding, and the core can be seen in Figure 24, Figure 25, and Figure 26, respectively.
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Figure 24. Solidworks drawing of transformer primary winding
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Figure 25. Solidworks drawing of transformer secondary winding

Figure 26. Solidworks drawing of paired E43/10/28 cores
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These models were imported along with insulation layers into ANSYS MAXWELL for 3D
FEA transient analysis. The resulting 3D model for the transformer can be seen in Figure 27.

Figure 27. 3D model of planar transformer core with PCB integrated parallel windings

The system was excited utilizing an external excitation circuit and loaded using a 2 kW equivalent
resistor. The system was first excited using a 200 VRMS sinusoidal waveform, solving on a
timeframe of 0 – 2 µs at 1 ns timesteps. The resulting voltage and current for the low-voltage
primary winding are shown in Figure 28 and for the high-voltage secondary winding in Figure 29.
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Figure 28. Primary (low-voltage) voltage and current waveforms with 200 V sinusoidal excitation and 2
kW resistive load

Figure 29. Secondary (high-voltage) voltage and current waveforms with 200 V sinusoidal excitation and 2
kW resistive load

The results from the sinusoidal excitations were used to verify that the transformer was performing
as expected. The results indicate that the transformer model is properly converting the 200 V, 10
A input to the desired 600 V, 3.3 V output with minimal losses.
60

Next, the system was energized using a 200 VRMS square waveform, solving on a timeframe
of 0 – 2 µs at 1 ns timesteps. The resulting voltage and current for the low-voltage primary winding
are shown in Figure 30 and the high-voltage secondary winding in Figure 31.

Figure 30. Primary (low-voltage) voltage and current waveforms with 200 V square excitation and 2 kW
resistive load
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Figure 31. Secondary (high-voltage) voltage and current waveforms with 200 V square excitation and 2
kW resistive load

In addition, the flux through the core for flux is shown for high and low levels based on the point
on the waveform. High flux is experienced near the end of the square wave, while low flux is
experienced near the rising and falling edges of the waveform. A snapshot of the high flux can be
seen in and the low flux case can be seen in Fig. 50.
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Figure 32. Highest flux point in the core when excited by 200 V square wave

Figure 33. Lowest flux point in the core when excited by 200 V square wave
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Unfortunately, these results indicate that the core saturates every cycle, which means that
the current design is not suitable for the converter. However, series connecting of the windings can
be used to reduce the flux density in the core at the expense of slightly higher winding losses and
resistances. Thus, in order to reduce the flux within the core, the series transformer system shown
in Figure 34 has been developed. With this topology, the core no longer saturates during the AC
cycle of the system.

Figure 34. 3D model of planar transformer core with PCB integrated series windings

From the 3D model, ANSYS Maxwell can be used to extract equivalent circuit parameters
for use in simulation circuits. The extracted parameters for the equivalent circuit are given in Table
6. The equivalent circuit used was based on the circuit shown in Figure 35 [25].
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Table 6. Extracted equivalent circuit values for series planar transformer design
Parameter

Value

Units

Cself

97.74

pF

Cmutual

677.84

pF

Rprimary

0.013

Ω

Rsecondary

0.122

Ω

Lprimary

137.9

nH

Lsecondary

312.3

nH

Lm,primary

240.9

µH

Rm,primary

1051

Ω

Table 7. Extracted equivalent circuit values for parallel planar transformer design
Parameter

Value

Units

Cself

102.3

pF

Cmutual

724.3

pF

Rprimary

0.0091

Ω

Rsecondary

0.11

Ω

Lprimary

43.96

nH

Lsecondary

162.3

nH

Lm,primary

225

µH

Rm,primary

1021

Ω
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Figure 35. Equivalent circuit model for planar transformer

4.3

PRINTED CIRCUIT BOARD IMPLEMENTATION

In order to verify the results determined through simulation, prototype printed circuit
boards have been designed and produced. Based on the results indicating that the E43 core
saturates under square excitations, two sets of PCBs were designed. The first, as simulated and
discussed previously, is based on the E43/10/28 core in the Ferroxcube 3F4 MnZn material. The
second is the same material in a larger core size to mitigate peak flux levels experienced during
excitation.
Both test setups are designed as required to perform the requisite tests to determine
impedance characteristics of the primary and secondary sides, as specified by [54]. Primary side
characteristics can be determined through primary side evaluation with an unloaded secondary.
Secondary side characteristics can be determined through primary side evaluation with the
secondary side loaded. Coupling capacitance between the primary and secondary can be
determined via excitation of both primary terminals with identical waveforms while grounding the
secondary. Capacitance between terminals on the primary side can be determined via excitation of
the positive primary terminal while grounding all remaining terminals. Likewise, for the secondary
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the capacitance between terminals can be determined by exciting the positive secondary terminal
while grounding all remaining terminals.
In order to fulfill all test conditions, two PCBs have been developed, one for each core with
the following combination of core sizes: two core halves combined, one gapped core half and one
un-gapped half, one core half and a core plate. All of the core combinations share common winding
configurations. For the E43/10/28 board, an example can be seen in FIG. Each board has 10 layers,
of which there are 4 primary, 4 secondary, and 2 transfer. These alternate between primary and
secondary windings, with two transfer layers on the innermost layers to connect the secondary
windings to the transformer output.

Figure 36. Prototype transformer PCB with layer-integrated windings
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From impedance analysis on the test core, the parameters shown in Table 8 were extracted
They can be seen to closely match the results presented in Table 6, with the exception of the
winding resistance of the primary and secondary, which are both nearly an order of magnitude
larger than the simulated value. Investigation is ongoing to determine the cause of the added
resistance, but the remainder of the values closely match those that are expected from the
simulation model of the transformer. This suggests that both the FEA model of the transformer is
accurate and that based on previous simulations the flux density in the prototype cores should not
saturate during converter operation.

Table 8. Extracted parameters from E43/10/28 prototype transformer
Parameter

Value

Units

Cself

160

pF

Cmutual

821

pF

Rprimary

0.132

Ω

Rsecondary

1.24

Ω

Lprimary

176

nH

Lsecondary

498

nH

Lm,primary

351

µH

Rm,primary

1238

Ω
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4.4

CHAPTER SUMMARY

This section has presented the concepts behind the use of ferrite materials in high frequency power
transformer circuits. The material properties of ferrites and their benefit to high frequency power
conversion electronics was examined, the use of planar cores to minimize volume via PCB
integration was described, the core selection process was presented, and finite element analysis
was shown to model the proposed transformer. The result is a 2 kW transformer designed for a 1
MHz DC-DC converter based on the M2C architecture, which will be implemented in the final
version of the converter.
Multiple cores sizes for both the 2D and 3D FEA models have been developed, with the
E43/10/28 with series windings selected due to its capability for power handling at high density
without saturation. PCBs were then designed and manufactured to fit the modeled systems and
impedance analysis of the fabricated transformers was used to extract circuit parameters to match
simulated data. This data will be used in future sections to ensure accurate simulation of the DCDC MMC system.
In chapter, this section has presented the design, analysis, simulation, fabrication, and
testing of PCB-integrated planar transformers using MnZn ferrites as the magnetic core material.
Analysis has shown that these transformers are well suited to power conversion in the desired
power and frequency ranges and, as a result, these transformers will be used in the design and
verification of full DC-DC converter systems based on the MMC architecture.
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5.0

GAN-BASED DC-AC MODULAR MULTILEVEL CONVERTERS

The three-phase MMC structure has been successfully applied to medium and high voltage
transmission and variable speed drives in a number of applications, as presented in, [5], [6], [7],
and [8]. These three-phase MMC systems have demonstrated greater efficiency and greater voltage
control over a wide frequency range than their traditional counterparts, while providing outputs
with low filtering requirements and requiring significantly reduced volumes. This work takes the
lessons learned in medium and high voltage applications and presents the development of a new
low-voltage, single-phase, high-density DC-AC MMC system. By taking advantage of
submodules (SMs) comprised of GaN HEMT devices and minimalistic capacitor arrays, along
with the higher frequency operation that they allow, losses can be drastically reduced for similar
power levels. The result is a converter that demonstrates excellent performance over a wide
frequency range in an extremely minimal footprint.

5.1

THEORY OF OPERATION

The diagram of the single-phase MMC is presented in Fig. 4, and is configured to allow for split
generation of a 240 VAC single-phase sinusoidal output from a 450 VDC input. The converter is
comprised of an upper (p) and lower (n) conversion arm for each phase, each of which contain 14
SMs, which are configured as half-bridges of two complimentary switches and a fixed capacitance,
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CSM . The half-bridge topology was selected due to its low losses compared with other MMC SM
configurations and low number of switches [5]. The targeted converter was designed to the
specifications of the Google/IEEE Little Box Challenge [55].
iDC

LO

LO

ipa

ipb

ia

ina

inb

ib

Vdc
LO

Va
Vb

LO

Figure 37. Single-phase MMC topology

The two phases of the MMC each produce a rectified sinusoidal from ±𝑚

𝑉𝐷𝐶
2

, and are

offset by 180 degrees in order to double the phase voltage, achieving an output voltage of ±𝑚𝑉𝐷𝐶 ,
where m is the modulation ratio of the converter. The converter output voltage, VAB, is a 26-level
sinusoidal waveform. The single-phase MMC behaves similarly to the well-documented 3-phase
system [56].
The output voltage of a given SM is zero when the SM is bypassed and equal to the voltage
on CSM when the SM is inserted. Based on the switched insertion of the SMs, the output voltage of
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each phase is expressed by (37), while the converter output is given by (38). Likewise, the upper
and lower arm voltages can be described according to (39) and (40), respectively.

1
𝑉𝐴𝑁,𝐵𝑁 = ± 𝑉𝐷𝐶 𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜙)
2

(37)

𝑉𝐴𝐵 = 𝑉𝐷𝐶 𝑚𝑠𝑖𝑛(𝜔𝑡 + 𝜙)

(38)

1
𝑣𝑗𝑝 = 𝑉𝐷𝐶 − 𝑣𝑗𝑁
2

(39)

1
𝑣𝑗𝑛 = 𝑉𝐷𝐶 + 𝑣𝑗𝑁
2

(40)

Here, j is the AC output phase, 𝜔 is the AC output frequency, 𝜙 is the power factor of the
load, and the value of m is 2𝑉𝐴𝐶 𝑉𝐷𝐶 . For a single-phase MMC with N SMs per arm, VDC is divided
evenly between the arm’s SMs, yielding a maximum voltage of 𝑣𝑠𝑚 =

𝑉𝐷𝐶
𝑁

, allowing for the use of

low-voltage GaN HEMT devices as the complimentary half-bridge switches. To maintain equal
SM voltages, phase shifted pulse width modulation (PSPWM) is used, ensuring natural balancing
with no sensors [12], [57].
Beyond the normal design constraints of 3-phase MMC systems for power transmission,
the high-density VSD application imposes additional challenges that must be considered. First,
many modulation techniques exist as described in [5]. In many methods, such as level shifted
PWM and staircase modulation, direct measurement and sorting of some or all of the submodule
voltages is required. For high-density applications this is extremely undesirable, as it requires
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measurement circuitry at each submodule, as well as increasing microcontroller ADC input
requirements. As a result, a phase-shifted PWM (PS-PWM) technique, as shown in Figure 38, was
employed [6].

Figure 38. Phase shifted pulse width modulation signal generation and output

This is a well-established technique that yields natural voltage balancing at the expense of
higher switching losses in the SM devices [6]. The resulting average switching frequency of a
device can be expressed as (41).

𝑓𝑆𝑀 = 𝑚𝑓𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 +

𝑓𝑐𝑎𝑟𝑟𝑖𝑒𝑟
𝑁

(41)

In high and medium voltage applications this is a serious concern, as the Si IGBTs that are
generally used have extremely high switching losses, especially as switching frequency increases.
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However, in the high-density applications proposed here, GaN HEMTs are used, which exhibit
extremely low switching losses in the proposed range [34].
Specifically, the sizing of SM capacitors and the balancing of their associated voltages
becomes increasingly challenging at lower frequencies, as the ripple voltage on the capacitors,
ΔVc will rise. The minimum required SM capacitance, Csm(min), for a three-phase MMC is presented
in [5] and [58]. Adjusting these equations for the single-phase case yields the expression given in
(14). Note that cos(ϕ) is the system power factor.

𝐶𝑠𝑚,𝑚𝑖𝑛

𝑃
𝑚𝑐𝑜𝑠𝜙2
=
(1 −
)
2𝑁𝑚𝑉𝑐 Δ𝑉𝑐 𝜔𝑐𝑜𝑠𝜙
2

(42)

It should be noted the denominator of (14) is based on the AC output frequency of the
inverter, which means that for a lower output frequency, higher CSM is required. However, since
CSM is a fixed value, in general this function results in higher capacitor ripple voltage at lower
frequencies. This can be seen by solving (42) for the ripple voltage, as shown in (43).

Δ𝑉𝑐 =

𝑃
𝑚𝑐𝑜𝑠𝜙2
(1 −
)
2𝐶𝑆𝑀,𝑚𝑖𝑛 𝑁𝑚𝑉𝑐 𝜔𝑐𝑜𝑠𝜙
2

(43)

We must therefore choose a capacitive design for the system that allows for the increase of
voltage swing at lower frequencies. In the following section, the iterative simulation evaluation
used to determine the final capacitor and inductor values will be described, as well as the resulting
circuit characteristics based on the PS-PWM modulation technique.
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5.2

SYSTEM SIMULATION ANALYSIS

To model the performance of the single-phase MMC in the VSD application, a testbed
system was developed in MATLAB/SIMULINK and PLECS as shown Fig. 6.

Figure 39. Overview of modeled single phase MMC system
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First, a model was established for the single-phase MMC itself. The designed converter
was sized based on the power input required to power a split-phase 240V, 2 kW load. Based on
the specifications provided by the Google/IEEE Little Box Challenge, voltage and frequency of
the system are specified to be 2 kVA, 450 VDC, 240 VAC, and 60 Hz [55].
Next, many design considerations had to be made to determine switching frequency, cell
capacitance, arm inductance, and the number of cells in a phase arm. The selection of these values
begins with the unique switching device selected for the converter design. To form the half-bridge
module, two EPC 2014c GaN HEMT were used [59], which are 40V, 10A enhancement-mode
devices. To meet the required input voltage, N was set at 14 SMs per phase arm.
These devices exhibit a conduction resistance of 12mΩ and input and output capacitances
of 220pF and 150pF. With half-bridges comprised of such devices, switching frequency can be
pushed to improve converter harmonic content. By evaluating (42) and observing changing effects
on output THD, a switching frequency of 16 kHz was selected. This is the cutoff point at which
there is no longer harmonic improvement from reduction of high frequency harmonics, and is
instead dominated by multiples of the fundamental, as shown in Figure 40.
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AC Output THD [%]
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Figure 40. AC output THD as a function of switching frequency

By allowing fSM to range above the very low values allowed in typical MMC circuits, the
capacitance can be minimized based on the desired voltage ripple, as described in (43) and shown
in Figure 41. Complete specifications for the simulated DC-AC MMC are given in Table 9.

SM Ripple [%]
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Submodule Capacitance [µF]
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Figure 41. SM voltage ripple as a function of switching frequency
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Table 9. Ratings for the DC-AC MMC system

Converter Ratings
Parameter

Value

Power Rating

2 kVA

Input Voltage (DC)

450V

Output Voltage (AC)

240 V

Output Frequency

60 Hz

Switching Frequency

24 kHz

Cell Capacitance

1.54 mF

Arm Inductance

17 µH

Cell Voltage

30 V

Cells per Arm

14

Total Volume

20.07 in3
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The system was simulated using MATLAB/SIMULINK in order to verify performance
metrics. The simulated voltage and current waveforms are shown in Figure 42 and Figure 43,
respectively, and the efficiency of the MMC at various load points is shown in Figure 44. Peak
simulated efficiency is 98.1% and output THD is 4.28%.

Figure 42. Simulated AC output voltage of 2 kW DC-AC MMC
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Figure 43. Simulated AC output current for 2 kW DC-AC MMC
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Figure 44. Simulated efficiency of DC-AC MMC
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2

5.3

APPLICATION OF DC-AC MMCS AS NAVAL VARIABLE SPEED DRIVES

The US Navy is highly invested in the safety of all seamen serving on ships and boats. One such
way to improve the security of these sailors includes technological advancements in the navy vessels they
serve upon. The single most important aspect of a ship’s security is the power management system, such
that a ship can freely move as needed [60], [61]. The Navy has shown great interest in modernizing the fleet
to increase power management adaptability, especially with the push towards the integration of modern
lasers, radar systems, and DC networks [61], [62]. In such DC networks, any AC motor loads are best
interfaced with by DC-connected variable speed drives (VSDs), which allow for dynamic control of AC
induction motors from a DC bus. This paper will present progress towards the development of a high powerdensity (100W/in3), single-phase VSD designed to operate off a low-voltage DC distribution network.
As electrification of naval systems and DC distribution becomes more common, the necessity of
VSDs has been increasing rapidly. For variable torque applications in marine environments, such as those
found in [63], [64], and [65], VSDs are already extremely prevalent. However, as the transition to DC
distribution systems increase, it will become more necessary than ever for every induction motor load to
have DC-based VSDs, as shown in [66].

In addition to conventional inverter application, the proposed architecture is also very
suitable for application as a low-voltage VSD. The MMC VSD model was evaluated over a range of
frequencies, of which three are presented here: 60 Hz, 45 Hz, and 30 Hz. The power and voltage inputs for
the motor were determined using a V/Hz ratio of 3.83, as presented in [67]. The resulting input values can
be seen in Table 10, based on the calculations from [68].
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Table 10. VSD system input at various frequencies

Input Frequency

Apparent HP

Input Voltage

60 Hz

1.5

230 V

45 Hz

1.125

172 V

30 Hz

0.75

115 V

m
0.8
0.6
0.4

Power Input
1980 VA
920 VA
495 VA

The resulting motor input voltage, input current, load current, and the capacitor voltage
variance for the 60Hz, 45Hz, and 30Hz cases are shown in Figure 45 - Figure 48. The simulation
results show the effectiveness of the single phase MMC design as a variable speed drive. Several
characteristic behaviors can be noted. Of specific note is the sustained performance at voltages
below the nominal 60 Hz. The voltage waveform retains its sinusoidal shape with minimal
harmonic increase; the output currents have almost no harmonics, even before the filtering
supplied by the inductive motor; and finally the voltage fluctuation on the SM capacitors increases
only minimally as the frequency is decreased.

Figure 45. Line-to-line voltage output from the DC-AC MMC variable speed drive
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Figure 46. Motor input current from the DC-AC MMC variable speed drive

Figure 47. Motor load current from the DC-AC MMC variable speed drive
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Figure 48. Voltage ripple on the SM capacitors of the DC-AC MMC variable speed drive

Here it can be seen that through the natural balancing of PSPWM for the single-phase
MMC case, many of the normal challenges associated with three-phase MMCs in VSD
applications can be avoided. While normally the trade-off would be extremely high switching
losses, the use of GaN HEMTS in the mid kHz range allows for minimal losses while maintaining
peak performance. This results in a VSD that is capable of operating in the low frequency range,
as well as performing extremely efficiently across the frequency spectrum.

5.4

HARDWARE IMPLEMENTATION

The DC-AC MMC prototype was designed according to the specifications given in Table 9. The
converter is comprised of four MMC arm boards. This section presents the development of the
prototype converter system, with considerations for manufacturing challenges and techniques.
The MMC topology provides a unique challenge in gate drive design because of the
changing voltage within the interconnection between submodules. As previously described, GaN
HEMTs have a sensitive, and defined range of VGS that needs to be upheld to ensure proper and
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reliable operation. For the EPC 2014C, 5 volts is the required voltage to fully turn the device ON;
however, the device has a maximum voltage of 6 V between the gate and source before device
degradation occurs [34], [59]. An isolated gate drive system was designed to enable transistor
switching events while limiting the effects of the floating source of the half-bridge transistors. To
begin hardware development for the single-phase MMC, a single submodule board was designed
in Mentor Graphics PADS to evaluate the gate drive circuitry and the layout thermal
characteristics. This design was also helpful in demonstrating the theoretical capacitor sizing and
layout.

5.4.1 Submodule PCB Design and Evaluation

In order to develop the DC-AC MMC system, submodules for the converter first needed to be well
understood. To that end, submodule PCBs were developed using two GaN HEMTs and slightly
reduced submodule capacitance.
The entire cell layout, shown in Figure 49, is 1.685 in. long and 0.325 in. wide and includes full
voltage and signal isolation. An ADuM5240ARZ digital isolator from Analog Devices [69] and a
LM5113 gate driver from Texas Instruments (TI) [46] are cascaded with the transistors to complete
the gate drive circuitry. In addition to providing signal isolation, the Analog Devices digital
isolator also includes full voltage isolation through an internal DC/DC converter. The voltage and
control signals are then propagated to the TI gate drive chip which is a half-bridge specific driver
that produces internal isolation for the upper transistor through a bootstrap topology to clamp VGS
at 5.2 Volts (under the 6 Volt limit). The fabricated PCB is shown in Figure 50.
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Figure 49. Printed circuit board design for one half-bridge submodule

Figure 50. PCB design of a single half-bridge submodule

The PCB design shown in Figure 49 (solder pads, layer-to-layer vias, and traces) was exported
from PADS Layout and imported into ANSYS Icepak for thermal behavioral modeling of the
layout. An Icepak model was used to predict the thermal distribution under operating conditions
within the submodule. Expected power loss metrics were assigned to each major electronic
component. The power dissipation (conduction plus switching loss) through each GaN transistor
was calculated and modeled in software to be 0.032W when switching at 24 kHz. The digital
isolator and gate drive chips are expected to dissipate 0.42W and 0.01W, respectively.
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The module equivalent capacitance and bootstrap capacitors have equivalent series resistant
(ESR) values of 8.43mΩ and 0.884Ω, respectively, resulting in dissipation values of 1.63μW and
6.2mW at 24 kHz. ESR is a key variable that represents the dielectric loss, and contact and lead
resistances of a capacitor as a resistive component. This is a necessary factor to represent the
overall losses from capacitive components. Simulation results of the temperature distribution
throughout the compact layout predicted the gate drive chip and transistors to be the most thermally
sensitive. The temperatures predicted for the chip and transistors were 51.8 oC and 50.1 oC,
respectively, as seen in Figure 51.

Figure 51. ANSYS Icepak thermal performance simulation results

Experimental tests were conducted to observe the effects of the power flowing through the
submodule and the individual transistors, as well as the thermal performance of the overall
submodule. Two 24 kHz square waves, with 180˚ phase shift, were applied to the gate circuitry
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and 20 V across the whole submodule. Electrical waveforms (VGS) of the turn-ON and turn-OFF
characteristics of both the upper and lower transistors are shown in. Figure 52 and Figure 53.
Using a FLIR thermal imaging camera, the temperatures recorded on the gate drive chip and
transistors were recorded as 53.4 oC and 52.2 oC, respectively, as shown in Figure 54. These values
show a strong correlation between the simulated (Figure 51) and experimental results. With this
validation of the model, simulations of operation at rated power in open air were performed; and
temperatures were shown to rise to approximately 70oC in the transistors and gate drive chip. This
is well within thermal limits of the LM5113, EPC2014C, and GaN HEMT devices [70], [71], [72].

Figure 52. Measured turn ON (OFF) characteristics of upper (lower) transistors
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Figure 53. Measured turn OFF (ON) characteristic of upper (lower) transistors

Figure 54. Thermal image of submodule operation
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5.4.2 MMC Arm PCB Design and Evaluation

Having observed that the submodule circuit operates as expected, a full “power board” was
designed to replicate one arm of the MMC topology. Each board contains 14 submodules, with 7
on each side. The conversion section includes the power/digital isolator, gate driver, and GaN
HEMTs, which must be thermally managed with heat sinks.
A number of challenges presented themselves through this design process of the power
boards. These included: regulation of maximum current through the transistors; elimination of
current pathing between the interconnected submodules; incorporation of satisfactory capacitance
to provide a clean waveform; and connections and isolation of communication signals from power
busses.
A few modifications were made to the original submodule circuitry to provide more efficient
and cooler operation as seen in Figure 55. The Digital Isolator was modified from the
ADuM5240ARZ to the ADuM5210ARSZ. This change was instituted because the 5210 chip
provides signal isolation for up to two signal channels [73], instead of the one that the 5240 chip
offered. In addition, the 5210 provides better thermal and electrical efficiency compared to the
5240, while maintaining the same overall functionality (isolated output voltage, isolated control
signal). Using the 5210 added significant physical size to this portion of the gate drive circuitry;
however, this did not incur any overall system modifications because the height of the capacitor
bank was comparable.
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Figure 55. MMC full power board submodule with added standoffs for mezzanine capacitor boards

Annotated photographs of the top view and side view of the fabricated and populated PCB
are found in Figure 56 and Figure 57. The finalized is 2.9 in. x 2.5 in x 0.394 in. for a single arm
of the MMC.
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Figure 56. Top view of prototype MMC arm board

Figure 57. Side view of prototype MMC arm board

The entire MMC system is designed with four MMC arms and controlled from a separate
control board. A CAD drawing of the final converter assembly with custom developed heat sink
is found in Figure 58. The estimated enclosed volume is 20 in3.
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The design and manufacturing of the converter arm included multiple manufacturing
challenges. The 0201 resistors, LM5113’s BGA pad, or the EPC2014c’s unique surface pad (solder
bump) size/arrangement could pose short circuit issues for many manufacturers. While 0201
packages are extremely popular in technological areas like RF networks and cellular phone power
systems, they are not as common in typical power electronic design work, and care is needed in
selecting an assembler.
The greatest challenge for manufacturing was with the submodule capacitor banks, which also
consume the most footprint on the PCBs. Each capacitor pad was sized at 0.051” (standard for
0805 capacitors) and is spaced 0.003” apart. The size tolerance for each capacitor is given as
±0.007” [74] and led to stack-up tolerance issues shifting some of the capacitors to the edges of
their solder pads. The capacitor electrical connectivity was maintained but, in a redesign, a solid
solder bank will be considered.

Figure 58. CAD Layout of full MMC Inverter with Heat Sink Design
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Current mitigation through the transistors and between submodules was of critical concern.
Because the system is required to handle 9 Amps, multiple circuit layers were connected through
buried vias throughout these pathways. Initial designs specified 2 oz of copper for the external
layers. Through consultation with the board fabricators, this was deemed not possible because of
the small buried vias, and pathways. A redesign concluded that a 0.5 oz copper trace thickness
could be set, with additional copper applied to reach a final copper trace thickness between 1 and
1.5 oz. TMG Electronics, Inc. was responsible for populating the single MMC arm PCBs shown
in Figure 56. The design included miniature components, hence, precise technology was necessary
to place the components. The components were placed and fed through reflow ovens to solder the
surface mount components onto the board. Through-hole components and the daughter mezzanine
boards were then soldered manually. TMG provided quality assurance testing of the component
connections to ensure appropriate connectivity between devices and the solder pads. They also
performed x-ray tests to observe if any short circuits were created while applying solder paste to
the surface mount, and specifically the ball grid array components, which is shown in Figure 59.
The fabricated boards are approximately 56 grams in weight and puts the overall board at 19.6
g/in3.
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Figure 59. X-Ray Image of LM5113 Gate Driver and EPC2014c GaN HEMTs

Low voltage, two level testing has begun on the full converter, with the test parameters
shown in Table III. The tests were performed at low voltage in order to evaluate and troubleshoot
arm board functionality and converter performance. The resulting AC voltage waveform based on
the test parameters can be seen in Figure 60, the current waveform in Figure 61, and a thermal
image in Figure 62. From this image it is apparent that the generated SPWM signals are acting as
desired, and that the submodules are charging to the appropriate voltage.

Table 11. Prototype test conditions

Parameter

Rating

Input Voltage

20 VDC

Load Resistance

10 Ω

Output Voltage (peak expected)

10 VAC

Arm Inductance

0 µH
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Figure 60. AC voltage output of prototype DC-AC MMC inverter

Figure 61. AC current output of prototype DC-AC MMC inverter
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Figure 62. Thermal image of DC-AC MMC under loaded conditions

5.5

CHAPTER SUMMARY

This section has presented the development and operation of a 2 kW, 99.6 W/in3, 98.1%
efficient, GaN-based MMC inverter. It provides an alternative to the other high-density
architectures, while exhibiting similar power densities and efficiency. This design brings a wellestablished converter for three-phase HVDC and MVDC systems to a high-density, low voltage
application. The mathematical analysis, modeling and simulation, and initial hardware
development have been presented, and the potential for extremely high power-density at non-MHz
frequencies has been explored. The resulting single phase DC-AC MMC system is extremely
efficient, demonstrates excellent performance over a wide frequency range, and initial hardware
results have validated the expectation of achieving 100 W/in3 in VSD applications for DC systems.
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6.0

GAN-BASED DC-DC MODULAR MULTILEVEL CONVERTERS

As has been discussed in the previous section, the MMC shows great promise for the development
of high density power electronic systems. The next proposed project is to take the knowledge
gained form the implementation of the single-phase DC-AC GaN MMC and extend it to the
development of a novel DC-DC architecture. This topology is based on the unification of two DCAC architectures, operated at high frequency, and unified through a high frequency AC
transformer. The proposed converter schematic is shown in Figure 63.
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Figure 63. Proposed schematic of DC-DC MMC

This converter is comprised then of two DC-AC arms, one operating as an inverter and the
other as a rectifier. Bi-directional power flow will be enabled through this design. The composition
of the SMs will be the same, with slight variations in device choice and number of levels per
switching section. However, the key difference hinges on the high frequency AC output of the
inverter side and the AC input to the rectifier side will be at high frequency, at a proposed 1 MHz.
This is of key importance, as the equation governing SM capacitor sizing, (14), dictates that the
minimum required CSM is inversely proportional to the AC frequency of the converter.
That means that at extremely high operating frequencies, CSM can be significantly reduced,
allowing for much higher power density. As the capacitors take approximately 50% of the DC-AC
design, the conversion arms should be dramatically smaller in the DC-DC converter. The two DC99

AC converters will be joined by a high-frequency planar magnetic transformer, as described in the
following sections.
To this date, few examples of DC-DC converters utilizing similar architectures have been
presented, as shown in [75] and [76]. This means that the traditional balancing mechanism are not
required, as all arm transistors are essentially switched simultaneously. Beyond this technical
difference in operation, the operation of the circuits are largely the same, allowing for easy
adoption of the principles from the DC-AC MMC to the DC-DC converter.

6.1

THEORY OF OPERATION

The MMC has been shown to be a highly versatile and efficient topology in high voltage direct
current transmission systems, as well as medium voltage variable speed drives [5], [77]. The
voltage division between submodules (SMs) in MMC allows for the use of low voltage switches
and drastic reduction in the size of required converter output filtering [5], [78]. The result is a
converter class that exhibits high power density, and high reliability when compared to traditional
equivalents.
The extension of the MMC to DC-DC operation has begun to be explored for high voltage,
high power systems by a number of different groups. In such systems, two MMC structures are
connected front-to-front with an AC transformer acting as a coupler, similar to that seen in a Dual
Active Bridge (DAB). Similar to the DAB, the frequency of the AC link can be set as desired,
allowing it to be raised in order to reduce the size of both SM capacitors and AC link magnetics.

100

The proposed DC-DC MMC circuit, shown in Fig. 1, achieves a high conversion ratio while
limiting the stress experienced by any individual switching devices.
The converter is comprised of an upper (p) and lower (l) conversion arm for each phase.
The arms comprising inverter and rectifier conversion branches contain NI and NR SMs,
respectively. Each SM is a half-bridge of GaN HEMTs with a fixed SM capacitance, CSM. The
half-bridge topology was selected due to its use of fewer switches which results in better efficiency
relative to other MMC SM configurations [5]. The resulting SM produces voltage equal to 𝑣CSM
when inserted into the system, and 0 V otherwise.
By inserting the series SMs in the proper sequence, the AC waveform can be formed as
desired. The link voltage can be driven by sinusoidal modulation as shown in [79], quasi-two-level
(Q2L) wave modulation as shown in [80] and [81], or quasi-square wave (QSW) modulation
(QSM) as shown in [82]. As QSW enables both improved power transfer through the transformer
provided by Q2L modulation along with the voltage control provided by sinusoidal modulation, it
is employed here [82]. It compares a reference trapezoidal waveform to a set of carrier signals in
order to approximate a square wave while allowing for separate turn-on of the SMs. The ramp rate
is therefore sized to be just greater than the total turn on of all arm SMs.
Nearest level modulation (NLM) is employed in order to create the quasi-square wave
signal, while limiting the number of switching events per AC cycle [83]. This system uses DC
carrier waveforms, as opposed to the triangular waveforms used in traditional pulse width
modulation schemes, in order to reduce the number of switching events per cycle [84]. The QSW
reference is compared with the NLM carriers, as shown in Figure 64, resulting in the ideal AC
voltage waveform is shown in Figure 65.
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Figure 64. QSW reference and NLM carrier waveforms

Figure 65. AC output from QSW NLM modulation
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In these figures, VDC represents the maximum steady state DC voltage on either the input
or the output branch of the DC-DC MMC. Note that because of the split-phase configuration of
the DC-DC MMC, the 2nd phase of each branch is set 180 degrees out of phase, effectively
doubling the potential output voltage of the system. The modulation indices, mI and mR, are the
control variables that provides regulation of the conversion ratio between the DC and AC portions
of each converter branch. Because NLM is employed with a QSW reference, their values are
confined to be fractions of N1 and N2, respectively. However, because each branch can be set
independently, a wide range of output voltage is achievable.
The resulting AC waveform closely approximates the desired trapezoidal signal, with
discrete steps indicating the insertion of a given SM. As a result of the selected modulation
strategies, a given arm in either the inverter or rectifier branch of the DC-DC MMC, assuming that
arm voltage is equally balanced across its SMs, the voltage on a given SM in an upper or lower
arm can be expressed as (44) and (45) respectively.

𝑣𝑆𝑀,𝑝,𝑆 =

𝑉𝐷𝐶𝑆
− 𝑣𝐴𝐶𝑆
2𝑁𝑆

(44)

𝑣𝑆𝑀,𝑙,𝑆 =

𝑉𝐷𝐶𝑆
+ 𝑣𝐴𝐶𝑆
2𝑁𝑆

(45)

Here, p represents an upper arm, while l indicated a lower arm, while S is either 1 or 2,
indicating the inverting branch and rectifying branch, respectively. Since the SM voltages are equal
and the converter is split-phase, the primary and secondary AC voltages can be described by (46).
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𝒕
±𝒎𝑺 𝑽𝑫𝑪𝑺 ∓ 𝟐𝒎𝑺 𝑽𝑫𝑪𝑺 ⌊
⌋
𝑻𝒕𝒓𝒊
𝒗𝑨𝑪𝑺 (𝒕) =
(𝑵 )
{

, 𝒕 ∈ 𝑻𝒕𝒓𝒊
(46)

𝑺

± 𝒎𝑺 𝑽𝑫𝑪

, otherwise

Here, 𝑇𝑡𝑟𝑖 is the desired ramp time from base to peak of the AC waveform. It is not,
however, particularly convenient to use the floor function to describe the voltage, as it does not
easily allow for evaluation of the current flowing through the transformer. Instead, if a constant
ramp is assumed, as is the ideal case, the voltage can instead be expressed as (47).

𝒗𝑨𝑪𝑺 (𝒕) = {

𝟐𝒎𝑺 𝑽𝑫𝑪 𝒕
𝒕𝒓𝒊𝒔𝒆
± 𝒎𝑺 𝑽𝑫𝑪

±𝒎𝑺 𝑽𝑫𝑪,𝑺 ∓

, 𝒕 ∈ 𝑻𝒕𝒓𝒊
(47)
, otherwise

Note that the primary and secondary voltages are separated by a phase shift based on the
inductance of the transformer, imposing some phase delay 𝜙 between the signals. This delay is
reflected in the derivation of the equivalent primary current waveforms, as shown in (48). In order
to derive the current, a process similar to that shown in [82] was employed, where 𝑡1 , 𝑡2 , 𝑡3 and 𝑡4
are defined by (49-52).

, 𝒕 ∈ (𝟎, 𝒕𝟏 )
, 𝒕 ∈ (𝒕𝟏 , 𝒕𝟐 )
, 𝒕 ∈ (𝒕𝟐 , 𝒕𝟑 )
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(48)

(

𝟏
𝒏𝟏
(𝒎𝟏 𝑽𝑫𝑪𝟏 + 𝒎𝟐 𝑽𝑫𝑪𝟐 ) 𝒕 + 𝑰𝟏 (𝟎))
𝑳𝒆𝒒
𝒏𝟐

𝒏𝟏
𝟏 (−𝒎𝟐 𝒏𝟐 𝑽𝑫𝑪𝟐 )⁄
𝒏𝟏
𝟐
(
𝑻𝒕𝒓𝒊 (𝒕 − 𝒕𝟏 ) + (𝒎𝟏 𝑽𝑫𝑪𝟏 + 𝒎𝟐 𝒏𝟐 𝑽𝑫𝑪𝟐 ) (𝒕 − 𝒕𝟏 )) + 𝑰𝟏 (𝒕𝟏 )
𝑳𝒆𝒒
𝒊𝑨𝑪𝟏 (𝒕) =

𝟏
𝒏𝟏
(𝒎𝟏 𝑽𝑫𝑪𝟏 − 𝒎𝟐 𝑽𝑫𝑪𝟐 ) 𝒕 + 𝑰𝟏 (𝒕𝟐 )
𝑳𝒆𝒒
𝒏𝟐

, 𝒕 ∈ (𝒕𝟑 , 𝒕𝟒 )

𝒏𝟏
𝟏 (−𝒎𝟐 𝒏𝟐 𝑽𝑫𝑪𝟏 )⁄
𝒏𝟏
𝟐
(
𝑻𝒕𝒓𝒊 (𝒕 − 𝒕𝟑 ) + (𝒎𝟏 𝑽𝑫𝑪𝟏 − 𝒎𝟐 𝒏𝟐 𝑽𝑫𝑪𝟐 ) (𝒕 − 𝒕𝟑 )) + 𝑰𝟏 (𝒕𝟑 )
𝑳𝒆𝒒
{

𝑡1 = 𝑡(𝜙)

(49)

𝑡2 = 𝑡1 + 𝑇𝑡𝑟𝑖

(50)

𝑡3 = 1⁄2 𝑇𝑆 − 𝑇𝑡𝑟𝑖

(51)

𝑡4 = 1⁄2 𝑇𝑆

(52)

As the applied voltage is symmetrical, as illustrated in (46) and (47), so too is the equivalent
current derived in (48). That is, following 𝑡4 , the cycle repeats, with the signal inverted. By
integrating across a full period, 𝑇𝑆 , the resulting power transfer can be found, as shown in (53).

𝑃=

𝑚1 𝑚2

𝑛1
2
𝑉 𝑉
𝑛2 𝐷𝐶1 𝐷𝐶2 𝑡(𝜙) 𝑡(𝜙)2 𝑇𝑡𝑟𝑖
(
−
−
)
𝐿𝑒𝑞
2
𝑇𝐴𝐶
6𝑇𝐴𝐶

(53)

The result is a converter that can control power transfer in multiple ways. If a fixed output
voltage is desired, 𝑚1 , 𝑚2 , 𝑉𝐷𝐶1, and 𝑉𝐷𝐶2 can remain fixed and 𝜙 can be intentionally altered via
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control. On the other hand, if maximum power transfer is desired at a reduced input or output
voltage, 𝑚1 and 𝑚2 can be manipulated to reach the desired operating point.
Reductions in the size of SM capacitors can yield drastic results for improved power
density in conversion systems, as they typically compose almost 50% of the volume of DC-AC
MMC systems. The minimum required SM capacitance, Csm(min), for a three-phase MMC is
presented in [84]. Adjusting these equations for the single-phase case yields the expression given
in (54). Note that cos(ϕ) is the system power factor.

𝐶𝑠𝑚,𝑚𝑖𝑛 =

𝑃
𝑚𝑐𝑜𝑠𝜙 2
(1 −
)
2𝑁𝑚𝑉𝑐 𝛥𝑉𝑐 𝜔𝑐𝑜𝑠𝜙
2

(54)

Note that since the switching frequency is in the denominator, the capacitance is limited
by AC link frequency. In most traditional systems, this means that capacitors cannot be reduced,
with the exception of control pattern changes. Using the DC-DC MMC presented here, the AC
frequency and carrier frequency are both set to 1 MHz, such that the capacitance can be reduced
to 60,000 times smaller than the requisite DC-AC capacitance.
A balancing algorithm must be employed in all MMC designs in order to ensure that the
voltages stored on each SM capacitor are the same. Failure to maintain equivalent to do so can
result in extremely high voltages being applied across individual devices. Different methods
address this issue in both DC-AC and DC-DC MMC systems, the most prevalent being voltage
sorting insertion algorithms, natural balancing algorithms, and predictive control. Natural
balancing requires specific PWM techniques to function, while voltage sorting algorithms and
predictive control would be computationally intense for the MHz range system presented here
[84], [85].
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However, operating at high switching frequency allows this system to use a progressive
insertion scheme. This functions by swapping the insertion order on every AC cycle, without
measuring SM voltages. In slower systems, this results in extremely long settling times between
devices, preventing it from being a useful mechanism. However, because the system presented
here switches rapidly, convergence to a common voltage is extremely rapid, as shown in Fig. 4.

Figure 66. Progressive insertion method for voltage balancing between submodules

6.2

SYSTEM SIMULATION ANALYSIS

The DC-DC MMC system was simulated in MATLAB/SIMULINK using the PLEXIM blockset.
Circuit parameters were selected based on the system ratings required for a converter of 200 V
input, 600 V output, handling 2 kW. While this initial level is below the power and voltage goals
laid out in NASA’s technology roadmap, this project is designed as a scalable proof of concept
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upon which future, full power converters can be based. The circuit parameters are presented in
Table II.
Beyond ratings, however, it was critical to ensure first that the semiconductor devices
selected would not suffer from issues related to TID or SEE, and would exhibit minimal losses in
high frequency operation. As a result, the EPC2016c was chosen as a commercially available GaN
HEMT with a rated VDS of 100 V and ID of 18 A [86]. The conversion components are listed in
Table 2

Table 12. DC-DC MMC circuit parameters
Parameter
Total Power

Rating
2 kVA

Max VDC Input

200 V

Primary Current

10 A

Primary SMs per Arm

4

Primary SM voltage

50 V

Max VDC Output

600 V

Secondary Current

3.33 A

Secondary SMs per Arm

10

Secondary SM voltage

60 V

Primary CSM

2 nF

Secondary CSM

1 nF

Converter switching frequency

1 MHz

AC link frequency

1 MHz

The system was simulated using a fixed, stiff DC input source and a 2 kW load. The ferrite
transformer was simulated using an equivalent circuit model based on the extracted parameters
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presented in Table I. The resulting waveforms for the primary AC voltage and current can be seen
in Figure 67 and Figure 68, the secondary AC voltage and current can be seen in Figure 69 and
Figure 70, and the DC output can be seen in Figure 71 and Figure 72.

Figure 67. Voltage on primary side of DC-DC MMC AC link

Figure 68. Current on primary side of DC-DC MMC AC link
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Figure 69. Voltage on secondary side of DC-DC MMC AC link

Figure 70. Current on secondary side of DC-DC MMC AC link
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Figure 71. Voltage on DC-DC MMC output

Figure 72. Current on DC-DC MMC output

It can be seen that the converter achieves proper functionality and that the waveforms
closely approximate the theoretical equations presented earlier, accounting for losses and parasitics
in the simulated system. The switching and conduction losses for the EPC devices, using a 1 Ω
gate resistance were 106 W on the primary and 215 W on the secondary. Total losses included the
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modeled transformer were 342.6 W, for an efficiency of 82.9%. While low compared to a
traditional DAB system, the high frequency causes large switching losses, and this system displays
efficiency in line with other MHz range GaN-based converters [87], [88]. If efficiency is a larger
concern than volume, the frequency can be decreased at the expense of the transformer size, and
pushed easily above 90% [81], [83].
Finally, the functionality of the progressive balancing method for the SM voltages for the
primary and the secondary converters can be seen in Figure 73 and Figure 74. From these figures,
it is clear that the SMs converge quickly to the same voltage and remain charged to roughly the
same level at all times.

Figure 73. Capacitor voltage balancing in primary converter branch
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Figure 74. Capacitor voltage balancing in secondary converter branches

It is important to note that these simulated results can be scaled to achieve much higher
output voltages than have been evaluated here. In fact the upper limit of SM numbers, and thus
input and output voltage capability are only limited by turn-on times of devices and by
computational burden experienced by the controller

6.3

APPLICATION OF DC-DC MMCS FOR ANODE DISCHARGE POWER
MODULES IN SPACECRAFT SOLAR ELECTRIC PROPULSION

Solar Electric Propulsion (SEP) systems are becoming more prevalent in the design of both
missions beyond earth’s orbit and for satellite maneuvering and station keeping. SEP offers high
specific thrust (Isp), but at lower thrust than conventional propulsion methods, using fuel much
more efficiently to achieve a given change in velocity (∆V) [89]. This makes SEP particularly
useful for missions that aim to achieve large ∆V once in space, drastically reducing travel time
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within the solar system. SEP is also useful for smaller satellite missions orbiting earth, as it can
allow for station keeping and orbital changes while minimizing fuel requirements [90]. Because
of this, both Ion Propulsion and Hall Effect Propulsion (HEP) systems are desired by NASA that
achieve power levels in the 100 kW range and Isp of greater than 3000 s and 4000 s, respectively
[91].
For HEP, increasing the power density and Isp of the system can both be achieved by
increasing the voltage supplied to the anode of the thruster by the Anode Discharge Power Module
(ADPM) [89], [92]. Raising the voltage of the system directly correlates to a higher Isp, allowing
for reduction in requisite Xenon or Iodine mass [93]. Additionally, higher voltage at the same
power corresponds to higher power density in the ADPM through reduction in conductor size and
more efficient converter operation with certain topologies [94]. As the single largest component
in the Power Processing Unit (PPU), size reduction in the ADPM is crucial. Finally, it is beneficial
if ADPM designs are capable of parallel operation, such that a system might be scaled to
accommodate thrusters of any voltage or power rating. Because of that, NASA has stated that the
technology performance goal for next generation of PPU’s are systems that operate from an input
voltage of up to 250 V – 400V and achieve an output voltage of up to 1 kV, while being scalable
up to 100 kW [95]. However, achieving voltages in the kV range can be difficult in PPU’s due to
the impact of total ionizing dose (TID) and single event effects (SEE) on semiconductors in
spacecraft systems, which are more pronounced at higher drain to source voltage (Vds) [96], [97].
Because of this, significant additional device research into semiconductor devices technology may
be required in order to safely reach higher voltages in PPU systems.
To address the demand for higher voltage PPU systems for HEP this work proposes an
ADPM based on the DC-DC modular multilevel converter (MMC) topology, which enables the
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use of radiation resistant, low voltage, GaN HEMTs. The MMC divides voltage evenly across
multiple submodules, allowing devices rated for fractions of the total voltage to be used, avoiding
the TID and SEE effects seen in larger semiconductors. GaN HEMT devices in the lower voltage
range (<100V) show promise in being resistant to both TID and SEE. Additionally, highreliability, hermetically sealed GaN HEMT are now commercially available [98]. By combining
the voltage division capability of the DC-DC MMC with the radiation resistance of low voltage
GaN HEMTs, an ADPM is developed in this paper that demonstrates the capability for scalable
high voltage output from a variety of input levels, while exhibiting excellent projected power-tovolume and power-to-mass ratios. The converter can be designed with currently commercially
available components.
While DC-DC converters are prevalent in numerous systems, such as DC data centers, PV
systems, naval vessels, and more, the MMC is particularly applicable to a problem currently being
experienced with novel spacecraft propulsion systems. As described in NASA’s technology
roadmap, the driving converters for Hall Effect propulsion systems [99] are requiring high voltage
DC outputs. Specifications for GaN-based MMC solutions to the NASA’s current state of the art
and future needs are presented in Table 13.
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Table 13. NASA roadmap converter specifications

These voltages are not attainable using traditional Si MOSFETs or IGBTs. This is due to
the impact of Single Event Effects (SEEs), which can result in damage or catastrophic failure in
such devices. These events, which are most typically characterized as either Single Event Gate
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Rupture (SEGR) or Single Event Burnout (SEB), are caused by single energetic particles from
cosmic radiation striking a semiconductor [100].While these failure events have been troublesome
for Si devices in high-radiation environments, they have been experimentally shown to not be as
problematic for GaN HEMT device, which exhibit tolerance to both SEGR and SEB [101]. In high
radiation environments, SEEs become serious concerns for the physical operation of
semiconductor devices. Characterized as damaged caused by the passing of heavy ions through
the device when bias is applied in a given state, SEEs can result in permanent damage to the
semiconductor. While many forms of SEEs exist, the two most damaging and therefore most
concerning effects are SEGR and SEB, both of which result in permanent failure of the device. In
this section, both effects will be examined in terms of their physical occurrences in traditional
semiconductors. In the next section, experimental data will be presented demonstrating the
tolerance of AlGaN/GaN HEMT devices to these effects.
SEGR occurs when a high-energy ion traverses the semiconductor through the gate,
generating a plasma filament through the n-doped region that supports the gate oxide, damaging
the gate oxide insulation [102]. In the cylindrical region that is punched out by the passing of the
ion, generating both electrons and holes following the passage. While the traversing time of the
ion is on the order of ~0.3 ps, the electron-hole charge density can be as high as 105 C/cm2,
resulting in breakdown of the surrounding oxide insulation [103]. This process is illustrated in
Figure 75 for a Si MOSFET, and the resulting buildup of electric field on the gate metal is shown
in Figure 76. With sufficient voltage buildup, the device threshold will be exceeded, destroying
the gate of the device and preventing further use.
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Figure 75. Generation of electron-hole pairs in an oxide following heavy-Ion strike

Figure 76. Buildup of the electric field strength versus time for the passage of an ion

The other major mode of failure in high-radiation environments is SEB, which occurs when
a heavy-ion traverses the transistor structure through the source [102]. Induced turn-on occurs in
parasitic devices, which leads to device destruction when the device is biased in its off state. As
shown in Fig. 8, the parasitic bipolar transistor is inherent to the MOSFET structure, formed by
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the n+ source as the emitter, the p-body as the base and the n-epitaxial layer as the collector [104].
When this device turns on with sufficient bias voltage when the main MOSFET is in its OFF state,
the MOSFET responds as if it is an avalanche failure mode, exhibiting rapid voltage breakdown
of the material and resulting in destruction of the device. The likelihood of this occurrence
increases with higher applied VDS, requiring design engineers to use reduced VDS values of 65%75% for terrestrial applications, and down to 25% for spacecraft applications [102].
GaN HEMT devices have been experimentally shown over the last several years to exhibit
excellent resistance to both SEGR and SEB when exposed to heavy ionizing radiation.
Specifically, enhancement-mode devices, such as those produces by EPC [86], have been shown
to drastically out-perform their Si counterparts. In order to test these materials, for SEE
implications, they are bombarded with Au, Xe, and Kr at linear energy transfer values as high as
87.2 [105]. Analysis of the most recent generation of GaN HEMTs is shown in Fig. 10,
demonstrating both the improvement versus older versions of GaN HEMTs and the lack of derating requirements [105].

White – no failures
Light Grey – Continued function but
drain-source leakage exceeded rated
values
Black – Catastrophic device Failure

Figure 77. SEE capabilities of modern AlGaN/GaN HEMTS
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Thus by combining the radiation resistance inherent to GaN HEMTs with the modular
architecture provided by the DC-DC MMC, the high output voltages required by Hall Effect
propulsion systems can be achieved without detrimental device impacts.

6.4

HARDWARE IMPLEMENTATION

In order to operate the MMC systems described in Chapter 5 to function properly in the MHz
switching frequency proposed for the DC-DC MMC presented in this chapter, a number of changes
to the physical layout of the system are required. Specifically, a number of adjustments must be
made to reduce the PCB parasitic associated with the gate-source and gate-loop inductive paths of
the GaN submodules, such that the losses associated with the higher frequency are mitigated. To
that end, a new two-level DC-AC system has been designed, to serve as one of the conversion
arms for the DC-DC system, along with the planar transformer described in Chapter 4.
Additionally, as described in Chapter 3 it becomes more critical in high frequency operation to
reduce the parasitics associated with the gate-to-source loop.
To that end, a half bridge circuit has been designed that specifically reduces both the mutual
coupling in the paths from the gate driver to the top and bottom GaN HEMTs. To do so, a fourlayer configuration was used for each submodule, which is an adaptation of the layout presented
shown in Figure 78 [106]. By alternating layers for the loops, the coupling inductance between the
traces is reduced. However, as the final design for the DC-DC converter needs to mount
submodules on both sides of the converter PCB and requires high current paths on both the top
and bottom of the submodule, the submodule capacitance has been moved from the bottom of the
4-layer layout to the side of the half-bridge. While this slightly increases the drain-source loop
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inductance for both devices, the reduction of the inductance between submodules is a necessary
concession to achieve lower total loss in the converter.

Figure 78. Recommended gate layout for GaN HEMT half-bridge from EPC

The implementation of this gate loop strategy can be seen in the isolated submodule with key
components highlighted is shown in Figure 79. The submodule design allows for switching in the
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1 MHz range, with minimal delay due to the isolation and driving paths. The components for the
submodule are given in Table 15.

Figure 79. Isolated half-bridge PCB submodule layout

Table 14. Submodule integrated circuits for the developed test system
Device Type

Part Number

Voltage Rating

Current Rating

GaN HEMT

EPC2016c

100 V

18 A

Gate driver

LM5113

100 V

Signal and Power Isolator

ADUM6210

5V

This submodule was designed as a portion of a larger two-level inverter designed to operate up to
the MHz range on the AC output. The system was designed to be integrated with the transformers
described in Chapter 4 and can be seen with annotated elements in Figure 80 and the parameters
of the circuit components are given in Table 15.
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Figure 80. Annotated PCB layout of two-level isolated test system

Table 15. Parameters of MHz-range test converter
Parameter

Value

Units

Total Power

500

W

Max VDC Input

50

V

Primary Current

10

A

RG

1

Ω

CSM

1

nH

The system was energized up to 30 V on the DC input and was demonstrated to provide the desired
AC square wave output, as shown in Figure 81.
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Figure 81. AC output of MHz range test converter at 10 V DC input

The system has been shown as desired, achieving clean voltage outputs in the desired
frequency range. In order to evaluate the converter in a DC-DC configuration, ongoing research is
being performed by subsequent scholars at the University of Pittsburgh and results will be reported
on as soon as they are available.

6.5

CHAPTER SUMMARY

This chapter has presented the development and operation of a new DC-DC MMC for the purpose
of achieving high voltage and high power density in DC-DC conversion applications. The
proposed converter takes advantage of the voltage division properties of the MMC to enable the
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use of GaN HEMTs as the switching devices, presenting an alternative to Si and SiC for high
power, high voltage systems. Development of the analytical model and simulated system has been
presented. The simulated converter is shown to operate as desired, producing output matching
analytical predictions and operating at 83% efficiency when switched at 1 MHz. This converter is
a prototype and proof of concept project, designed to illustrate new methods to achieve high
voltage and power outputs in small volume converters. While this work presents a converter at 2
kW and 600 V output, the technology is scalable to reach much higher output voltages and power
levels.
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7.0

CONCLUSION

This document has presented two new adaptations of the modular multilevel converter, taking
advantage of the higher switching frequencies enabled by GaN HEMT devices to achieve high
density in power conversion electronics. The work contained within this document contains several
elements crucial to the design of multilevel high density power electronics. From gate drive
optimization and magnetic design to design and analysis of new converter architectures,
technologies have been demonstrated in the preceding chapters that will enable designers to
achieve higher output voltages and powers in smaller volumes than are achievable using
conventional converter topologies.
To achieve that goal, this work has presented two key enabling technologies for converter
development at switching frequencies in the hundreds of kilohertz to megahertz range. The first of
these tools that is discussed is a method of optimizing the gate resistance for GaN HEMT driver
loops based only on device characteristics and measurable or predictable printed circuit board
parameters. This, as presented in Chapter 3, is achieved by analyzing the turn on profile of GaN
HEMTs during various stages of turn on and developing a mathematical model based on the
equivalent circuit of the first sub stage. This work has shown that the first sub stage is sufficient
for capturing the worst case transient voltage expressed across the gate-to-source path of the
device, a result that has been validated using a hardware testbed with a GaN HEMT from EPC.
The derived method provides a tool for designers to choose a safety margin for the overshoot on a
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device and produces the optimal gate resistance value for that safety margin. By selecting a gate
resistance in this manner, a circuit can be developed that the turn on of the GaN HEMT is as rapid
as possible, while avoiding overshoot on the device. By ensuring this safe, rapid turn on of GaN
HEMTs, this tool enables the use of these devices in a variety of complex circuits without extensive
modeling requirements.
The other technology that this work develops specifically for switching at higher
frequencies is a set of planar ferrite transformers designed to operate in the low megahertz range.
The transformer design takes advantage of the material properties of Ferroxcube’s 3F4 MnZn
ferrite along with a planar core and PCB-integrated copper windings to achieve a high conversion
ratio and power handling capability in a small volume. However, significant analysis is required
to ensure that the material properties of the core are not exceeded by the excitation expected from
the converter. The work in Chapter 4 presented the development of the transformers to be used in
the converters proposed by this dissertation. To core and winding configurations were first
analytical modeled using geometric equivalents of the circuit. The resulting design was then
modeled using 2D finite element analysis to determine the ideal number of windings and
interleaving pattern for those windings within the PCB. Based on those results, a 3D finite element
model is presented for two transformers. The first has parallel connected windings on alternating
layers of a 10-layer PCB. The current is shared equally between layers to reduce winding losses.
However, the resulting flux density was shown to exceed the rated maximum value for the 3F4
material. Thus, the second design instead uses series-connected PCB windings, resulting in the
same conversion ratio with a much higher number of windings. This increased winding losses
while reducing the flux density experienced by the core and ensured that saturation was not
reached. Equivalent circuit parameters for these transformers were then extracted and compared
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to results obtained from impedance analysis performed on the developed hardware testbeds. The
resulting transformers parameters were used in the designs for the DC-DC MMC presented later
in Chapter 6.
Following the introduction of these two supporting technologies, the converter
architectures that are the focus of this work were presented. Both of the converters are based on
the modular multilevel converter architecture that is seen quite commonly in HVDC, MVDC, and
MV VSD systems. This topology is dependent on the simple principle of breaking large input and
output voltage and current levels into smaller voltages distributed across submodules. While that
is used in those high voltage systems to allow large IGBTs to reach hundreds or thousands of
kilovolts, it is applied in this work to reduce voltage levels to those switchable by GaN HEMT
devices. This adjustment allows for GaN HEMTs to be used in converter applications that demand
voltage ratings outside the capabilities of current GaN devices. The result are DC-AC and DC-DC
MMC systems that archive high voltage inputs and outputs while achieving the high power density
expected of converter systems using GaN as the switching device.
First, the DC-AC MMC is presented. Using a single-phase adaptation of the three-phase
architecture commonly used in HVDC systems, the converter enables the use of GaN HEMTs to
achieve very high efficiency at switching frequencies that are orders of magnitude higher than
those typically used in MMC architectures. This is dependent on a phase-shifted pulse width
modulation and a natural capacitor balancing algorithm that are discussed within the chapter.
Based on that configuration, an analytical model is developed to describe the circuit behavior of
the converter system. Using this, a simulated system is then developed using SIMULINK with the
PLEXIM plugin. Results for switching profiles and efficiencies were presented. Next, based on
those results, a specific application was discussed, focused on using the DC-AC MMC system as
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a variable speed drive in naval DC microgrids. The DC-AC MMC VSD was shown to provide
excellent voltage shaping and frequency control across the desired frequency spectrum. Finally, to
demonstrate the concepts behind this technology, hardware prototypes were developed to prove
first the submodule design and then the full converter arm. Both were shown to perform as
expected, with further development in terms of the hardware assembly of these complex compact
power circuits. The end result is a DC-AC MMC system that achieves conversion from higher
voltages than are supported by individual GaN devices and achieves a power density of 100 W/in3.
Finally, a DC-DC MMC based on similar technology is presented in Chapter 6. This
converter increases the frequency up to 1 MHz, drastically reducing both the size of the submodule
capacitance and the other energy storage elements in the system. The planar ferrite transformer
developed in Chapter 4 was used as the basis for the AC link and was reflected in analysis and
modeling of the system. In order to accommodate switching at those speeds, new modulation
methods were developed, combining quasi-square wave operation and nearest level modulation to
achieve an AC square wave with edge rates using only two switching events per submodule per
AC cycle, drastically reducing switching losses in the circuit. Similar to the DC-AC MMC system,
the DC-DC converter was mathematically analyzed, simulated using SIMULINK and PLEXIM,
and evaluated in hardware. First, however, it was established as a potential solution for anode
discharge power supplies in spacecraft solar electric propulsion, taking advantage of the reported
radiation resistance of GaN HEMTs and the MMC architecture to achieve high output voltages in
spacecraft applications. To verify the analysis, the hardware prototype was developed to
demonstrate the isolated GaN submodules in half of the DC-DC system. The converter was shown
to achieve the desired conversion at high frequency with minimal losses in the loop. The end result
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is a DC-DC MMC system that achieves excellent conversion ratio and high isolated output voltage
with high power density.
As a collective then, this work has demonstrated the use of GaN HEMT devices in modular
multilevel converter architectures, pushing the boundaries of both switching frequency and power
density in converters based on the MMC structure. Both the DC-AC and DC-DC MMC converters
presented within this work provide designers with alternatives to conventional power converters
and other high density topologies that allow for the achievement of both high voltage and high
power density in converter systems. With these converters topologies, along with the supporting
technologies discussed within this work and the unique control architectures of each converter,
new methods have been designed and presented for high density design. These topologies demand
further investigation, and as power conversion continues to push towards higher voltage,
frequency, efficiency, and density, designers must continue to push the boundaries of topology
development. This dissertation provides a first step in that direction and the converters here can be
used as building blocks for power conversion engineers in future pursuits.
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