ABSTRACT

RASTOGI, SAGAR KUMAR. Open-Circuit Fault Analysis for a Three-phase Dual Active
Bridge Converter: A Comprehensive Investigation of Mode Analysis, Transformer Behavior,
and Fault Diagnosis Techniques. (Under the direction of Subhashish Bhattacharya.)

The growing interest in electric vehicles has propelled the global electric vehicle industry
to exceed $200 billion. This surge in popularity has extended to heavy-duty vehicles, including
trucks and off-road mobility vehicles, which require substantial power for both propulsion and
auxiliary load systems. To address the inefficiencies of mechanical power delivery, a robust
power electronics solution is sought after.

Medium and heavy-duty vehicles account for 24.3% of total transportation energy use while
forming only 10% of the total US vehicle fleet. This presents significant opportunities for energy
and economic improvements through electrification. Different electric architectures, such as
mild-hybrid, full-hybrid, plug-in hybrid, fuel cell hybrid, and battery EV, have been explored for
heavy-duty vehicles. With the increasing power requirements, the voltage level of the powertrain
has seen a steady rise, with 800 V emerging as a new standard.

This thesis focuses on the development of a reliable DC-DC converter block for such an
application, with a particular emphasis on three-phase Dual-Active Bridge (DAB3)
converters. DAB converters offer advantages such as isolation between input and output, a
lower count of passive components, constant switching frequency operation, simple control
strategies, and wide-range soft-switched turn-on capability. However, the increased number of
devices in DAB3 converters poses challenges, including a higher risk of faults. Studies on the
reliability of power electronic converters have reported a 76% likelihood of semiconductor
device or gate driver circuit failure. These faults can be catastrophic to the converter system if
not diagnosed (detected and identified) in time to implement a fault-tolerant method for
continued operation at lower power.

The analysis of an open-circuit fault (OCF) for DAB circuits shows that it causes a dc bias
in the ac phase currents. These high currents, if left unchecked, can cause device overheating,
and/or transformer saturation. For DAB3, fault-tolerant strategies for an open-circuit fault
(OCF) have been reported in the literature. However, all those methods require the identification
of faulty transistors, and a reliable method to diagnose a fault has not been reported. To address
this issue, this thesis presents a comprehensive investigation and analysis of OCF operation and
diagnosis techniques for DAB3 converters.

The first part of the thesis covers analyses of both the normal mode and fault mode
operation of DAB3. Normal mode analysis explores the converter’s operating modes under

no-fault conditions, including Zero Voltage Switching (ZVS) and non-ZVS mode operation.



Fault mode analysis investigates the converter’s behavior when faults occur, encompassing
primary and secondary fault modes. It is found that for DAB3, the effect of a primary side
OCF is significantly more pronounced than a secondary side fault. Experimental results on a
scaled-down 5.5 kW/ 800 V/ 100 kHz prototype verify the analysis and reveal a new potential
benefit of DAB3 over DABI; i.e., even in the presence of a secondary-side OCF, the DAB3
may continue to operate normally at full load.

Additionally, the influence of dc-blocking capacitors on fault modes is studied. The dc
blocking capacitors are used in DAB circuits to prevent dc bias in ac phase currents and avoid
transformer saturation. The study shows that these capacitors do not block the dc¢ current
during fault transients, and an OCF can cause transformer saturation even on a circuit with
dc-blocking capacitors.

The second part of the thesis delves into transformer analysis under fault mode, investigating
the behavior of transformers during fault conditions. In the literature, transformer behavior and
saturation time under fault conditions for isolated power electronics converters have not been
reported. This crucial aspect has been addressed in this study, giving an analytical method to
determine the time to magnetic saturation and checking the efficacy of any fault diagnosis and
fault-tolerant method. The time to magnetic saturation sets the guideline for time available for
fault diagnosis and response. For the first time, experimental verification and B-H curves of a
switching converter under fault mode have been presented, validating the research findings. A
comparative analysis of three single-phase vs. single three-phase transformers is also presented,
highlighting the advantages and disadvantages of each solution.

The third part of the thesis explores fault diagnosis techniques using logic and vector
analysis. Unlike previously reported methods, the proposed techniques require only
low-bandwidth current sensing on only one side of the transformer to detect faults on either
side. It provides a cost and design benefit, especially in the case of a high-gain, high-power
converter, where it may be easier and economical to place the current sensors on the low
current side. Moreover, in DAB circuits, where current sensing is a norm for control and
protection purposes, the proposed algorithm can be deployed as a software update on the
existing hardware and does not require any hardware modifications.

The proposed fault diagnosis techniques are examined for both full and partial-load
operation scenarios. The impact of non-idealities on diagnosis techniques is studied, and
experimental validation of the proposed fault diagnosis techniques is provided. Furthermore,
the challenges and considerations for implementing fault diagnosis techniques in hardware are
also discussed. Even with considerable non-idealities, both techniques successfully diagnose
the fault in 3-5 switching cycles well within the time to magnetic saturation of 13 switching
cycles (130 s). The diagnosis time is low enough that it avoids the need for transformer

derating/oversizing and redesigning of the existing hardware.



Overall, this thesis contributes to the field of fault diagnosis in DAB converters by providing
a comprehensive analysis of mode behavior, transformer analysis, and fault diagnosis techniques
using logic and vectors. The research findings offer valuable insights for the development of
more robust and reliable power electronic systems, ensuring their continued advancement and

widespread adoption in heavy-duty vehicles as well as various other applications.
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Chapter 1

Introduction

1.1 Background

To keep up with the increasing demand for energy with a growing population and limited
resources, innovation to make technology more e cient is required. E ciency is not only
measured in terms of cost-to-energy ratio but also in terms of environmental impact. The
adoption of electric vehicles (EVs) is one big step in both these directions.

According to the U.S. Department of Energy (DOE), \EVs convert over 77% of the electrical
energy from the grid to power at the wheels. Conventional gasoline vehicles only convert about
12%{30% of the energy stored in gasoline to power at the wheels." [4]. This means that the
adoption of EVs can greatly help in conserving the depleting non-renewable resources of energy
like coal, oil, etc., and result in fuel savings at the same time.

According to the U.S. Environmental Protection Agency (EPA) (data shown in Fig. 1.1),
transportation emits more greenhouse gases than any other sector in the US [1]. This is
potentially a big reason that governments across the globe have been incentivizing the
adoption of EVs. The EV global market has seen steep growth in recent years. According to
Precedence Research, the current EV market (2022) is estimated to be abo®200 billion [5].

The current global transport service market (2022) is valued at$7.31 trillion [6]. Even though
the current global EV market is huge, it only forms 2.8% of the global transport service market.
To make EVs a more compelling option, much research is being conducted, be it charging, drive-
train, or energy storage [7{16]. Further, the EV market is expected to grow with a cumulative
annual growth rate (CAGR) of 23.1% (almost three times of the transportation sector - 8.1%)
and achieve$1.7 trillion value by 2032 [5].

Fig. 1.1 shows that heavy-duty vehicles result in 23.1% of GHG emissions from the
transportation sector. Moreover, freight transport consumed almost 45% of total transport
energy in 2009, and heavy-duty vehicles (HDV) form more than 50% of the freight



Figure 1.1: Data on US Greenhouse Gas Emissions Data by EPA (2023 report [1]).

transport [17]. Medium and heavy-duty vehicles account for 24.3% of total transportation
energy use [18] while forming only 10% of the total US vehicle eet [19]. Thus, the
electri cation of HDVs can result in a signi cant reduction in GHG emissions and better fuel
conservation.

With this background, the study focuses on the second part of transport electri cation -
the low-volume capital-intensive heavy-duty vehicles.

1.2 Motivation and relevance

1.2.1 Application

Technological advancement in propulsion systems and auxiliary power supply can substantially
contribute to energy e ciency and GHG reduction. Electri cation of HDV's propulsion system
requires overhauling of the complete drive-train [17]. Even though a fully electric power solution
may not be viable currently, the hybrid drive-trains have shown a lot of potential. Typically a
30-40% reduction in cost per mile can be achieved via hybridization [20]. Diesel-electric hybrid
power train in Deere 310E ADT can lead to engine downsizing from 9 L (330 kW) to 6.8 L
(224 kW) and  25% fuel savings.

Auxiliary power units provide power for auxiliary systems like a water pump, radiator
cooling fan, air compressor, air conditioning (A/C) compressor, condenser fan, an air brake scroll
compressor, environment control system (ECS), ight control actuators including rudders and
over-wing control surfaces [21,22]. The advantage of electri cation of the auxiliary power supply
is that it can be shut o when not in use or be used when the engine is shut o . Additionally,
it can be run optimally as per the load requirements resulting in better fuel economy.

Sunline Transit in California worked with the U.S. Army's National Automotive Center in
Michigan to install Hydrogenics' proton exchange membrane fuel cells (PEMFC) in a Peterbilt



(a) Mechanically driven alternator based conventional auxiliary power system.

(b) DC-DC converter-based proposed auxiliary power system.

Figure 1.2: Auxiliary power system in heavy-duty vehicles (a) Conventional solution, and (b)
Proposed solution.

truck. The two 10 kW fuel cell-powered auxiliary devices replaced mechanical engine belt-driven
devices to supply power at 42 V DC [23,24]. Southwest Research Institute evaluated the vehicle
in the laboratory and determined that a 13% increase in fuel economy was possible [21].

Fig. 1.2a shows an example of an auxiliary system where the conventional solution uses an
alternator-based system to provide the auxiliary power. The system is powered by the engine,
which is connected to the alternator shaft through a belt. This system is approximately 70%
e cient and involves a number of moving mechanical parts. The aim is to replace this auxiliary
system using a more e cient (> 95%), more reliable, and energy-dense power electronics solution
(as shown in Fig. 1.2b).

With rapid development in the EV industry, the 800 V power system inside the vehicle is



Table 1.1: Greenhouse gas (potential) savings

Power rating . Power usage
E ciency
(kW) (kW)
Alternator 15 70% 21.43
DC-DC converter 15 95% 15.79
Power savings| Lifetime | kWh Equivalent
(kW) (hours) | savings| CO, savings [26]
DC-DC converter 5.64 15,000 | 84,586 | 60 Metric tons

Equivalent savings of 13.3 gasoline-powered
passenger vehicles driven for a year or 30,458 kg of coal

emerging as the new standard [25]. The report proposes to replace the entire belt-driven 56 V
alternator system with a single stage of 800 V to 48 V DC-DC converter in an electri ed heavy-
duty vehicle (shown in Fig. 1.2b). A 15 kW module is designed, which can be paralleled to
achieve a higher power rating, as shown in Fig 1.3. The modular approach provides the bene t
of economy of scale by using the same module across multiple products and also redundancy
in case of failure of one module.

For the 15 kW example in Fig. 1.2b, replacing the 70% e cient alternator with a 95% dc-dc
converter can result in 84,586 kWh energy savings over 15,000 hr lifetime of the vehicle. Using
the US EPA's greenhouse gas equivalencies calculator [26], the estimat&2iO, savings would
be 60 metric tons, equivalent to 13.3 gasoline-powered passenger vehicles driven for one year,
or 30,458 kg of coal burned. The calculation of the potential greenhouse gas savings is shown in
Table 1.1. Note that the e ective e ciency of the DC-DC converter may be less than reported
in the table since it depends on how the input energy/electricity was sourced. If the input
energy was sourced from renewable energy like solar or wind, the e ective e ciency would be
95%. However, if it was sourced using non-renewable energy like coal, the e ective e ciency
would be less than 95%.

1.2.2 DC-DC converter topology

The 800 V to 48 V - 15 kW converter block presents interesting challenges. One challenge is to
make the converter compact to be put on a vehicle. Going to high frequency can greatly help
in reducing the passive components' size - inductors, capacitors, and transformers. Another
challenge is to have the voltage output (48 V) touch-safe. This can be realized by having
isolation (like a transformer) between the input and output of the converter.

To realize this power-dense high-e ciency converter, the topology of soft-switched DC-



Figure 1.3: Modular structure for higher power auxiliary power requirement. Multiple modules
can be connected in parallel to achieve a higher power rating.

DC converter Dual Active Bridge (DAB) is explored. This converter has found its application

in various systems like DC grid connections [27] and heavy-duty vehicles [28]. The converter
topology has been explored with WBG devices and employs a high-frequency transformer that
can provide a touch-safe output. The transformer-based topology also eases the realization of
a high voltage conversion ratio of 800 V to 48 V.

Its three-phase variant, referred to as three-phase DAB (DAB3) [29], is chosen to meet the
high power requirement. The three-phase topology allows higher power transfer given the same
semiconductor ratings. For example, for the application in Fig. 1.2b, the current rating of the
primary high-voltage side DAB1 device will be 27 A/16.5 Arms vs. 23.7 A/11 Arms for DAB3,
given the same 15 kW full load and maximum phase shift of 45 On the secondary low-voltage
side, the DAB1 device current will be 432 A/264 Arms vs. 379 A/176 Arms for DAB3, making
DAB3 a lucrative option.

Moreover, the input and output port frequency at the dc bus capacitor terminals in a DAB3
converter is 6 the switching frequency (fsw) vs. 2fy of DABIL. It results in reduced lItering
requirements for DAB3 vs. a DAB1 converter [30]. However, 12 active switches vs the 8 active
switches of DAB1 pose a reliability challenge.

1.2.3 Problem statement

Reliability is one of the cornerstones for successfully adopting any power conversion system,
including the DAB3 topology. It is critical to serving the ever-increasing demand for energy in
all sectors, including utility, industrial, commercial, transportation, and consumer electronics.
An industry-based survey in 2011 on reliability in power electronics reported that 15% of
component failures are related to the gate drivers, and 31% are related to the semiconductor



Figure 1.4:. Simulated Ta; SCF results show very high currents through the transistors and
inductors.

device failure [31]. The disproportionate failure rate of devices and their gate drivers has been
further exacerbated in recent years. In a 2018 survey, it was reported that 76% of failures

resulting in dysfunctional converter systems were attributed to semiconductor devices (57%) or

their gate drivers (19%) [32]. This survey was reported on dc-dc converters using Si-MOSFETS,
Si-IGBTSs, and SiC-MOSFETSs. These surveys highlight the relevance of addressing the faults in

a power electronics converter to mitigate high repair costs, component replacement, and system
downtime.

A comprehensive review paper in 2021 [33] classi es converter faults as parametric/soft
faults and catastrophic faults. The parametric/soft faults usually result from component aging;
however, more severe/catastrophic faults are attributed to short-circuit faults (SCF) and open-
circuit faults (OCF). The causes of these faults are discussed in [34,35]. SCF usually results from
gate oxide shortening or gate metal and source metal shortening. In contrast, OCF can result
from bond wire lifting, any failure in the gate driver circuitry, or SCF-induced ruptures. Since
both the SCF and OCF are catastrophic failures, fault diagnosis and fault-tolerant strategies
have been intensively studied for various converter topologies, compiled in [33, 36{38].

Fault diagnosis is a wider term that covers (a) fault detection, which is related to the study
of identifying the presence of a fault in the rst place, and (b) fault identi cation which is
related to the study of identifying the speci ¢ location of the fault for further processing. Fault
tolerance, on the other hand, is employed in order to ensure converter reliability and continuity
of service after the fault [33].



SCF in a voltage source converter (VSC) results in high over-currents, making detection
easier [33]. However, the sudden large inrush currents require high-speed detection. Therefore,
hardware protection has been integrated into the gate driving circuit as a standard design
[39{43]. OCF, on the other hand, has no standard design as its e ect varies for di erent converter
topologies. Therefore, this thesis mainly focuses on the OCF fault diagnosis method for the
converter.

An example of SCF in DAB3 was simulated at the rated speci cations in Table 2.2. The
primary side phase-A top switch (Ta1) was shorted to create an SCF condition. The simulated
device currents ofTa1; Ta2; Ta1; Ta2 and inductor current i are shown in Fig. 1.4. High currents
are observed in all the transistors. The inductor current rises to a catastrophic level as well, but
it happens slowly compared to the device currents because the inductor doesn't allow fast change
of current. SinceTa; has failed the DESAT protection of it will not be functional. However, the
other transistors' gate drive protection circuits will be able to detect the high current and shut
down the converter to prevent catastrophic failure. Note that the SCF simulation results show
upto5 10° A, which in practice will be limited by the saturation current of the semiconductor
in the fault current path, 250 A for the device in this thesis's hardware prototype (Part no:
CREE CCS050M12CM2). In comparison, the OCF currents stay under 20 A, as shown in
Chapter 2, Fig. 2.9a.

OCF for its single-phase variant (DAB1) has been extensively studied, and fault diagnosis
and fault tolerant studies have been reported in [2, 39, 44{48]. However, for its three-phase
variant (DAB3), only fault-tolerant operation is studied comprehensively in [49{51], and not
much literature has been reported on fault diagnosis. To address this research gap, this thesis
presents a comprehensive investigation and analysis of OCF operation, including transformer
study and diagnosis techniques for DAB3 converters.

1.2.4 Relevance

This thesis contributes to improving the reliability of power converters, pushing toward the goal
of their mass adoption and commercialization. The motivation for this work is derived from the
electri cation of the HDVs. However, the DAB3 topology is, in general, a popular topology for
any high-power, bidirectional, and isolated power conversion. Therefore, the study undertaken
in this thesis is of relevance to any of and not limited to the following applications.

" Solid-state transformers
~ Data-center and server power supplies
~ Telecom power supplies such as those for cell towers and other telecom applications

~ Automotive auxiliary power supplies



On-board EV chargers and o -board superchargers
Consumer electronics power supplies
Medium and high voltage dc grids

DC microgrid applications in rural communities, o shore oil and gas, and military
installations

Moreover, even though the examples and analysis were performed speci cally for a DAB3
converter, many of the concepts and methodologies used here can be extended to other power
electronic converters. For example, the transformer saturation study and experimental B-H

curve measurement can be extended to other isolated converters and are relevant in determining
the e ciency of any fault diagnosis and tolerant techniques.

Once the reliability at the converter level is improved, future work towards improving the
parallel combination of converters (Fig. 1.3) can be undertaken.

1.3

Key contributions

The key contributions of this thesis are listed below.

1.

Mode analysis of the DAB3 converter is provided for zero voltage switching (ZVS) and
non-ZVS operating modes to identify 18 unique conduction states in each. It helps in
understanding the conduction time of each transistor and diode.

. The e ect of an OCF of each of the 12 transistors is studied to identify a unique pattern

in ac phase currents' dc bias. It has been utilized to develop two fault diagnosis techniques
for DAB3.

The e ect of OCF on the three-phase isolation transformer is studied. The dc conduction
during fault transient shows the capability of using only sensors on only one side of the
transformer to detect faults on either side. It can provide a cost and design benet,
especially in high-power and high-gain converters, since the lower-rated current sensors
can be used on the low-current side.

An analytical guideline to determine the time to magnetic saturation is determined to
assess the e cacy of any fault diagnosis and tolerant techniques for isolated converters.

A comparison between three single-phase transformers vs. a single three-phase transformer
is made from size, fault operation, and cost perspectives.



6. A logic-based fault diagnosis technique is proposed, which can be realized using analog or
digital solutions. It only requires low-bandwidth current sensing only on the side of the
transformer.

7. A vector-based fault diagnosis technique is proposed, which a ords wide margins for
normal operation, fault detection, and identication, resulting in high-reliability
characteristics, noise immunity, and insensitivity to model uncertainties.

1.4 Summary of work and organization

The work in the thesis has been organized into six chapters. This chapter introduces the theme
and topic of the thesis. It gives the background and motivation for electrifying HDVs from a
cost and environmental perspective. It discusses the topology of choice, DAB3, for high-power
applications and the challenge of reliability with power electronic converters. It highlights the
relevance of work beyond its motivation and speci ¢ converter topology. The chapter ends with
a listing of key contributions within the thesis and its organization.

Chapter 2 begins with a literature review of the mode analysis of power converters with
a focus on normal and fault mode analysis of DAB-type circuits. The current and voltage
waveforms are analyzed to identify the 18 unigque conduction states in each of the operating
modes: ZVS and non-ZVS. A conduction state within a switching period is the state in which
a unigue combination of devices conducts. An OCF in DAB3 causes a volt-second imbalance
and generates a dc bias in the ac phase currents. By matching each transistor's conduction
time with the volt-seconds across the phase inductor, the impact of their failure is predicted,
and a unigue pattern corresponding to each transistor failure is determined. Mode analysis for
fault mode operation shows that the e ect of a primary side fault is more pronounced than a
secondary side fault.

This chapter also describes the hardware setup details used for experimental veri cation
throughout the thesis. The results con rm the predicted pattern obtained from mode analysis.
A simulation study with dc blocking capacitor is presented to show that the dc bias produced by
an OCF is not blocked by these capacitors during transient conditions and can cause transformer
saturation. It shows the relevance of the work for all DAB3 converters, with or without the dc
blocking capacitors.

Chapter 3 begins with a literature review of various attempts to realize a dc transformer.
It discusses the risk of transformer saturation when an OCF generates dc bias in the DAB3 ac
phase currents. A detailed analysis of the dc conduction of a transformer under fault transient
and the time to magnetic saturation is presented. Experimental results presented prove that
current sensing on one side of the transformer can detect dc bias/faults on both sides during



fault transient. The time to magnetic saturation sets the guideline for determining the time
available for fault diagnosis and response. The experimental B-H curves show the step-by-step
progression of the three-phase transformer cores to saturation.

Chapter 4 discusses the various fault diagnosis and fault tolerant strategies reported in the
literature for various converters. It utilizes the dc bias pattern in ac phase currents from mode
analysis and proposes a logic-based approach to diagnose the faulty transistor. Normal and fault
mode experimental results at full load and light load operating conditions are presented for unity
and non-unity voltage gain. The real-time detection signals are also presented. Extreme light
load conditions are presented and discussed in detail to identify the limitations of the proposed
method and the e ect of the transistor's parasitic capacitance.

Chapter 5 proposes a vector-based approach to diagnose the faulty transistor. It senses the
currents on one side of the transformer and transforms them fromabc to stationary
reference frame. It reduces the complex three-phase relationship of the dc bias pattern in
currents to a single point - the centroid (G) of currents averaged over a switching period - in
the reference frame. The space is divided into 13 non-overlapping regions based
on the angle and magnitude ofG, uniquely matched with each transistor fault and normal
operation. This technique a ords wide margins for normal operation, fault detection, and
identi cation, resulting in high-reliability characteristics, noise immunity, and insensitivity to
model uncertainties.

The simulation study presented shows the robustness of the proposed approach for
systems with extreme nonidealities, like dead time, device capacitance, inductor imbalance,
PWM imbalance, and turns ratio imbalance. Experimental results verify the proposed
technique over varying load and voltage operating points. The voltage vector-based approach
is also discussed. The limitations and the design considerations for the current and voltage
sensors are also discussed in detail.

In Chapter 6, a nal summary with concluding remarks is presented for each chapter and
contribution. A brief section also discusses the research gaps in the presented work, which may
be explored in the future. Finally, references that helped formulate the thesis are cited in the
order they are cited.

Lastly, brief supplementary discussions that may help the reader with replicating the work
described herein are appended. Appendix A lists the publications of the author. Appendix B
describes the steps to characterize a transformer. Appendix C discusses the measurement and
plotting of the B-H curves on a hardware prototype. Appendix D provides the various MATLAB
codes used in this thesis.
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Chapter 2

Mode analysis of DAB3

2.1 Literature review

Mode analysis of a switching power converter, in general, refers to a breakdown and analysis
of dierent operating modes of the converter. The mode analysis can be system-level to
understand the overall converter operation or highly detailed to understand the
instant-by-instant operation. In this thesis, the mode analysis refers to identifying the di erent
conduction states and conducting devices of the power converter during a full switching cycle.

The mode analysis of single-switch dc-dc converters, like Buck converters, is straightforward,
de ned by the duty cycle of the single switch. Multiple such converters and their analysis is
given in [52]. However, as the number of switches and passive components of the circuits starts
to increase, the mode analysis becomes complicated. The mode analysis of an n-switch single-
input multi-output converter is given in [53]. Identifying the conduction devices during di erent
states and their time of conduction not only helps in understanding converter operation but
also helps to predict converter behavior when any of the devices fail.

The dual active bridge (DAB) dc-dc converter was rst introduced in 1988 [54]. Over the
recent years, it has become a popular circuit topology for such applications such as electric
vehicles [55], energy storage systems [56], distributed energy systems [57], and solid-state
transformers [58]. It provides bene ts in terms of e ciency, power density, and ease of control
while operating with inherent soft switching (zero voltage switching) [29, 59{61]. Its
three-phase variant, referred to as three-phase DAB (DAB3) [29], has potential for higher
power applications such as that in DC grid connections [27] and heavy-duty vehicles [28]. For
the same semiconductor ratings, the DAB3 results in reduced Itering requirements, ac-link
current harmonics, and higher power transfer capability compared to the single-phase DAB
converter (DAB1) [30].

DAB1 consists of 8 switches, and their mode analysis during no-fault and fault mode

11



(@) (b)

Figure 2.1: Normal mode steady-state mode analysis of DABL1. (a) Schematics of the six
conduction states of DAB1 (gure from [2]). (b) The same information represented in the
new analytical form used in this thesis.

operations has been covered in [2,39,44,45,47,48,62{67]. An example of DAB1 mode analysis
from [2] during normal (no-fault) mode operation is shown in Fig. 2.1. Fig. 2.1a shows how
the current ows through the devices, highlighting the conducting device. The switching cycle

of an ideal DAB1 can be divided into six conduction, as shown. All six images can be simply
condensed without any loss of data in a form similar to that presented in this thesis, as shown
in 2.1b.

[44] analyzes a DAB1 with snubber capacitors and the ringing produced by them under
fault mode. [39,48] analyzed the DAB1 circuit operating with extended-phase-shift and triple-
phase-shift control, respectively. [62] adds a parallel combination of a capacitor and a fuse as
a modi cation to the standard DAB1 topology and uses mode analysis to explain the fault-
tolerant method. [47] analyzes the fault mode operation to identify a voltage pattern to diagnose
an open-circuit fault (OCF) and uses a residual neural network-based approach to denoise the
sensed voltage.

[45] analyzes the gate signal of the switches along with the pole voltages to propose an OCF
diagnostic circuit. [63,64] propose a modi ed DAB1 circuit with a center-tap-transformer and
use mode analysis to explain an OCF diagnosis and tolerant method, respectively. [65] uses a
combination of pole voltages and current to diagnose an OCF, and [66] also used mode analysis
to explain the OCF-tolerant operation. [67] analyzes a 2-level to 3-level DABL1 to propose a
OCF diagnosis and tolerant method.

An OCF-tolerant method for current-fed DAB3 is analyzed in [51]. However, in the
literature, the mode analysis of a standard DAB3 topology had not been reported. This type
of analysis for a DAB3 converter was published by the thesis author in [68,69], and the details

12



Figure 2.2: Schematic of the three-phase Dual Active Bridge.

are explained in the following sections of this chapter.

Moreover, applications like battery charging can have varying voltage levels. The system
constraints often result in operating conditions such that the voltage gain does not match the
transformer's turns ratio (Vin 6 n V). This can cause loss of zero voltage switching (ZVS)
at light loads [29]. Therefore, this thesis includes mode analyses for non-ZVS operation along
with the ZVS operation.

2.2 Normal mode analysis

The topology of DAB3 is shown in Fig. 2.2. It consists of two three-phase active bridges
connected through a transformer-inductor arrangement. The primary bridge inverts the dc
input voltage into high-frequency ac voltages. The ac voltages and currents are transformed as
per the turns ratio of the high-frequency transformer, which are then rectied by the
secondary-side bridge. For the scope of this thesis, the study has been presented for star-star
transformer connection. However, a similar study can be extended for star-delta and
delta-delta variations of DAB3.

A DAB3 is typically operated with 50% duty cycle for each phase-leg X', i.e., Tx1 and Tx»
are ON for 50% time period (Ts) and are complementary to each other. The gate signals for
di erent phase-legs in a bridge are shifted by 120with respect to each other. Typical waveforms
of voltages and currents under normal operation are shown in Fig. 2.3.

The power transfer of the DAB3 is dependent on the phase-shift angle () between the input
and output bridge. The converter can have two modes of operation 0 =3 and =3<

= 2. The power transfer equations for DAB3 are given by (2.1), whereD = nVou=Vin . For
reverse power transfer, the phase shift () is negative.

13



Figure 2.3: Gate signal, voltage, and current waveforms of the three-phase Dual Active Bridge.
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Under normal operation, the phase currents contain no dc bias and are shifted by 12Qvith
respect to one another. In ideal conditions, the switching time period {Ts) can be divided into
18 states based on the conducting devices. Fig. 2.4 and Fig. 2.5 show the current waveforms
under various normal mode operations of the DAB3. The relationship between the currents and
voltages across the phase inductors is given by (2.2).
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2.2.1 ZVS mode operation

Fig. 2.4 shows the ac phase current waveforms when both the bridges are in ZVS. Fig. 2.4a and
Fig. 2.4b shows the analysis for O =3 and =3< =2, respectively. In Fig. 2.4a,
primary side transistors conduct for 8/18 states, whereas, the secondary side transistors conduct
only for 1/18 states (Ta1 and Ty have been highlighted as examples). A similar disparity is
seen in Fig. 2.4b, where the primary side transistors conduct for 7/18 states and the secondary
side transistors conduct for only 2/18 states.

DAB3 is typically designed to operate with O = 3 since, for the same rated power,
the RMS currents increase, and the transformer utilization factor (real power/apparent power)
decreases if designed for=3 < =2 [70, 71]. Therefore, for the scope of this paper, the
waveform analyses are shown for O = 3. However, the proposed diagnosis technique is
valid for the full range (0 = 2), and the results are symmetric for the reverse power ow.

2.2.2 Non-ZVS mode operation

Certain applications, like battery charging, can have varying voltage levels. The system
constraints often result in operating conditions such that the voltage gain does not match the
transformer's turns ratio (Vin 6 n Vg). This can cause loss of ZVS at light loads [29]. For
boost operation (Vin < n Vo), if the current at t = 0 becomes positive, then the primary
bridge loses ZVS. For buck operation Vi, > n  Vyyu), if the current at t = T =2 becomes
negative, then the secondary bridge loses ZVS.

The analysis of current waveforms under these non-ZVS conditions is shown in Fig. 2.5a
and Fig. 2.5b, respectively. The primary side transistors conduct for 7/18 and 5/18 states, and
the secondary side transistors conduct for 4/18 and 2/ 18 states, respectively. Note that even
though the disparity between the number of primary and secondary side conducting states in
non-ZVS cases is less than in the ZVS case (Fig. 2.4a), it is still signi cant.

15
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Figure 2.4: Normal mode steady-state phase current waveforms when both bridges are in ZVS
@ o0 =3,and (b) =3< = 2. Each normal mode has 18 conduction states labeled
N1 to N18, identifying the conducting devices at various intervals of the switching time period

(Ts).

2.3 Fault mode analysis

Any component failure in the gate drive circuit of the transistor or the failing of the transistor
itself can lead to an OCF. The following assumptions are made to simplify the analysis.

1. Only one transistor fails open (stops switching).

2. The diode corresponding to the faulty transistor is functional, like in case of (a) an IGBT
or gate-drive failure in an IGBT-based system with anti-parallel diodes, and (b) gate-drive
failure in a system comprising of MOSFET, SiC-FET or GaN-HeMT with or without the
anti-parallel diodes.

3. The reverse conduction in the device is considered to be through the diode and represented
as a separate state. This allows the study to be valid for all types of semiconductor devices
(IGBT, MOSFET, SiC-FET or GaN-HEMT).

Fig. 2.4a shows the sequence of transistors conducting in each state under normal operation
of DAB3. On the primary side, each transistor conducts for 8 out of 18 conduction states,
and on the secondary side, each transistor conducts for only 1 out of 18 conduction states. It
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Figure 2.5: Normal mode steady-state phase current waveforms when (a) the primary bridge
is not in ZVS, and (b) the secondary bridge is not in ZVS, such that 0 =3.

indicates that the e ect of the primary side OCF will be more pronounced than the fault on
the secondary side.

Analysis of DAB1 presented in [2] (Fig. 2.1a) showed that the primary side transistor
conducts for 2 out of a total of 6 conduction states, and the secondary side transistor
conducts for 1 out of the 6 conduction states. Notice that the secondary side transistor
conducts proportionally for less time in DAB3 (Ts=18) than in DAB1 ( Ts=6). Therefore, the
e ect of the secondary side fault will be lower in DAB3 than in DAB1.

2.3.1 Primary fault

Fig. 2.6 shows the impact on the phase current waveforms when the primary sidda; is
faulted. The transient waveforms under fault mode are shown in the gure, neglecting the
circuit parasitic elements. A total of 15 new states of conduction a1 to E5 15 are observed.

For Ta1 fault, in states Ea 1, Ep2, Ea 3, and Ex4 the current io goes to zero, and the voltage
Vao, is are ection of V,0, since point A is oating. The positive volt-seconds acrossL o reduce,
and the current ip develops a negative dc bias. The currentsg and ic develop a positive dc
bias according to (2.2). Since phase-A has no path for positive currentia completely shifts
below the 0 A line, resulting in a large dc bias.
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Figure 2.6: Ta1 - Primary side open-circuit fault mode phase current waveforms of a DAB3
converter.

2.3.2 Secondary fault

For T, fault, the negative volt-seconds across 5 reduces, and the currenti o develops a positive
dc bias. The currentsig and ic develop a negative dc bias according to (2.2). Fig. 2.7 shows the
impact on the phase current waveform when the secondary sid&,; is faulted. No new states
of conduction are observed; however, state N11 is skipped.

Similarly, the dc bias pattern can be obtained for each of the twelve transistor failures and
is listed in Table 2.1. The dc bias pattern for the top and bottom transistors of each leg is
reversed, and the pattern is cyclic among the three phases. Each transistor failure in a bridge
has a unique current signature utilized to develop a fault identi cation technique in the next
section.

In DAB-type circuits, an OCF results in a dc bias in the transformer currents. This bias can
cause transformer saturation if appropriate margins are not incorporated in the design; it may
also result in overheating and over-current failures in components, causing catastrophic failure.
Operating a converter with an OCF can also increase the ripple current on the output dc bus
capacitor. PLECS simulation results for a DAB3 with operating parameters in Table 2.2 showed
a 35 increase in output capacitor RMS current (1.48 A! 5.25 A) for a primary side OCF
and a 21 increase in output capacitor RMS current (1.48 A! 3.17 A) for a secondary side
OCF. Note that if the faults are diagnosed and corrective action is taken spontaneously, then
the overcurrent conditions only last during the fault transient and may not require converter
derating/oversizing.
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Figure 2.7: Ta1 - Secondary side open-circuit fault mode phase current waveforms of a DAB3
converter.

Table 2.1: DC Bias pattern for Open-Circuit Fault

Primary Side Secondary Side
Faulty i i i Faulty i i i
Transistor A B ¢ Transistor A B €
Ta1 -+ o+ Ta1 + -
Taz + - - Taz -+ 4+
Te1 + -+ Tha -+ -
Ts2 -+ - Th2 + -+
Tca + o+ - Tea - -+

Tc2 - -+ Te2 + 4+

2.4 Experimental setup

2.4.1 Setup details

The experimental prototype of DAB3 was developed and tested at the rated speci cations listed
in Table 2.2. Fig. 2.8a shows the hardware prototype of the DAB3 converter. 1200 V Silicon
Carbide (SiC) three-phase modules (CREE's CCS050M12CM2 [72]) and gate driver (CREE's
CGD15FB45P1 [73]) were used for both primary and secondary side active bridges. Three single-
phase transformers were connected in star-star con guration, and external inductors were used
to realize the phase inductances.

The transformers were built using E65 cores of R-type MnzZn ferrite from Mag Inc
(OR46527EC) [3]. 16 turns of 16 AWG wire from CnC Tech with silicone insulation were used
for the primary and secondary windings (3135-16-1-0500-0XX-1-TS [74]), for 1:1 turns ratio
and Lhx = 2:5 mH. Three of 33 uH Bourns Inc. inductors 1140-330K-RC were connected in
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Table 2.2: Operating parameters

Parameter Symbol Value
Rated Power P 5.5 kW
Input Voltage Vin 800 V
Output Voltage Vout 1000 Vv/ 800 V/ 600 V
Turns Ratio n 1
Switching frequency fs 100 kHz
Phase Inductance Lx 78 pH
Magnetizing Inductance L mx 2.5 mH

parallel to realize a 71 uH external inductance. It is lower than 3 33 pH because of the
mutual coupling between the series inductors. This, in addition to the leakage inductance of
the transformer, resulted in the e ective per-phase inductance of 78.H.

Both input and output capacitance of 2.066 uF were realized using a parallel combination of
1 uF C4BSPBX4100ZAJJ [75] and 0.22 nF on gate driver board [73]. Aceinna's 20 A 1.5 MHz
current sensors (MCR1101-20-5 [76]) were used with current sensing with a 13.3 kHz RC lowpass
Iter. The rated switching frequency of the DAB3 was 100 kHz and Texas Instruments' DSP -
LAUNCHXL-F28379D was used for control and signal processing. The detailed considerations
of sensor design are presented in Chapter 4, Section 5.5.

8-channel oscilloscope Tekronix MSO58, 4-channel oscilloscope Tekronix DP02024, current
probes Tektronix TCPO030A, and di erential voltage probes Tektronix - P5205A, THDP0100
and THDP0200 were used to observe the signals.

2.4.2 Experimental veri cation
Normal mode Operation

Fig. 2.8b shows the normal operating waveforms of the phase currents at a rated power of
5.5 kW at 100 kHz switching frequency for 800 V to 800 V conversion. The phase currents
are balanced, and 120 phase shifted with respect to each other. The dc bias in the currents is
zero, and the phase shift of 48between the primary and secondary bridges of the converter is
observed (states N1+N2 in Fig. 2.4a). The e ciency of the converter is 97.2% at full load.

Primary fault mode Operation

Fig. 2.9a shows the phase current and their time-averaged ovefs waveforms when a primary
side fault is introduced at the phase-A top switch (Ta1). The averaged waveforms show the
dc bias in the phase currents under the fault mode. The current o shows a negative DC bias,
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