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Abstract

Isolated Mvdc Power Converters Using Wide Bandgap Technology

by

Amin Ashraf Gandomi

In this thesis, bidirectional isolated dc—dc converters are analyzed for MVDC
applications. Medium voltage dc (MVDC) is an attractive architecture for some
power systems including all-electric ship systems based on numerous advantages
including increased efficiency and reduced cost. The US Navy is investing in
MVDC technology for future shipboard power systems. In this dissertation, an
active 5-level T-type converter is used on the primary and secondary sides of a high-
frequency transformer. The modified T-type converter features higher efficiency,
fault tolerant capability, and smaller filter size compared to the common dual-active
bridge dc—dc converters. The operation of the proposed converter is optimized based
on minimizing power losses. For the optimization, the transformer core loss,
reactive power, and rms current are considered. Wide bandgap devices are used for
the minimization of semiconductor switching losses. A control method based on the
Fourier series and decomposition theorem is proposed. A fault-tolerant analysis is
carried out for this converter and post-fault switching methods are proposed for each

faulty condition. To reduce voltage overshoot, a laminated dc-link is designed, and

xii



a two-level turn-off method is used for operating frequencies around 75 kHz. The
steady state and dynamic operations of the proposed structure are verified through
experiments. In addition, a neural network-based fault diagnostic model is
developed. By applying feature selection methods, the model achieves an accuracy
of over 95%. The developed model is implemented in real-time to detect and locate
open-circuit failures of the switches. The detection duration for various types of

single and double failures ranges from 10 to 60 cycles.
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Chapter 1

1 Introduction

1.1 Medium voltage direct current (MVDC) systems overview

Medium Voltage Direct Current (MVDC) systems represent a variant of
electrical power transmission and distribution technology functioning within the
medium voltage spectrum, typically spanning from 1kV to 150kV. Unlike traditional
alternating current (AC) systems, MVDC systems utilize direct current (DC) for the
transmission and distribution of electrical power. Operating within medium voltage
levels, which bridge the gap between low voltage (LV) and high voltage (HV)
systems, the specific voltage level varies according to the system's unique
application and requirements. To ensure efficient power transmission and
distribution, MVDC systems necessitate specialized cables and substations. For
long-distance transmission, HVDC cables with insulation suitable for medium
voltage levels are employed, while MVDC substations facilitate the connection and
conversion of power between different voltage levels. Power electronic converters

play a pivotal role in MVDC systems, enabling the conversion between AC and DC



voltage levels and regulating power flow within the system. These converters
encompass various types, including ac-dc rectifiers for converting AC power into
DC power, dc-ac inverters for converting DC power back into AC power, and dc-dc
isolated or non-isolated converters for adjusting DC power levels. Additionally,
MVDC systems leverage different converter technologies tailored to specific
application requirements, such as line-commutated converters (LCCs) and voltage
source converters (VSCs). LCCs, relying on thyristor-based technology, are
prevalent in HVDC applications due to their high power handling capabilities, ideal
for long-distance transmission. Conversely, VSCs, employing insulated gate bipolar
transistors (IGBTs) or metal-oxide-semiconductor field-effect transistors
(MOSFETs), boast fast response times and precise voltage and frequency control,
making them suitable for MVDC applications. These systems incorporate advanced
protection and control mechanisms, including protective relays, circuit breakers, and
monitoring devices, to ensure safe and reliable operation by detecting and

addressing faults, overloads, and abnormal conditions within the system. [1]-[14].

MVDC systems present numerous advantages over conventional AC
systems, encompassing heightened efficiency, particularly evident in long-distance
transmission lines due to minimized losses, improved controllability, and stability
which facilitate precise regulation of voltage and frequency, as well as space and

cost savings achieved through the utilization of smaller conductors and reduced



insulation material. MVDC systems are applied across a broad spectrum of
industries and sectors, serving various purposes, including: 1- Renewable energy
integration: MVDC systems streamline the integration of renewable energy sources,
such as solar and wind power, into the grid by facilitating the transmission and
distribution of DC power; 2- Electric vehicle charging infrastructure: MVDC
technology supports the establishment of rapid-charging stations for electric
vehicles, thereby reducing charging durations and enabling bidirectional power flow
for vehicle-to-grid (V2G) applications; 3- Data centers: MVDC architectures
present energy-efficient solutions for power distribution in data centers, thereby
enhancing power quality and diminishing distribution losses; 4- Marine and offshore
applications: MVDC systems are employed in marine propulsion systems and
offshore platforms to ensure efficient power transmission and distribution,
particularly in environments where space is limited. MVDC power electronics play
a pivotal role in modernizing naval and shipboard power systems, offering
advantages such as [15], [16], [17] firstly, in terms of power conversion and
distribution, MVDC power electronics play a pivotal role in naval applications by
converting ac power generated by onboard generators or supplied from external
sources into dc power for distribution throughout the vessel. This conversion process
typically involves rectification using solid-state devices like diodes or thyristors to
transform ac to dc. Secondly, regarding efficiency and the reduction of losses,

MVDC power electronics offer superior efficiency compared to ac systems,



particularly over long transmission distances. By mitigating losses during power
conversion and distribution, MVDC systems optimize energy utilization and
minimize fuel consumption, resulting in cost savings and increased mission
endurance for naval vessels. Thirdly, with respect to modular and scalable design,
MVDC power electronics are crafted to be modular and scalable, enabling flexible
integration and expansion of power generation, distribution, and consumption
modules as operational requirements evolve. This modular design streamlines
maintenance, troubleshooting, and upgrades, reducing downtime and enhancing
system reliability and availability. Fourthly, concerning advanced control and
protection, MVDC power electronics incorporate sophisticated control algorithms
and protection schemes to ensure safe and reliable operation in challenging maritime
environments. These control systems facilitate precise regulation of voltage and
frequency, alongside supporting various operating modes such as grid-forming and
grid-following operation. Additionally, advanced fault detection and isolation
mechanisms help mitigate the impact of electrical faults and disturbances, ensuring
continuous power supply to critical onboard systems and equipment. Fifthly, in
terms of integration with energy storage systems, MVDC power electronics
facilitate the integration of energy storage systems (ESS) such as batteries and
supercapacitors to enhance system resilience and efficiency. Leveraging MVDC
technology enables naval vessels to optimize the use of renewable energy sources,

store excess energy during low-demand periods, and provide backup power during



emergencies or combat situations. Lastly, regarding the electrification of ship
systems, MVDC power electronics enable the electrification of various ship systems
including propulsion, auxiliary power, heating, ventilation, and air conditioning, and
weapon systems. Electrifying onboard systems reduces reliance on mechanical and
hydraulic systems, simplifies maintenance and logistics, and improves overall
system efficiency and performance [15]-[17]. In addition, alignment with
international standards: MVDC power electronics conform to established
international standards and guidelines, guaranteeing interoperability and
compatibility with systems and equipment from diverse manufacturers and vendors.
Noteworthy standards like IEEE 2030.10 and IEC 80005 offer comprehensive
directives for the design, implementation, and operation of MVDC systems in naval
and shipboard applications. Emphasizing safety, reliability, and efficiency, these
standards play a pivotal role in promoting uniformity and best practices within the

industry.

The US Navy is investing in MVDC technology for future shipboard power
systems [20], [21]. According to IEEE standard 1709, MVDC architectures for
shipboard applications can improve reliability, survivability and power quality [22].
In these applications, efficiency, power density and safety are important factors [23],
[24] that can be improved by specific power electronic topologies and devices.

Galvanic isolation is important in these topologies to mitigate electromagnetic



compatibility concerns and transform from MVDC to lower voltage levels. MVDC
systems in shipboard applications rely heavily on isolated dc-dc converters. These
converters should have fault tolerant capability to enhance the system reliability and
survivability. Figure 1.1 shows a general MVDC system in a shipboard zonal
application. The isolated dc-dc converter stages should have bidirectional power

flow capability.
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Figure 1.1 General MVDC system in shipboard zonal application.

1.2 Dc-dc converters overview in MVDC applications

Hereafter, dc-dc converters for medium voltage applications are going to

be reviewed. There are two general categories for dc-dc converters including non-



isolated and isolated structures. In [25], a non-isolated non-coupled inductor
modular structure for high voltage applications based on multi-input dc—dc
converter is presented. The presented topology benefits from continuous input
current. In [3] a bi-directional modular non-isolated dc—dc converter is presented.
This structure consists of a boost converter fed from the high-voltage (HV) side. At
the boost converter (BC) output stage, a certain number of half bridge submodules
(HBSMs) are connected across the BC switch. In the non-isolated converters, there
is no galvanic isolation between input and output and so these converters may have
lower weight, volume and power loss due to absence of transformers, while may

have problems of safety and fault tolerance.

In isolated dc-dec converters, high-frequency transformers provide galvanic
isolation which can eliminate ground faults and circuitous currents. Due to the
reduced component ratings and fault tolerant capabilities, modular structures are
gaining popularity in high power medium voltage applications. Much research in
the literature on isolated dc/dc converters relies on the dual-active bridge (DAB)
structure. At the same time, modular multilevel converters (MMCs) have become
significantly popular for medium-voltage applications in recent years. Also, there
are some other different types of converters based on MMCs and DABs in the

literature which have different properties in comparison to previous ones.



In [26], [27], single-phase half bridge-based isolated dc-dc converters are
proposed for medium voltage applications. The presented converter in [27] used
15kV 10A SiC MOSFEETs: in its structure. The switching frequency is 40 kHz with
2 us deadtime. This structure is shown in Figure 1.2. The efficiency of this structure
is 97% in this 6 kV prototype. Since this converter contains a single stage for 6 kV
applications, the voltage ranges of the switches need to be compatible. In [26], the
converter is based on two single phase half-bridge inverters in every side. By
considering the power flow in both sides with a voltage-clamping circuit or extra
switching devices and resonant components, unified zero-voltage switching was

achieved. Also, a prototype of 1.6-kW has been tested under full power in this work.
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Figure 1.2 Presented structure in [27]

In [28], [29], a bidirectional dual-active bridge DC-DC converters based

on full-bridge inverter are presented shown in Figure 1.3.



Converter 1 Converter 2

Figure 1.3 Presented structure in [28], [29]

This structure is a bidirectional isolated dc—dc converter including two
single-phase full-bridge converters and a 20 kHz transformer for medium voltage
applications. In this structure, power switching devices based on silicon carbide
(SiC) and/or gallium nitride can be considered. In [28], a 350 V and 10 kW dc—dc
converter is tested with the overall efficiency of input-output dc terminals as high as
97%. The common topology to use in each side of the isolated dc-dc converter is
full-bridge converter (FBC). This topology has straightforward dc bus
implementation and control method [30]. All power electronic switches in this
topology should withstand the full de-link voltage. This converter can produce a 3-
level voltage at the primary and secondary sides of the high-frequency transformer
with the maximum level of full dc-link voltage. In a single-phase dual-active bridge
converter to balance losses of conduction, switching, and magnetic under light,
medium, and heavy loading, a switching sequence is presented in [31]. Applying the

switching sequence causes to improve overall efficiency in this structure by enabling



soft switching. Also, this method can adjust the frequency to match the minimum

RMS transformer current in the full operating range.

Analytical analysis of the general multiphase isolated dc-dc topologies
based on half/full bridge inverters is done in [32]. This structure is shown in Figure
1.4. The multiphase single active bridge, dual-active bridge and series resonant
converters have been analyzed in this paper. Three-phase structures have been
resulted as an interesting option in comparison to all the analyzed topologies

regarding the number of phases for high power applications.

Figure 1.4 Presented structure in [32]
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In [33], a multi winding high-frequency transformer for modular cascaded
multilevel converter based on full-bridge inverter is presented for medium and high
voltage applications. Cascaded full-bridge inverters are used on both sides of the
transformer. In this structure that shown in Figure 1.5, by using the multi winding

transformer, voltage stress on the power electronic devises is decreased.

Primary Secondary
Windings _  Windings

v ik ] L |, @
{ 1K 4}

L 1 4 T |, {@
{ ¢ : G

HF Rectifiers

eln i

v a1 MWHF
Cascaded H-bridge RYSxCons transformer Load Converters

Rectifier (CHBR)

Isolated DC-DC converter

Figure 1.5 Presented structure in [33]

Figure 1.6 shows the input-series output-parallel high-frequency isolated
bidirectional DC-DC converter based on dual-active bridge inverter that is presented

in [34].
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Figure 1.6 Presented modular converter in [34].

This paper presents the structure of isolated bidirectional dc-dc converter
based on dual-active half-bridge inverter connected in series-input paralleled-output
for 20 kVA-solid state transformer. It is possible to use low-voltage metal-oxide-
semiconductor field-effect transistors (MOSFETs) with low on-state resistance in
this structure that resulted conduction losses. The merits of this structure are
bidirectional power flow, having high-frequency galvanic isolation, zero voltage
switching (ZVS) capability of all switching devices, and low switching losses even
with high-frequency operation. In this paper, 1kW converter modules with 50 kHz

switching are presented as experimental setup.

Other options for the converter stages in isolated dc-dc converters include

3-level topologies such as the neutral point clamped converter (NPC) and T-type

12



converter (TTC) shown in Figure 1.1. In [35], authors presented a three-phase DAB
converter based on the diode-clamped converter which uses 10 kV SiC MOSFETs.
The efficiency of this structure, consisting of lower voltage 1.2 kV SiC MOSFETs,
is near 98.33%. A dual-active structure based on neutral point clamped inverter
shown in Figure 1.7, is presented in [36]. 15-kV SiC insulated-gate bipolar
transistors are used in this structure. In the left side of the transformer, three phase
neutral point clamped inverter is used, while in the right side, three leg half bridge

inverters are utilized.

AL
]

AL
=
&
1
| S

Raps

et

Two Level Converters .
Star 1 HI ;

Figure 1.7 Presented three phase DAB structure in [36].

Three Level Converter HF Transformers

In[35] and [37], isolated dc-dc converters based on the NPC and TTC have
been presented. The voltage stress on the switches in the NPC is half of the full dc-

link voltage. In the TTC, voltage stress on the switches in main leg is equal to full

13



dc-link, while a middle bidirectional switch has voltage stress of half of the dc-link
voltage. The NPC and TTC in Figure 1.1 are half-bridge structures. Therefore, these
converters could not utilize the full de-link voltage. In addition, the implementation
of the dc-link in the NPCs and TTCs are slightly more difficult than the FBCs [38].
The TTCs are becoming popular in applications that require high reliability due to
their improved performance and fault-tolerant capabilities [39], [40], [41]. Also,
they have some other advantages including better electromagnetic compatibility

(EMC) and high efficiency [42], [43].

An isolated dc-dc modular multilevel converter (MMC) is shown in Figure
1.8 [44]. The control method to balance of the internal power storage components
in this topology is complicated. A MMC based structure is presented in [5] which
uses a lower number of switches for producing a set number of output voltage levels.
The [45] presents the control of isolated dc—dc modular multilevel converter. To
obtain the steady-state and small-signal models, the fundamental period averaging
method is applied. It is shown that the presented method can preserve the

information of model about the MMC structure.
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Figure 1.8 Presented structure in [44]

An isolated dc-dc dual-active modular multilevel converter for MV
application is investigated in [46]. This converter has several characteristics
including soft switching, small passive components and breaker-less MVDC
system. A lab scaled 40kHz, 3kW prototype was built in this work. In MMCs,
different types of control methods are presented to produce desired output voltage
and regulate the voltage of the capacitors. The control methods used mostly in
MMCs are phase shifted pulse width modulation (PSPWM) and phase disposition

PWM (PDPWM).

The paper in [47] presents a hybrid isolated dual-active dc—dc converter
that is shown in Figure 1.9. In this structure, three leg half bridge inverter is
combined with modular multilevel converter that has bidirectional and soft
switching capability. In this paper, a 50 kV/400 kV, 400 MW converter is simulated

to evaluate semiconductor losses.
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The [48] presents a hybrid isolated dc-dc modular multilevel converter
based on resonant mode for medium voltage applications. Figure 1.10 shows the
structure of the presented converter. Two other topologies based on main structure
are presented for balancing the voltage and current between the blocks. The voltage

balancing of the capacitors complicates the control method in this structure.
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Figure 1.10 Presented structure in [48].

A breaker-less shipboard medium-voltage dc (MVDC) system is gaining
more attention recently due to its advantage in dealing with a dc fault by using
switched-mode power modules and disconnectors. The most used structures in the
medium voltage applications are dual-active bridge converters and modular
multilevel converters that are shown in Figure 1.11 [49]. The structure shown in this
figure is investigated from the viewpoint of fault management. In this paper, fault

protection strategy of presented control algorithms have been developed.

MVDC BUS
Low Voltage Side (LVS) High Voltage Side (HVS) i

ocaus ||

|
|
! | :
Zomal i ; o
Loads Ul - w3 |+
= | Veuw (o
|
i

Figure 1.11 Hybrid modular multilevel converter in [49].
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The application of the multilevel converters results in some unique features
such as the operation in high power and medium-voltage ranges, the generation of
the high-quality output voltage with low total harmonic distortion (THD) and lower
static voltage on switches [50]. These superior properties have increased the

application of multilevel converters in isolated dc-dc converters.
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Chapter 2

2 Isolated T-type Dc-Dc Converter

In this chapter, several T-type based dc-dc converters are proposed. The

proposed structures are investigated in detail as follows:

2.1 Single-phase T-type inverter

A single-phase T-type inverter is shown in Fig. 2.1. This inverter has some
advantages of having higher efficiency and better EMI behavior in comparison to
full-bridge and neutral point clamped inverters [7]. Therefore, it will be used as a

main leg in the proposed converter.

VH(]) G,

Figure 2.1 The single-phase T-type inverter.

I
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This inverter can generate 3-level voltage with half of the dc-link in output
in comparison to the neutral point of the dc-link. Table 2.1 shows the switching

pattern for this inverter.

Table 2.1 Switching states in single-phase T-type inverter.

Output S1 S2 Sa1 S32
voltage level
VH 1 0 0 1
0 0 0 1 1
-VH 0 1 1 0

2.2 Single-phase modified T-type converter

In this section, a novel isolated dual-active de-dc converter is proposed.
The proposed structure is symmetrical. Each primary and secondary converter is a
5-level modified T-type converter. Using a 5-level converter on the higher voltage
side helps to decrease the dv/dt of the switches. Also, it helps to improve the quality
of voltages in the primary and secondary sides of transformer which leads to
decrease the size of filters. Also, by having these voltages with lower amount of total
harmonic distortion (THD), the better sinusoidal current can be achieved to pass
through transformer. In addition, using T-type converter helps to have fault tolerance
capability that helps to increase reliability of the system. Two primary and secondary

converters are connected through a high-frequency transformer that provides
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galvanic isolation. Power can transfer between these two converters by helping
leakage inductances of the transformer. In this application, based on availability of
neutral point of the dc-link as well as positive and negative rails in both primary and
secondary sides, the balancing issues of dc-links capacitors no longer exist. The

proposed dc-dc converter is shown in Figure 2.2.
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Figure 2.2 The proposed symmetrical 5-level dual-active dc-dc converter.

As seen in Figure 2.2, each primary and secondary converters comprises 3-
level T-type and a half bridge module. By adding a half bridge module to the 3-level
T-type converter, better dc-link utilization is achieved. This structure is completely
symmetrical and bidirectional. In transferring power from the primary to secondary
sides, the primary converter operates as a 5-level inverter and the secondary
converter operates as a full bridge rectifier. In the reverse power transferring from
the secondary to primary side, the secondary converter operates as a 5-level inverter
and the primary converter operates as a full bridge rectifier. Therefore, based on the
symmetrical operation of the proposed converter, it is only analyzed when the power

is transferred from the primary side to the secondary side.
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2.2.1 Modulation strategies

The switching pattern of the proposed converter to produce 5-level voltage
at the primary side of transformer and 3-level at the secondary side of transformer
is shown in Table 2.2. In the primary converter, first, by turning on switches S; and
Ss, the primary converter produces voltage of 2Vy at the primary side of transformer.
Second, switches S3;1, S32 and Ss are on and the voltage at the primary side of
transformer is Vu. Third, switches Sz and Ss are on, the primary voltage is zero. In
the secondary converter, by turning on switches T and Ts, the secondary converter
produces voltage of V, at the secondary side of transformer. It also produces zero
voltage at the secondary side of transformer by using switches T> and Ts. The same
pattern can be considered in the negative half cycle. Based on Table 2.2, there is a
redundant switching states to generate zero voltage at primary and secondary sides
that are useful for decreasing switching losses. Therefore, switches S4 and Ss operate
at fundamental frequency, while Si, Sz, S3.1 and S3 > operate at switching frequency

under healthy operation of the converter.
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Table 2.2 The switching state of the proposed dc-dc converter.

) Switches
Primary _ Secondary
Primary converter Secondary converter
voltage voltage
S1 | S2| Ss1 | Ss2 | Sa | Ss | To | Ta| Tax | Taz | Ta | Ts
2VH 110 0 1 0|1 - - - - - - -
VH 0|0 1 1 0|1 1 0 - - 0 1 Vo
0|1 1 0 o110 1 - - 0 1
0 0
110 0 1 1101 0 - - 110
-VH 0|0 1 1 11010 1 - - 110 - Vo
-2VH 0|1 1 0 110 - - - - - - -

In this work, different modulation methods are analyzed for the proposed

dc-dc converter that are described in detail as follows:

2.2.1.1 PWM modulation method

In this method, phase disposition pulse width modulation (PDPWM) is
applied for primary converter and sine PWM (SPWM) is applied for the secondary
converter. It is supposed that the load voltage is constant. The carriers and the
reference waveforms in the normal operation of the proposed converter are shown
in Figure 2.3. For the primary converter, there are two carriers with the same
frequency and same phase (C; and C>) where C; is from 0.5 to 1, while C> is from 0
to 0.5. Also, there is a level-shifted sinusoidal reference Ry. When the Ry is larger
than C;, Si is on and when the Ry is larger than C>, Sz is on. Switches Ss1 and S»

operate in complementary of S; and Ss, respectively. Also, switch S4 is on in the

23



negative half cycle, while switch Ss operates in the positive half cycle. For the
secondary converter, there is a carrier C3 with the amplitude of -1 to 1. Also, there
are two sinusoidal references R;; and Rz > with the same amplitude and same
frequency for each legs of (T1,T2) and (T4,Ts) respectively, where Ry, > is 180 degree
phase-shifted with respect to Rz ;. When Ry, ; is larger than C3, T; is on and when
Ry > is larger than Cs, T4 1s on. Switches T2 and Ts operate in complementary of T
and Ts, respectively. Also switches T3 and T3 are off in the normal operation of

converter that transfers power from primary side to secondary side.
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Figure 2.3 The PWM modulation method in the proposed dc-dc converter.

The control analysis of the converter using PWM method for both primary

and secondary converters is described as follows:

The equivalent circuit of an isolated dc-dc converter can be considered as
Figure 2.4. It is worth noticing that a simple equivalent model for transformer is

supposed. In this figure, v, vs and L, are the primary voltage, secondary voltage
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reflected to the primary side and equivalent inductance between two primary and

secondary converters including leakage inductances of the transformer.

— AC

DC
Higher
voltage

L!'
Lower
Ve vy voltage

side side

DC AC

Primary
converler

Secondary
converter

Figure 2.4 The equivalent circuit of DAB converter.
The fundamental value of primary voltage (v,) and secondary voltage

reflected to primary side (vs ) are calculated as follows.

v, (t) = 2myVy sin(wt) (2-1)

vi(t) = nm,V,sin (ot — 6) (2-2)

where, Vu, V,, 0 and n are each higher dc-links, regulated output voltage,
phase shift between the reference waveform of first leg of secondary side (Rz;) and
reference waveform of primary side (Ry) and turn ratio of transformer, respectively.

The current passes through transformer from primary to secondary is calculated as

bellow.

i(t) — i(0) = f twdt (2-3)
0
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By considering symmetry of converter operation in one switching cycle
and the average current of the equivalent inductor over one switching period should

be zero in steady state, (2-4) is resulted.

i (g) = —i(0) (2-4)

where w is angular frequency equal to 2zf.. Here, f. is base frequency.

Therefore, current can be derived as follows:

i (t) = Asin(wt + A,) (2-5)

cos(0)

2V, V 2VymyV,m
A:\/( f;mH)z_I_(o;nL)z_l_ H rIl{o L

(2-6)

2Vmy +—"—Lvm cos(6)

A=tan 1 —1 ” 2
—Dzﬂl*sin(e)

The average power during one switching period transfers from primary side

to secondary side, can be considered as follow:

1 T
P= T JO v, (t)i(t)dt (2-7)

where T = % is one fundamental period. Therefore, power is resulted as
[

follows.
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P =myVy cos(1) \/(ZVZmH)Z + (Vo;nL)z + ZVHm:%mL cos(9) (2-8)

Therefore, the control parameters are modulation index of primary
reference (my), modulation index of secondary references (m.) and phase shift of

Ry and Rz (6).

Therefore, the modulation indices my and my as well as angles 6 are
controlled such that minimum amount of total harmonic distortions (THD) are
obtained in the generated 5-level voltage at the primary side of transformer, 3-level
voltage of secondary side of transformer as well as producing desired output voltage

and maximizing the amount of transferred power.

2.2.1.2 Phase-shifted modulation method

In this method, quad phase-shifted modulation is applied to the proposed
converter. The primary voltage is 5-level voltage and the secondary voltage is 3-
level voltage. The load voltage is supposed to be constant in this analysis. Also, it is
supposed to have symmetrical voltages at the primary and secondary sides of
transformer. Therefore, there are two rising edges at the primary and one rising edge
at the secondary voltages. Moreover, fundamental voltages of the primary and

secondary voltages have 6 degree phase shift regarding to each other. Then, there
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are four degrees of freedom in this method. Figure 2.5 shows the primary voltage
and secondary voltage reflected to the primary, primary current and pulses of the
switches in this method. Based on this figure, the angles a; and a> which are related
to the primary voltage, are controlled such that minimum amount of total harmonic
distortion (THD) is obtained in the generated 5-level voltage at the primary side of
transformer. To obtain the lower amount of THD in primary current of transformer,
the rising edge of the secondary converter (a;3) is calculated. Also, 6 is calculated

based on the amount of transferring power.

29



Wy
Vy
0t

Vy
=2V
V. A

._;_ i »Ot
-V : . 4I
S} ‘|| |

:l [ I_] »Ot
S

T, : '
[ | .

1, AT _ » Ot

i [ ot

A X X
B L | ot

o a,
]Gf 2 L 2m

Figure 2.5 The phase-shifted modulation method in the proposed dc-dc converter.

The control goals are setting output dc voltage at the desired value as well
as minimizing the total harmonic distortion (THD) of the primary voltage of the
transformer. Two control parameters are the angles a; and a2 of the primary voltage.

The Fourier series of the primary voltage waveform can be written as (2-9).

30



V,(wt) = z % (cos(nay) + cos(na,)) sin(nwt) (2-9)

n=1,3,5,...

The fundamental and harmonics of voltage can be written as (2-10) and

(2-11), respectively.

Vpi1(wt) = %(cos(al) + cos(a,))sin(wt) (2-10)
O (2-1)
Vp(wt) — V1 (wt) = n_: (cos(na;) + cos(nay,)) sin(nwt)
n=3,5,7,.

Therefore, the THD of the primary voltage is calculated as follows:

\/213‘5‘7“"(% (cos(nay) + cos(na,)))? (2-12)

cos(ay) + cos(ay)

THDy, =

The angles a; and a2 are controlled such that minimum amount of THD is
obtained in the generated 5-level voltage at the primary side of the transformer. The
fundamental component voltage of secondary three-level voltage reflected to the

primary side is calculated as follows:

Vi

41; cos(az)sin(wt) (2-13)

Vs,lr(wt) =
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For optimal performance of the dc-dc converter, the fundamental values of
primary and reflected secondary voltages should be the same, therefore the angle a;

is calculated from (2-14).

Vi
nV;

a5 = cos~(—— (cos(a;) + cos(ay))) (2-14)

Where, V.," is the desired output voltage. @ is controlled based on desired
active power that needs to transfer from primary to secondary sides calculated from
(2-15).

Vi
Pp=——|0|(m—6 2-15
where, P,, fs and Ls are the output power, fundamental frequency, and

equivalent inductance between primary and secondary side converters.
2.2.1.3 Hybrid modulation method

In this method, PDPWM is applied to the primary converter and dual
phase-shifted modulation is applied to the secondary converter that is shown in
Figure 2.6. For the primary converter, there are two carriers with the same frequency
and same phase (C; and C>) where C; is from 0.5 to 1, while C is from 0 to 0.5.
Also, there is a level-shifted sinusoidal reference Ry. When the Ry is larger than Cy,

Si1 1s on and when the Ry is larger than C>, S3 is on. Switches S3 ;1 and S> operate in
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complementary of S and S3», respectively. Also switch S4 is on in the negative half
cycle, while switch Ss operates in the positive half cycle. Dual phase-shifted
modulation control method is applied to the secondary converter and this converter
operates as a controlled full-bridge rectifier. In other words, square-wave control
method with the 50% duty cycle is applied for secondary converter. The rising edge

of the first leg includes T and T has 8 — % degree phase shift regarding to Ry. The

switches T4 and Ts in the second leg operate in the complementary of T and T»,
with the phase shift of a, respectively. Therefore, the control parameters in this
method are modulation index (m), phase shift of primary and secondary fundamental

voltages (0) and phase shift between the two legs of secondary converter (a).
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Figure 2.6 The hybrid modulation method in the proposed dc-dc converter.
Based on Figure 2.6, the peak values of primary voltage (7)) and secondary

voltage referred to the primary side (V) are calculated as (2-16) and (2-17),

respectively.

V, =2mVy (2-16)

cos(a) (2-17)
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where Vy, V," and n are the upper (lower) dc-link voltage, load desired
voltage and turns ratio of the transformer. In this analysis, it is supposed that the
load voltage is constant. The active and reactive powers transfer from primary

converter to secondary converter are calculated as follows:

=% e (2-18)
= 2nfL, n®)

_ Wl 6) 4 (2-19)
Q= gnrL, 08O T

where f. and L; are the fundamental frequency and equivalent series
inductances between both converters, respectively. The goal of the control method
is maximizing the active power as well as minimizing the absolute value of reactive
power. Therefore, the cost function can be considered as follows:

!

P =" i 2-20

Therefore:
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| AmnVyVy cos(a) 2m2V3 |
m2f Ly TTfcLr
AmnVy V.’ cos(a
—~ o' cos( )sin(B))
™ el 221
0<m<1 (2-21)

0< <T[
S.to a 2

0<h<Z
2

Min

2.2.2 Proposed control method

The proposed 5-level modified T-type converter with available operating scenarios

is shown in Figure 2.7.
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Figure 2.7 Proposed converter with different operating scenarios.

In the normal operation (mode 1) when the power transfers from primary
to secondary side, the primary converter produces 5-level voltage by using six
different switching states, while the secondary converter produces 3-level voltage
by using four different switching states. By turning on switches S; and Ss, the
primary converter produces voltage of 2Vy at the primary side of the transformer
(Lp1). Next, switches Ss.1, S32 and Ss are on and the voltage at the primary side of
transformer is Vu (Lp2). When switches Sz and Ss are on, the produced voltage is
zero (Lp3). A similar pattern is considered in the negative half cycle (Lps- Lps). A
redundant switching state to generate zero voltage is useful for decreasing switching
loss. Therefore, the primary voltage can generate 5-level voltage of +2Vy, +Vn, 0, -
Vu and —2Vy at the output. In the secondary converter, by turning on switches T
and Ts, the voltage of V, is produced at the secondary side of the transformer (Ls1).
When switches T and T4 are on, the produced voltage is zero (Ls2). A similar pattern

is considered in the negative half cycle (Ls3- Ls4). In normal operation, the switches
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(S1, S3,1), (S2, S32), (S4, Ss), (T1, T2) and (T4, Ts) have complementary operations.
The switching concept in normal operation is shown in Figure 2.8. The waveforms
in this figure from top to bottom are the sawtooth carrier and control signals, the
primary voltage of the transformer (vp), secondary voltage of the transformer (vs)
and pulses of the switches (Si1, S3,1), (S2, S322), (S4, Ss), (T1, T2) and (T4, Ts). Also,
a1- og are the edges of the primary voltage, ;- f4+ are the edges of the secondary
voltage and 6 is the phase shift of secondary voltage. To avoid having even
harmonics and dc values in the primary and secondary voltages, the angles in Figure

2.8 should be calculated as follows:
As =T+ aq; Qg =TT+ ay; A7 =TT+ a3;03 =T+ y (2-22)

Bs=m+Py; Ba=PFr— T (2-23)

In Figure 2.8, D is the amplitude of the carrier and d;- ds are the control

signals to produce the pulses of switches and can be obtained as:

D D D
dy = ‘1’1%2 d, = (ﬁ1+9)§; d; = az%i
(2-24)
D D D
dy=azo—; ds = ayo—; de = (P2 +6)
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Figure 2.8 The switching strategy of the proposed converter in healthy

condition.
2.2.2.1 Fundamental analysis

In the normal operation, the fundamental value of periodic square voltages

of primary and secondary sides of transformer are calculated as follows:

vy(wt) = ZV%H(M) (cos(a,) + cos(a,) — cos(as) —
(2-25)

cos(a,))
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vs(wt) = w (cos(B;) — cos(B,)) (2-26)

w = 21f, (2-27)

where, v, and v’ are the primary square voltage and secondary square
voltage referred to the primary side, respectively. Also, Vu, Vo, n, w and f. are half
of the total dc-link, regulated output voltage, turn ratio of transformer, angular

frequency and fundamental frequency, respectively.

Generally, the primary current flowing from primary to secondary sides is

calculated as follows:

i(wt) —i(0) = [ LI g (2-28)

N

where Ly is the leakage inductances of the transformer. Based on this fact
that average current of the inductor should be zero in one fundamental period (7),

then:
i(m) = —i(0) (2-29)

The average amount of the active power transferred from the primary to

secondary in one fundamental period of 7 is calculated as follows.
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2T
Pavg = 57— fo v, (wb)i(wt) dot (2-30)

Therefore, the resulting transformer current and the transferred active and

reactive powers in normal condition are resulted as follows.

2
i(wt) = wrL, (nVOcos(a)t — 8)(cos(B,) — cos(B,))
— Vycos(wt)(cos(a,) + cos(a,) — cos(as) (2-31)
— cos(a,)))
P
(2-32)

_ 4nVyVs(cos(a,) + cos(a,) — cos(as) — cos(a,))(cos(B,) — cos(B,))
- wm?Ly

sin(0)

(2-33)
_ 4nVyV, (cos(ay) + cos(a,) — cos(as) — cos(a,))(cos(B;) — cos(B,))
wT?L

cos(9)

_ 4V (cos(a,) + cos(a,) — cos(ay) — cos(a,)))”
WL

For obtaining the higher efficiency, the losses of the converter should be
minimized. The losses in an isolated dc-dc converter include switching and
conduction losses of the switches in the primary side, core and winding losses of the
transformer and switching and conduction losses of the switches in the secondary

side. The Steinmetz equation is used to calculate the time-average core loss of the
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transformer per unit volume (P.) as follows [32]. Here, B. is the peak flux

amplitude.

P. = Z K. f& B V! (2-34)
x=1

K, o and f are the material parameters obtained from manufacture’s
datasheet or curve fitting (a, f > 1). In high-frequency operation, the core losses
will be higher. Therefore, by decreasing the values of harmonics in primary voltage

of the transformer, the core loss is decreased.

The winding loss of the transformer (P,) and conduction loss of the

MOSFETs (Puos) and diodes (Ppiode) can be calculated as follows:

PW = (Rwl + RWZ' nZ). igms (2-35)
Prmos = Rps,y- ibs (2-36)
PDiode = RF- iI% (2'37)

where, Rwi, Rw2, Rps ov and Rr are the primary winding resistance, the
secondary winding resistance, the resistance of MOSFET when it is conducting and

the resistance of diode when it enters conduction mode. Also, iyms, ips and ir are the
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root mean square (RMS) current of primary winding, each MOSFET and each diode.
Since ips and ir are directly related to i, by decreasing the RMS values of
transformer current, the winding and conduction losses are decreased. Therefore,
the weighted cost function to calculate the control parameters to have higher

efficiency is considered as (2-38).

Min (K;i + KoQ + KyTHDy, — KpP)
Vo=V
O<ay <oy <az<a,<m;
0<ﬁ1<ﬂz<n;0<9<§

(2-38)

where, V," is the regulated output voltage. Also, the K;, Ko, Ky and Kp are

the constant values to normalize the cost function. THDyy, is calculated as follows:

2 2 2
THDy, = Vb3 tVps Vs (2-39)

Vp1

2.2.2.2 Comprehensive analysis

The equivalent circuit of the proposed converter is depicted in Figure 2.9,
where v, vs" and Ls are the primary square voltage, secondary square voltage
referred to the primary side and the equivalent series and leakage inductances of the

transformer, respectively. Under normal operation, the primary voltage is 5-level,
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and the secondary voltage is 3-level. Each periodic square sources of v, and vs’ can
be considered as the summation of infinite sinusoidal ac sources (v,,x and vy, ") with

a Fourier series as follows:

vy (wt) = z Vpx = V, xSin(xwt) (2-40)
x=1,3,5 x=1,3,5
vs(wt) = Z Viy = Z Veysin(y(wt — 6)) (2-41)
y=1,3,5 y=1,3,5

where, 0 is the phase shift of the secondary voltage. The coefficients V),
and Vs, are the peak values of each order in primary and secondary voltages that

are calculated as follows:

2Vy

Vox = E(Cos(xal) + cos(xa,) — cos(xas) — cos(xa,)), X (2-42)
=13 ..
2nV,
Voy = yno (cos(yB;) —cos(yBy)), ¥ =13,.. (2-43)

where Vg and V, are the half of the total dc-link and regulated output
voltage, respectively. a; and a2 are the rising edges and a3 and a4 are the falling

edges of the positive half cycle of the primary voltage and f; and /> are the rising
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and falling edges of the positive half cycle of the secondary voltage, respectively.
As depicted in Figure 2.9, the current can flow between each two sources in primary
and secondary sides (ixy) and subsequently active and reactive powers (Px, and QOxy)

can transfer between them.

AC

Hu DA
A1epuodas

Primary

DC

Secondary
Converter

Primary

1P, 01

Vp} 1

: T v
n o n

y Vs It \,/=

VpJ 3

VpJ 5

Vpr 1

Figure 2.9 The equivalent circuit of the proposed converter and analysis principle.

The primary current is calculated as (2-44).

iy (wt) = Liw (_Zp‘x cos(xwt) + %cos(y(a)t — 9))) (2-44)

N
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In the case of x =y, the current can be considered as

e (wt) = Z Acos(xwt + tan=1(B)) (2-45)
x=1,3,5
4 = Y p)® + ()® = 2VpxVsx€OS (x6) (2-46)
xLsw

_ Vgusin (x0)
Ve cos(x0) = Vp

(2-47)

In the case of x # y, no active power transfers. If x = y, the transferred

active and reactive powers are calculated as (2-48) and (2-49), respectively.

VI
P, = 2% sin(x0), x =1,3,... (2-48)
2xLsw
Vpr;’x ( x) (2_49)
Qux = cos(x8) — Up) 1,3,.

2xLsw 2xLgw’

Let’s assume Vg, Vo, fe, L, n, a1, 02, a3, as and S are 500V, 500V, 48kHz,
100uH, 1, 10°, 45°, 130°, 160° and 140°, respectively. Figure 2.10(a) and (b) show
the current waveform when f; is 40° and 6 equals to 15° and 75°. It is shown that in

the case of @ equal to 15° the first order (i;;) has the highest value. When the
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harmonic order y is equal to 1 and x differs from 3 to 13 (i3; to is31), the current

values are almost the same and have second highest value. When the harmonic order

x is equal to 1 and y differs from 3 to 13 (i;3 to i7,13), the current values are about the

same and have third highest value. The others can be ignored. The same applies

when @ is 75°, the currents of i3; to i3 have the same and highest value, the i;; has

the second highest value and currents of i;3 to i;;3 have the same and third highest

value. Figure 2.11(a) and (b) show the active (P.x) and reactive (Ox) powers when

x varies from 1 to 13. In these figures, f; and 8 vary from 0 to 140 and 0 to 90,

respectively. Based on Figure 2.11, the fundamental values of active and reactive

powers are much more than other components, therefore only fundamental

component is considered.
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Figure 2.10 The current waveforms in the cases of 0 equal to (a) 15° and (b) 75°.
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Figure 2.11 (a) Active power (Pxx), (b) reactive power (Qxx); when x varies from 1
to 13.

The desired power in the isolated dc-dc converter is active power, while
the reactive power increases the losses. For utilizing the maximum possible capacity
of the converter, the amount of active power should be maximized while the reactive
power should be minimal. In addition, based on the loss analysis the RMS values of
the transformer’s current and THD of the primary voltage should be minimized to
obtain higher efficiency. There are seven control parameters of a;- a4, ;- f> and 0
in the normal operation of the proposed converter. The weighted cost function to

calculate the control parameters is considered as (2-50).

Min K;(iy1 + iy3 + i31) + KglQq1| + Ky THDy, — KpPyq
Vo=Vy
0<a; <ay<as<a,<T; (2-50)

T
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where

i11 — \/(Vp,l)z + (Vs,l)z B 2Vp,lvs,lcos (0) (2_51)
\/ELSa)
2
V,.Vs Vv
Q11 = 2 1cos 6 — Vo) (2-52)
2Lsw 2Lsw
Vp 1Vsll .
P11 = ———=sin(0) (2-53)
U 2Lw
2 2 2
THDy, = \/V”’3 s (2-54)
Vp — Vp,l

In (2-50), ¥, " is the regulated output voltage. Also, the K, Ko, Kyp and Kp
are constant values to normalize the cost function. The current waveforms of i;3 and

i3; are not sinusoidal waveform, but can be approximated as:

g = —B 2-55

li3 Lo ( )
Vs 1

o = —2 2-56

l31 Lo ( )
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It is worth noting that in (2-50), —/2 < 6 < 0 is for transferring power
from secondary to primary. For the operating point of Vg, Vo, f., L and n equal to

500V, 500V, 48kHz, 100uH and 1, for different values of V, between 100V to 1kV,

the optimization results are shown in Figure 2.12.

58
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Figure 2.12 The optimization results for different values of V.

2.2.3 DC-bus design

Figure 2.13 shows the current commutation loops (CCLs) in the proposed

converter.
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Figure 2.13 The current commutation loops in the proposed converter.

As shown in Figure 2.13, there are three CCLs as CCL/ and CCL?2 in the
inner loops and CCL3 in the outer loop. Lc is the inductance of dc-link capacitors,
Lp, Ln and Lm are the connection’s inductance, Ls is the switches inductance and
Lac is the connection’s inductance in the ac part. Lc and Ls can be minimized by
selecting proper capacitors and switches with the lower internal inductances. For
minimizing the Lp, Ln, Lm and Lac, a dc-link should be designed. In this work, a
dc-link is designed and simulated in Ansys Q3D that is shown in Figure 2.14. In this
figure, the bottom layer is a positive layer, the middle layer is negative, and the upper

layer is neutral layer.
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Figure 2.14 The designed dc-link in Ansys Q3D.

Figure 2.15 shows the detailed CAD designed of the proposed dc-link.
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The resistances and inductances in each layer are shown in Figure 2.16.

(0)
Figure 2.15 Detailed CAD designed of the proposed dc-link.
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Figure 2.16 (a) and (b) Self-inductances and their resistances (c) and (d)
inductances and resistances of CCLs; in the primary side of the converter.

Figure 2.17 shows the designed printed circuit board (PCB) for the dc-link

capacitors.
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(b)
Figure 2.17 PCB for the dc-link capacitors.

2.2.4 Heatsink design

A heatsink is designed based on the switches’ losses. For each device, an

acceptable maximum limit of the heatsink temperatures is resulted as (2-57) [28].

Ti_i = Qc_i X (Ry + Ry) + Ty < Ty (2-57)

where Qc.i, R1, R2, Tji, Th, and Tiimic are the power loss generated by the i

device, thermal resistance from junction to case, thermal resistance of the interface
between the case and the heatsink, temperature of the i device junction,
temperature of the heatsink and upper limit for the operating junction temperature
for that device. The required thermal resistance for the heatsink R is given in (2-58).

Here, 79 is the ambient temperature.
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T, — T,
R; = “h o (2-58)
Qc—i
The thermal characteristics of the active switches in this work were
modeled in the PLECS software package and based on that, the proposed converter
is simulated. The loss of 10 kW primary converter is 180 W for three modules. Here,

R> is zero. By considering the worst case of 0.125 °C/W for R;, Ty of 25 °C, and

maximum junction temperature of 150 °C, R; is resulted as 1.83 *C/W.

2.2.5 Fault tolerance analysis

In dual-active full bridge dc-dc converter, if one of the switches in the
primary or the secondary sides has open-circuit failure, this structure can’t continue
its operation and should completely shut down. The proposed converter in this work
has fault tolerant capability on the open-circuit failure of switches Si, Sz, S3,1 and
S3 from the primary side and switches Ti, T2, T3,1 and T3 from the secondary side

without any change in the blocking voltages of the remaining operating switches.

2.2.5.1 Fault tolerant analysis in PWM modulation

The proposed converter has fault tolerance capability in the case of open
circuit failure of switches Si, Sz, S3,1 and Sz from primary converter and T and T»

from secondary converter. This capability is analyzed in this section when PWM
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modulation is applied. For the other two modulations, the analysis is similar. In the
normal operation of the proposed structure, Si, Sz, S31 and S3» switches from
primary side are high-frequency switches, while S4 and Ss are low frequency
switches. In the proposed methodology, fault signals of Fs; and Fs» are one when
the fault is on switches Si and S, respectively. Also, the fault signal of Fs3 is one
for fault on switches S31 or S32. Moreover, in the secondary converter, Fs4 and Fss
are used for open circuit failures of switches T and T, respectively. When one of
the fault signals is one, the fault tolerant control methods are applied that

investigated in detail as follows:

In normal operation, there are six different switching states in the primary
converter and four different switching states in the secondary converter. The primary
and secondary voltages are 5-level and 3-level PWM voltages that can transfer
power by using series leakage inductors of high-frequency transformer. Output
voltage is regulated by using two series output capacitors Cri and Cro. It is supposed

to have resistive load in this analysis.

In the first step (Fs1=1), it is supposed that an open-circuit fault happens on
switch Si. The available switching states in primary side will be three, while the
secondary side has its four normal switching states. The primary converter can
generate 3-level PWM voltages of —Vy, 0 and Vi by using the switches Sz, S3», S4

and Ss. In the modulation method of this step, two rectified (Ry;) and normal (Rz2)
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sinusoidal are used as reference waveforms. There are two carriers C; and C> with
the amplitudes between 0.5 to 1 and 0 to 0.5 respectively, that C> is 180 degrees out
of phase in respect to C;. When Ry is larger than carrier C;, S3 is on and S, operates
in the complementary of S3,. Also, when Rpz2 is larger than carrier C», S4 is on and
Ss operates in the complementary of S4. Switch S3 1 is on. The secondary converter

has its normal operation.

In the second step (Fs2=1), it is supposed that an open circuit fault happens
on switch Sz. The available switching states in primary side will be three, while the
secondary side has its four normal switching states. The primary converter can
generate 3-level PWM voltage of —Vy, 0 and Vg by using the switches S1, S31, S4
and Ss. The concept of the modulation method is like the first step. When Ru; is
larger than carrier C;, S3;1 is on and S; operates in the complementary of S3 1. Also,
when Rpz2 is larger than carrier C», Ss is on and S4 operates in complementary of Ss.

Switch Sz is on. The secondary converter has its normal operation.

In the third step (Fs3=1), it is supposed that an open circuit fault happens
on switch S3;1 or S3». The available switching states in primary side will be four,
while secondary side has its four normal switching states. The primary converter
can generate 3-level PWM voltage of -2V, 0 and 2V by using the switches Si, S,
S4 and Ss. In the modulation method of the primary converter, there are two

sinusoidal references, Rn; and Ry that have 180 degrees phase-shifted regarding to
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each other. There is a carrier C; with the amplitude -1 to 1. When Ry, is larger than
carrier Cy, St is on and when Ry is larger than carrier C>, S4 is on. Switches S; and
Ss operate in complementary of S; and S4 respectively. The secondary converter has

its normal operation.

In the fourth step (Fss=1), it is supposed that an open-circuit fault happens
on switch Ti. The available switching states in secondary side will be three, while
the primary side has its six normal switching states. The primary converter can
generate 5-level PWM voltages of —2Vy, 0 and 2Vp. In the modulation method of
the secondary converter, there are two rectified (Rz;) and normal (R;2) sinusoidal
references. Also, two carriers C3 and Cs with the amplitudes between 0.5 to 1 and 0
to 0.5 are used respectively, that Cy is 180 degrees out of phase in respect to Cs.
When Ry, is larger than carrier Cs, T3 is on and T operates in complementary of
T3,. Also, when Ry is larger than Cy, T4 is on and Ts operates in complementary of

T4. Switch T3 1 is on.

Finally in the fifth step (Fss=1), it is supposed that an open-circuit fault
happens on switch T,. The available switching states and produced voltages are
similar to step four. When Ry, is larger than carrier C3, T3 is on and T operates in
complementary of T3,;. Also, when Ry is larger than Cy, Ts is on and T4 operates in
complementary of Ts. Switch T3, is on. The time constant of charging capacitors

Cr,1 and Cr_. depend on the switches’ resistance, while their discharging time
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constant depends on the load resistance which is much higher than switches’
resistance. Therefore, the proposed converter can operate properly. Therefore, by
adjusting the modulation method in the faulty condition, the proposed converter has

compatibility to transfer power to the load. The complete modulation algorithm is

shown in Figure 2.18.
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Figure 2.18 Fault tolerance operation of the proposed converter in PWM

modulation method.

2.2.6 Fault tolerant analysis in square-wave modulation

First, let’s assume an open-circuit fault occurs on switch S or S, (mode 2).
The primary converter has three switching states and produces 3-level voltage of
+VH, 0 and —Vy at the primary side of the transformer by using switches S», S3 1,

S32, Sa4, Ss (fault on S1) or Si, S3,1, S32, S4 and Ss (fault on S;). They are shown in
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Figure 2.19(a) and (b). In mode 3, it is assumed that open-circuit faults are on both
switches S1 and S, simultaneously. The primary converter has two switching states
and produces 2-level voltage of +Vu and —Vy by using switches S3 1, S32, S4 and Ss
(Figure 2.19(c)). In mode 4, the open circuit fault is on switch S31 or Sz or both.
The primary converter operates as full bridge inverter and produces 3-level voltage
of +2Vy, 0 and —2Vy by using switches S1, Sz, S4 and Ss (Figure 2.19(d)). In these
modes, the secondary converter has its four switching states as normal operation. In
mode 5, assuming an open circuit fault on switch T or T», the secondary converter
has three switching states and produces 3-level voltage of +V,, 0 and —V, at the
secondary side of the transformer by using switches T2, T3,1, T32, T4, Ts (fault on T1)
or Ty, T3,1, T32, T4, Ts (fault on T2). They are shown in Figure 2.19(e) and (f). Finally,
in mode 6, in the case of open circuit failure on switches T and T, the secondary
converter has two switching states and produces 2-level voltage of +Vu and —Vu by
using switches T31, T3z, T4 and Ts (Figure 2.19(g)). In modes 5 and 6, the primary

converter has its normal operation.
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Figure 2.19 Available operating scenarios of the proposed converter in the open
circuit fault on (a) switch Si, (b) switch Sz, (¢) switches S; and Sz, (d) switches S3 1
and S3; (e) switch Ty, (f) switch T> and (g) switches T and T».

The switching concept in each mode of faulty conditions is also shown in

Figure 2.20.
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Figure 2.20 Switching strategy of the proposed converter in open circuit faults of
(a) S1or Sz (b) St and Sz (c) S3,1 or/and Sz (d) Ty or T2 (e) T1 and T>

Table 2.3 shows the transferred active and reactive powers in the faulty
operations of the proposed converter. The desired power in the isolated dc-dc
converter is active power, while the reactive power increases the losses. For utilizing
the maximum possible capacity of the converter, the amount of reactive power
should be minimal. In addition, based on the loss analysis, the RMS values of the
transformer’s current and THD of the primary voltage should be minimized to obtain
higher efficiency. There are seven control angles of a; — a4, 1, B2, and 6 in the
normal operation of the proposed converter. The weighted cost function to calculate

the control angles is considered as (2-59). Here, V" is the desired output voltage and
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P* as a nonlinear constraint is the converter’s power. The K;, K,, and Kyp are

constant values to normalize the cost function.

{Min (K:I? + KoQ* + KypHip)
W=V, P=P
O0<a; <o, <az3<a,<T;

(2-59)

T

In (2-59), I is the peak value of the primary current of the transformer. Also,
Hyp is the THD of the primary voltage that three dominant harmonics are

considered.

- Jw + @2 = 2005 (0) 2-60)
- \/ELSa)

(2-61)

Vs is the peak amount of voltage in (2-60). Also, V,,; for i equal to 3, 5, 7

are calculated as:

v, = Zﬁ cos(ia;) + cos(ia,) =357 (2-62)
g im 1= cos(iaz) — cos(iay,)
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Table 2.3 Formulas of transferred active and reactive powers in the faulty

conditions.
Operation Active power (P) and reactive power (Q)
b 4nVyV, (cos(a,) — co;gro;i)(coswl) — cos(3,)) sin(6)
Scenariol  |Q = 4nVyV, (cos(ay) — co:;%z)s)(cos(ﬁl) — cos(3,)) cos(9)
_ 4(Vu(cos(a,) — cos(a,)))’
wn?L
- b 8nV1-1Vo(C02)(T[[32125— cos(B,)) sin(8)
cenario 2 o 8nVH%(COZ)(5212: cos(B,)) cos(8) — %I:H;
| b 8nVy Vs (cos(a,) — Co;g:gi)(coswl) — cos(B,)) sin(6)
Scenario 3 0- 8nVyV, (cos(a,) — Co:;ogi)(coswl) — cos(B,)) cos(8) — if;i
b 2nVyVo(cos(a,) + cos(a,) — CO:S;SL)S_ cos(a,))(cos(B,) — cos(B,)) sin(6)
Scenario4 | = 2nViVo(cos(a,) + cos(ay) — CO:)?(T(?,L)S— cos(a,))(cos(;) — cos(B,)) cos(6)
_ 4V (cos(ay) + cos(a,) — cos(ay) — cos(a,)))?
wTm?Lg
b 4nVyV (cos(ay) + coz)(zzzzs— cos(a;) — cos(a,)) sin(6)
Scenario 5 _ 4nVyVo(cos(ay) + COZ)(:;L_ cos(a;) — cos(a,)) cos(6)
_ 4V (cos(ay) + cos(a,) — cos(ay) — cos(a,)))?

wm?L

To obtain the formulas of current, active and reactive powers, and cost

function in each faulty conditions, the control angles can be considered as Table 2.4.

Based on this table, Table 2.3 is updated and active and reactive powers’ formulas

are resulted in the faulty conditions.
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Table 2.4 Control angles in faulty conditions.

Operation Control angles Conditions
Scenario 1 Ay, Ay, Pr, P2, 0 a, = asz
0(1 = 0
Scenario 2 B, B2, 0 a = as
0(4 =T
. a1 = az
Scenario 3 ay, a3, P1, B2, 0
a3 = Ay
Scenario 4 ay — ay, 1, B2, 0 -
=0
Scenario 5 a, —a,, 0 A
B,=m

2.2.1 Comparison

The most common isolated dc-dc converter is dual-active bridge (DAB)
converter [28] and is chosen to compare with the proposed converter. It is important
to note that the DAB converter is a 3L-3L converter, while the proposed converter
in normal operation is SL-3L. A 3-level voltage waveform in the primary side of the
converter has higher THD compared to a 5-level voltage resulting in increased core
and winding losses of the transformer as well as conduction losses of the switches
and diodes. The other advantage of the proposed converter in comparison to the
DAB converter is fault-tolerance capability. In the DAB converter, if one of the
switches on the primary or secondary sides has an open-circuit failure (OCF), the

converter cannot continue operation. However, the proposed converter has fault-
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tolerant capability under the OCF of switches S1, S2, S3,1, S3,2 from the primary
side and switches T1, T2, T3,1, T3,2 from the secondary side without any changes
to the blocking voltages of the remaining operating switches. The fault-tolerant
capability of the proposed converter increases the reliability of the system. In high-
frequency applications, high-frequency radiated and conducted emissions can lead
to unacceptable responses. Fast switching generates the transient current (di/dt) and
transient voltage (dv/dt) which is known as EMI. The main sources of the conducted
EMI include the nonlinear behavior of semiconductor devices in power converters,
parasitic elements and nonlinear control components that results in interference with
other electronic systems [52]. Based on the electromagnetic compatibility (EMC)
standards, an EMI filter is necessary to filter these noises, particularly in the case of
using wide band gap devices with high conducted and radiated EMI emissions at
high frequencies. Due to better estimate the EMI filter performance, Fast Fourier
Transformation (FFT) technique is applied on the primary voltage to convert the
time-domain waveform to frequency domain spectrum. Based on the FFT results of
the primary voltage waveforms for the proposed and DAB converters, the THD of
primary voltage in the proposed converter is lower. Hence, the proposed converter

can have the smaller EMI filter. Table 2.5 summarizes this comparison.
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Table 2.5 Comparison of the proposed converter and DAB.

Converter THD of primary | Core loss Winding and EMI Fault
voltage conduction losses filter tolerant
DAB Higher Higher Higher Larger No
Proposed Lower Lower Lower Smaller Yes

Table 2.6 shows the comparison between the proposed converter and other
high efficiency isolated dc-dc converters in the literature [27], [28], [53]-[60]. As is
shown in this table, the efficiency of the proposed converter with the hard switching

is comparable with other topologies with soft switching modulation.

Table 2.6 Comparison of the proposed converter and [27], [28], [53]-[60]

Topology Voltage ratio Efficiency Switches Freq.
(W/%) (kHz)

Flyback [9] 300/300 750/96.4 Reverse-blocking 22.4

Resonant [34] 400/48 580/94 Si MOSFET 100

Resonant [35] 400/48 480/96 Si MOSFET ~100

Half bridge [36] 48/48 500/97 Si MOSFET 200

Half bridge [37] 380/24 600/96.6 Si MOSFET -

Hybrid half bridge 6k/400 10k/97 SiC MOSFET 40

[38]

Full bridge/T-type 36/340 280/~94 Si MOSFET 32

[39]

Full bridge [8] 350 10k/96.8 Si IGBT 20

Triple Full bridge 380/228/48 1.2k/~96.5 SiC MOSFET 50

[40]

Z-source full bridge 140/300 550/95.9 Si MOSFET 20

[41]

Proposed 100/100 1k/96.2 SiC MOSFET 375
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2.2.2 Simulation results

2.2.2.1 Normal operation

The proposed converter is simulated in PLECS software package based on
circuit shown in Figure 2.2. 1. The simulation parameters are shown in Table 2.7.

1.2kV SiC carbide MOSFETs are used and thermal characteristics of them are

modelled.
Table 2.7 Simulation parameters.
Parameters Definition Values
Vu Each Dc-link of primary side 500V
fe Fundamental frequency 5 kHz!
fs Switching frequency 41 kHz
Cn Input DC-links capacitors 10 uF
Co Output filter capacitor 20 uF!
Ls Series inductance 1 mH!
m Modulation index 0.95
n Transformer winding ratio 1
Ro Output load 100 Q

'For 41kHz square wave, these values are 41kHz, 2uF and 0.1mH, respectively.

2.2.2.2 Applying PWM modulation

In this simulation, @ is 54 . The operation of the proposed converter is
shown in Figure 2.21. The voltage of the first leg to negative rail (Vpl) is a 3-level
voltage with the maximum level of 1 kV and the produced voltage by the second leg
to negative rail (Vp2) is 2-level voltage with the maximum level of 1 kV. Therefore,

the 5-level voltage with the maximum level of 1 kV is produced at the primary side
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of the transformer (Vp). Also, the 3-level voltage with the maximum level of
1285.88 V is produced at the secondary side of transformer. The primary current (Ip)
with the maximum amount of 34.52 A is produced at the primary side of the
transformer. The input and output voltages and currents of the proposed converter
are shown in Figure 2.22. Based on this figure, the average input currents are 16.58
A and 16.58 A with the dc-link of 500 V each and the average current and voltage
of the output are 12.86 A and 1285.88 V, respectively. Therefore, the input and
output powers are 16581 W and 16535 W, respectively. The efficiency is 99.72%.
The gate pulses of switches’ Si, Sz, S3.1, S32, S4, Ss, T1, T2, T4 and Ts are shown in
Figure 2.23. It is shown that switches S4 and Ss are low frequency switches, while

others are high-frequency switches.

vpl

Vp2

300 302 304 3.06 308 x1le2

Figure 2.21 Operation of the proposed converter in PWM modulation.
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Figure 2.22 Analysis of the input and output voltages and currents in PWM
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Figure 2.23 Gate pulses in PWM modulation.

2.2.2.3 Applying phase-shifted modulation

In the first step, it is supposed that fundamental frequency is 5 kHz. The
degrees of as, a2, a3 and @ are 13.2', 41, 0" and 35. The operation of the proposed
converter is shown in Figure 2.24. The voltage of the first leg to negative rail (Vpl)
is a 3-level voltage with the maximum level of 1 kV and the produced voltage by
the second leg to negative rail (Vp2) is 2-level voltage with the maximum level of
1 kV. Therefore, the 5-level voltage with the maximum level of 1 kV is produced at

the primary side of the transformer (Vp). Also, the 3-level voltage with the
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maximum level of 1303.53 V is produced at the secondary side of transformer. The
primary current (Ip) with the maximum amount of 31.96 A is produced at the
primary side of the transformer. The input and output voltages and currents of the
proposed converter are shown in Figure 2.25. Based on this figure, the average input
currents are 17.03 A and 17.04 A with the dc-link of 500 V each and the average
current and voltage of the output are 13.04 A and 1303.53 V, respectively. Therefore,
the input and output powers are 17036.7 W and 16992 W, respectively. The
efficiency is 99.74%. The gate pulses of switches’ S1, Sz, S3.1, S322, S4, Ss, T1, T2, T4
and Ts are shown in Figure 2.26. It is shown that switches S4 and Ss are low

frequency switches, while others are high-frequency switches.

Vpl (V)
1000
500 : :
0
Vp2 (V)
1000
500{-
0
vp (V
1000~ LAY
0
-1000-
- Vs (V) )
1000 | E :
0 4
-1000
Ip (A
40 p(A)
20
u,
-20
-40 ‘
3.00 3.02 3.04 3.06 3.08 % le-2

Figure 2.24 Operation of the proposed converter in 5 kHz phase-shifted
modulation.
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Figure 2.25 Analysis of the input and output voltages and currents in 5 kHz phase-

shifted modulation.
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Figure 2.26 Gate pulses in 5 kHz phase-shifted modulation.

In the second step, it is supposed that fundamental frequency is 41 kHz.
The degrees of ay, a2 a3 and 6 are 13.2°, 41, 0 and 27 . The operation of the
proposed converter is shown in Figure 2.27. The voltage of the first leg to negative
rail (Vpl) is a 3-level voltage with the maximum level of 1 kV and the produced
voltage by the second leg to negative rail (Vp2) is 2-level voltage with the maximum
level of 1 kV. Therefore, the 5-level voltage with the maximum level of 1 kV is
produced at the primary side of the transformer (Vp). Also, the 3-level voltage with

the maximum level of 1269.03 V is produced at the secondary side of transformer.
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The primary current (Ip) with the maximum amount of 32.20 A is produced at the
primary side of the transformer. The input and output voltages and currents of the
proposed converter are shown in Figure 2.28. Based on this figure, the average input
currents are 16.15 A and 16.15 A with the dc-link of 500V each and the average
current and voltage of the output are 12.69 A and 1269.03 V, respectively. Therefore,
the input and output powers are 16153 W and 16104 W, respectively. The efficiency
is 99.7%. The gate pulses of switches’ S1, Sz, S3.1, S32, S4, Ss, T1, T2, T4 and Ts are
shown in Figure 2.29. It is shown that switches S4 and Ss are low frequency switches,

while others are high-frequency switches.
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Figure 2.27 Operation of the proposed converter in 41 kHz phase-shifted
modulation.
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Figure 2.28 Analysis of the input and output voltages and currents in 41 kHz
phase-shifted modulation.
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Figure 2.29 The gate pulses in 41 kHz phase-shifted modulation.

2.2.2.4 Applying hybrid modulation

In this simulation, & and o are 55 and 0. The operation of the proposed
converter is shown in Figure 2.30. The voltage of the first leg to negative rail (Vpl)
is a 3-level voltage with the maximum level of 1 kV and the produced voltage by
the second leg to negative rail (Vp2) is 2-level voltage with the maximum level of
1 kV. Therefore, the 5-level voltage with the maximum level of 1 kV is produced at
the primary side of the transformer (Vp). Also, the 3-level voltage with the

maximum level of 1260.12 V is produced at the secondary side of transformer. The
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primary current (Ip) with the maximum amount of 4.039 A is produced at the
primary side of the transformer. The input and output voltages and currents of the
proposed converter are shown in Figure 2.31. Based on this figure, the average input
currents are 1.69 A and 1.69 A with the dc-link of 500 V each and the average current
and voltage of the output are 1.26 A and 1260.12 V, respectively. Therefore, the input
and output powers are 1686.14 W and 1587.8 W, respectively. The efficiency is
94.16%. The gate pulses of switches’ Si, Sa, S3,1, S32, S4, Ss, T1, T2, T4 and Ts are
shown in Figure 2.32. It is shown that switches S4 and Ss are low frequency switches,

while others are high-frequency switches.
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Figure 2.30 Operation of the proposed converter in the hybrid modulation.
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Figure 2.31 Analysis of the input and output voltages and currents in the hybrid
modulation.
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Figure 2.32 Gate pulses in the hybrid modulation.

Table 2.8 summarizes the simulation results for the three proposed

modulation methods.
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Table 2.8 Summarized characteristics of proposed three modulation methods.

Method S"‘;'mh'”g Fund. Inputl Input 2 Output Effi. %
req. freq.
V=500V V=500V | V,=1285.88V
PWM | 41kHz | 5kHz | Im=16.59A lin2=16.58A 1,=12.86A 99.72
Pni=8290.4W | P;=8290.6W | P,=16535W
Vim=500V Vig=500V | V,=1303.53V
- 5kHz | 1m=17.03A linz=17.04A 1,=13.04A 99.74
Phase- Pn=8514.6W | Pp=8522.1W | P,=16992W
shifted Vim=500V Vig=500V | V,=1260.03V
- 41kHz | 1im=16.15A linz=16.15A 1,=12.69A 99.7
Pp=80765W | P;=80765W | P,=16104W
Vim=500V Vie=500V | Vo=1260.12V
Hybrid | 41kHz | 5kHz li=1.69A linz=1.69A =1.26A 94.1
Pn=843.07W | Pn=843.07W | P,=1587.8W

2.2.2.5 Fault tolerance operation

1.2kV SiC MOSFET power modules from Wolfspeed are used and their
thermal characteristics have been modelled in PLECS. Each input dc-links (Vh),
fundamental frequency, transformer turn ratio and output load are 500 V, 48 kHz, 1
and 50 Q, respectively. The operation of the proposed converter is shown in Figure
2.33(a). In this figure, the waveforms from top to bottom are output voltage, output
capacitors’ voltages, primary voltage, secondary voltage, primary current, pulses of
Si and S3,1, pulses of Sz and S3 2, pulses of Ty and T3,1, and pulses of T2 and T3 . This
figure includes sections A-F for different operations of the proposed converter. The
section A (mode 1) shows the normal operation of the converter that is zoomed in
Figure 2.33(b). The primary converter produces 5-level voltage with the maximum
level of 1 kV. For calculating the optimized angles, it is considered that output

voltage is regulated at 500 V. So, the secondary converter has a 3-level voltage
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waveform with the maximum level of 500 V. Sections B, C, D, E and F show the
operation of the converter under open-circuit faults on switches S1 (mode 2), both
Si and S; (mode 3), both S3; and S3» (mode 4), T1 (mode 5) and both T; and T>
(mode 6), respectively, that the circuit of each is shown in Figure 2.34. The open-
circuit fault on S, is the same as Si, so it hasn’t been shown in this figure. These
sections are zoomed in Figure 2.33(c)-(g), respectively. In section B and C, both the
primary and secondary are close to 2-level voltages with the maximum level of 500

V. In section D, the primary voltage is 3-level and secondary is 2-level.

In sections E and F, the primary voltage is 5-level and secondary is 2-level.
The important point in this figure is that this converter can properly regulate the
output voltage at 500 V in normal operation and each faulty condition. The

calculated optimized angles in these sections are listed in Table 2.9.

Table 2.9 Calculated optimized angles.

Section Optimized angles (degree)

a1 az a3 a4 p1 p2 [
A 10 42 96 178 0.5 | 1795 45
B 0.375| 90 90 | 179.96 | 0.03 | 179.97 | 90
C 0 90 90 180 | 0.21]179.79 | 90
D 2156 | 2156 | 75 75 10 170 | 44.96
E 1099 | 225 | 1575 | 178 |0.07 | 179.78 | 90
F 10.99 | 225 | 1575 | 178 0 180 90
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Figure 2.33 (a) Operation of the proposed converter (b) normal operation; open
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Figure 2.34 Schematic of the proposed converter in (a) section B (mode 2)

(b) section C (mode 3) (c) section D (mode 4) (d) section E (mode 5) (e) section F
(mode 6).

2.2.3 Experimental results

2.2.3.1 Normal operation

A scaled down prototype of the proposed converter has been built (Figure

2.35) to obtain the experimental results. The TMS320F28335 digital signal
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processor (DSP) is used to produce the gate pulses for switches. A high-frequency
transformer with the core of AMCC-50 of Powerlite series from Metglas has been
built and used for this converter. The fundamental frequency is 37.5 kHz, however
the switches Si, S, S3,1, and S3» are operating at approximately twice this frequency
(75 kHz). In the switching method shown in Figure 2.8(c), in zero and m, all six
switches in the primary side are switching creating higher rings in the primary
voltage in these two points. To avoid that, the sequence of switching is changed in
the experiments. In the revised switching method, the zero voltage of primary in
interval @, — a5 is generated by turning on Sz, S3.1, Ss, while in intervals 0 — a;and
ag — 2m, it is generated by Si, S32, S4. This revised switching method as well as
generated primary voltage is shown in Figure 2.36(a). In this figure, the waveforms
from top to bottom are the primary voltage and pulses of Si, S3.1, S2, S32, S4, and Ss,
respectively. The total dead time is 450 ns. An interface board is designed to convert
the DSP pulses of 0 V and 3.3 Vto -4 V and 20 V, to turn off and fire the MOSFETs,
respectively. There is a trade-off between switching losses and switching rings. In
this work, a two-level turn off method for SiC MOSFETSs are used to control the
voltage’s rings of dc-link. During turn off, the gate voltage first drops from 20 V to
6 V in 150 ns and remains there for duration of 250 ns and after that, it drops to -4

V in 50 ns. It is shown in Figure 2.36(b).

94



I 1/At: 37.49 kHz]
b“'——— —
@ Mm-m—-aL ! [ . J*‘J
%\’mm.——J

St aa \ r; - — o8
- ~
(@) (b)

Figure 2.36 (a) Revised switching strategy (b) two-level turning off method.

The operation of the proposed converter is shown in Figure 2.37. Table

2.10 shows the component values used in the experimental.
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Table 2.10 Components values used in the experimental.

Parameter Definition Value
2V Full dc-link 100V
Load Output load 47 Q
Ls Leakage inductance of 10 pH
transformer
fe Fundamental frequency 37.5kHz
n Turn ratio of transformer 1
Chx Input capacitors 50 uF
Si&Ti Switches CAS120M12BM2
Heatsink Aavid Thermalloy (extrusion profile 74765)

Figure 2.37(a) shows the dynamic step-up operation of the proposed
converter. First, this converter produces regulated 100 V at the output (referred to
herein as 1:1 mode). In this mode, the primary voltage v, is the 5-level voltage with
the maximum level of 100 V and the secondary voltage vy is the 3-level voltage with
the maximum level of 100 V. The steady-state of 1:1 mode is shown in Figure
2.38(a). The control angles of ay, a,, as, ay, B1, f2, and 8 are 18°, 45°, 135°, 162°,
18°, 162°, and 27°, respectively. The converter efficiency is 96.2%. As shown in
Figure 2.37(a), the operation of the proposed converter is changed from 1:1 mode
to step-up mode. In the step-up mode, the primary voltage is the 3-level voltage with
the maximum level of 100 V and the secondary voltage is the 3-level voltage with
the maximum level of 200 V. The output voltage is regulated at 200 V. The steady
state operation of the converter in step-up mode is shown in Figure 2.38(b). The

control angles of a4, ay, B1, B2, and 6 are 27°, 153°,27°, 153°, and 45°, respectively.
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In this mode, a, and a3 are equal to @, and a4, respectively. The efficiency is 95.1%.
Figure 2.37(b) shows the dynamic step-down operation of the proposed converter.
Again, at the beginning, it is in 1:1 mode. Then, the operation is changed to step-
down mode. In the step-down mode, the primary and secondary voltages are the 3-
level voltages with the maximum level of 50 V. The output voltage is regulated at
50 V. The steady-state operation of the converter in step-down mode is shown in
Figure 2.38(c). The control angles of @, ay, B1, 2, and 6 are 45°, 135°, 22.5°,
157.5°, and 31.5°, respectively. In this mode, a, and a3 are equal and cancel out
each other. The efficiency is 95.5%. Therefore, the proposed converter could be able
to operate at step-up and step-down modes by generating 5-level and 3-level
voltages at the primary side of the transformer. Table 2.11 summarizes the

experimental results of Figure 2.38.
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Figure 2.37 Dynamic experimental results of the proposed converter in (a) 1:1
mode to step-up mode (b) 1:1 mode to step-down mode; from top to bottom: the
primary voltage (), the secondary voltage (vs), total de-link (V;;,), and output

voltage (V).
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Figure 2.38 Steady state experimental results of the proposed converter in (a) 1:1

operation, (b) step-up operation, and (c) step-down operation.

Table 2.11 Details of Figure 2.38.

Figure v, Vg vV, aq, Ay, az, &y, B1, B2, Eff.
0 (%)

Figure 5-level 3-level 100V 18°, 45°, 135°, 162°, 18°, 96.2

2.38(a) ML™:100V ML:100V 162°, 27°

Figure 3-level 3-level 200V 27°, 27°, 153°, 153°, 27°, 95.1

2.38(b) ML:100V ML:200V 153°, 45°

Figure 3-level 3-level 50V 45°,90°, 90°, 135°, 22.5°, 95.5

2.38(c) ML:50V ML:50V 157.5° 31.5°

* Maximum level

2.2.3.2 Fault tolerance operation

The dynamic operation of the proposed fault-tolrent converter is shown in Figure
2.39. The total dc-link and output load are 200 V and 47 Q, respectively. Figure 2.39(a)

shows the dynamic operation of the proposed converter when an open-circuit failure

(OCF) happens on switch Si. In the normal operation (first three cycles), the 5-level

voltage with the maximum level of 200 V is generated at the primary side of the
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transformer (v,,). The secondary voltage is 3-level voltage with the maximum level of

200 V (vg). The regulated output voltage is 200 V (V,). The steady-state of normal
operation is shown in Figure 2.40(a). The normal switching method is applied in this
step and the control angles of a;, a,, as, a4, B1, B2, 6 are 18°, 45°, 135°, 162°, 18°,
162°, 27°, respectively. The converter efficiency is 96.11%. As it is shown in Figure
2.39(a), at the end of cycle third, the gate pulse of S: is changed to zero to analyze the
operation of the converter in the case of OCF of this switch. By applying the post-fault
switching method of scenario 1, the primary voltage is the 3-level voltage with the
maximum level of 100 V and the secondary voltage is the 3-level voltage with the
maximum level of 200 V. The output regulated voltage remains at 200 V. The steady-
state operation of the converter in the OCF of Sy is shown in Figure 2.40(b). The control
angles of ay, ay, B1, B2, @ are 9°, 171°, 18°, 162°, 63°, respectively. The efficiency is
95.32%. The operation of the converter in the case of OCF of Sy is similar to Sy, so it
hasn’t been shown here. Figure 2.39(b) shows the dynamic operation of the proposed
converter when an OCF happens on both switches S; and S,. The normal operation is
same. Again, at the end of cycle third, the gate pulse of both S; and S, are changed to
zero. The post-fault switching method of scenario 2 is applied and then, the primary
voltage is the 2-level voltage with the maximum level of 100 V and the secondary
voltage is the 3-level voltage with the maximum level of 200 V. The output regulated
voltage remains at 200 V. The steady-state operation of the converter in this faulty

condition is shown in Figure 2.40(c). The control angles of S,, 5, 8 are 0°, 180°, 63°,
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respectively. The efficiency is 95.62%. Finally, the dynamic operation of the proposed
converter when an OCFs happens on both switches Sz1 and Ss», is shown in Figure
2.39(c). The normal operation is same. At the end of cycle third, the gate pulse of both
Ss1 and Sz are changed to zero. By applying the post-fault switching method of
scenario 3, this converter can produce 3-level voltage with the maxmimum level of 200
V at primary and secondary sides. Again, the output regulated voltage remains at 200
V. The steady-state operation of the converter in this faulty condition is shown in Figure
2.40(d). The control angles of a,, a3, By, B, 0 are 108°, 180°, 54°, 126°, 9°,
respectively. The efficiency is 95.9%. The operation of the converter in the case of
OCF of secondary is similar to primary side. Therefore, the proposed converter could

be able to keep the output voltage unchanged in any mentioned faulty conditions by

applying the post-fault switching methods and modifying the control angles.
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Figure 2.39 Experimental results of the dynamic operations of the proposed
converter in OCFs of (a) switch S; (b) switches Si and S (¢) switches S3,1 and S3;
from top to bottom, primary voltage, secondary voltage, regulated output voltage,
gate pulses of Si, S3,1, Sz, and S3 2, respectively.
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Figure 2.40 Experimental results of the steady-state operations of the proposed
converter in (a) normal operation and OCF of (b) switch S; (c) switches S; and S»
(d) switches S3,1 and S3; from top to bottom, primary voltage, secondary voltage,

regulated output voltage, gate pulses of Si, S31, Sz, and S3, respectively.

Table 2.12 summarizes the experimental results of Figure 2.40. It is worth
noting that due to the dramatically lower parasitic capacitances in wide band gap
devices, high frequency switching leads to high di/dt or dv/dt and induces voltage

and current oscillations.
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Table 2.12 Details of the experimental results

Figure v v V, Input/output Eff.
powers (W) (%)

Figure 2.40(a) 5-level 3-level 200V 885/851 96.16
ML":200V ML":200V

Figure 2.40(b) 3-level 3-level 200V 892.8/851 95.32
ML":100V ML":200V

Figure 2.40(c) 2-level 3-level 200V 890/851 95.62
ML":100V ML":200V

Figure 2.40(d) 3-level 3-level 200V 887/851 95.9
ML":200V ML":200V

* Maximum level

2.3 Three-phase modified T-type converter

In this section, a three-phase isolated dc-dc converter based on the
proposed 5-level T-type converter is proposed. This structure includes three single-
phase transformers that primary sides are parallel and secondary sides are Y-
connected. The unidirectional and bidirectional types of the proposed three-phase

converter are described in detailed as follows:

2.3.1 Three-phase unidirectional modified T-type converter

The proposed three-phase isolated unidirectional de-dc converter is shown
in Figure 2.41. For each phase, the primary converter is a 5-level T-type converter
and the secondary converter is a three-leg uncontrolled rectifier. The phase-shifted
modulation is applied for this converter. The other two modulation methods can be

applied as well.
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Figure 2.41 Proposed unidirectional 3-phase isolated DC-DC converter.

The operation modes for the a-phase are as follows:

First, by turning on switches Si.. and Ss,, the primary converter produces
voltage of 2Vy at the primary side of transformer. Second, switches S3 1., S32.2 and
Ss.a are on and the voltage at the primary side of transformer is Vu. Third, switches
Sz, Ss.a are on, the primary and secondary voltages are zero. The same patterns are
considered in the negative half cycle. The b and c-phases operate in a similar way

with phase shift of 120 and 240 with respect to a-phase, respectively.

2.3.2 Three-phase bidirectional modified T-type converter

The proposed three-phase isolated bidirectional dc-dc converter is shown
in Figure 2.42. For each phase, the primary converter is a 5-level T-type converter.
Because the range of voltage at the secondary side is low, the three-level T-type
converter is used as the secondary converter. The phase-shifted modulation is

applied for this converter. The other two modulation methods can be applied as well.
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Figure 2.42 Proposed bidirectional 3-phase isolated DC-DC converter.

The operation modes of a-phase in the proposed structure are as following;:

The primary converter operates the same as the previous one. In the
secondary converter, the voltage of Vi is produced by turning on switch T .. This
converter produces zero voltage at the secondary side of transformer by using
switches T3,1,. and T3p,.. The same patterns can be considered in the negative half
cycle. The b and c-phases operate in a similar way but with phase shifts of 120 and

240 degrees with respect to a-phase.

2.3.3 Switching and control strategy

Figure 2.43 shows the switching strategy of the unidirectional converter.
The control goals are setting output dc voltage at the desired value as well as
minimizing the total harmonic distortion (THD) of the primary voltage of the
transformer. The two control parameters are the angles a; and a.. The Fourier series

of the primary voltage waveform shown in Figure 2.43 (Vp) can be written as (2-63).
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V,(wt) = % (cos(na,) + cos(na,)) sin(nwt) (2-63)

n=1,3,5,...

The fundamental and harmonics of voltage can be written as (2-64) and

(2-65), respectively.

Vpi1(wt) = %(cos(al) + cos(a,))sin(wt) (2-64)
O (2-65)
Vp(wt) — V1 (wt) = n_: (cos(na;) + cos(nay,)) sin(nwt)
n=3,5,7,.

Therefore, the THD of the primary voltage is calculated as follows:

\/213‘5‘7“"(% (cos(nay) + cos(na,)))? (2-66)

cos(ay) + cos(ay)

THDy, =

The dc values of the output voltage (V) is calculated as (2-67).

2V,
Voac = n—: (m—a, —ay) (2_67)

Therefore, the cost function can be written as follow.
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\/Zm (% (cos(nay) + cos(na,)))?

n=3,5,7,...

min cos(ay) + cos(a,) (2-68)
Vs 4
2Vy

w
0<a1<a2<§

0(1+0(2=T[—
s.to

In (2-68), Voa. is the desired output voltage. By solving (2-68), the
optimum switching angles that generate primary 5-level voltage with the minimum
THD and desired output voltage are calculated. The switching strategy in the
bidirectional dc-dc converter is shown in Figure 2.43(b). As mentioned earlier, the
fundamental voltage of the primary five-level voltage is calculated from (2-66). The
angles a; and o> are controlled such that minimum amount of THD is obtained in
the generated 5-level voltage at the primary side of the transformer. The fundamental
component voltage of secondary three-level voltage reflected to the primary side is

calculated as follows:

Vi

41; cos(az)sin(wt) (2-69)

Vs,lr(wt) =

For optimal performance of the converter, the fundamental values of
primary and reflected secondary voltages should be the same, therefore the angle a;

is calculated from (2-70).

Vi
nVv;

a5 = cos™ (—=(cos(ay) + cos(ay))) (2-70)
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Where, V" is the desired output voltage.

In Figure 2.43(b), € is the phase shift between the fundamental values of
the primary 5-level and secondary 3-level reflected voltages which is controlled
based on desired active power that needs to transfer from primary to secondary sides

calculated from (2-71).

2

v
P, =—"2—|6|(n - 0)

2-71
2m?fiLg ( )

where, P,, fs and L, are the output power, fundamental frequency, and

equivalent inductance between primary and secondary side converters.
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Figure 2.43 Switching states as well as primary and secondary voltages in (a)
unidirectional (b) bidirectional topologies.

2.3.4 Simulation results

The proposed three-phase isolated dc-dc topology is simulated in this
section based on circuit shown in Figure 2.41 and Figure 2.42. The simulation
parameters are based on Table 2.7. It is important to note that in this simulation, the
turn ratio of transformer is 4:1. The operation of the proposed unidirectional
converter is shown in Figure 2.44 includes the primary and secondary voltages and

primary currents of a-phase to c-phase. The 5-level voltage with the maximum level
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of 1 kV is produced at the primary side of the transformer. The maximum amount
of primary current is 1.2 A. The input and output voltages and currents are shown in
Figure 2.45. Based on this figure, input currents are 1.23958 A for each dc-link of
500 V. The output voltage and current are 350.239 V and 3.50239 A. The input and

output powers are 1239.6 W and 1226.7 W. The efficiency is 98.96%.
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Figure 2.44 Operation of the proposed unidirectional 3-phase converter.
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Figure 2.45 Analysis of the input and output voltages and currents of the proposed
unidirectional 3-phase converter.

The operation of the proposed bidirectional converter is shown in Figure
2.46 includes the primary and secondary voltages and primary currents of a-phase
to c-phase. The 5-level voltage with the maximum level of 1 kV is produced at the
primary side of the transformer. The 3-level voltage with the maximum level of
465.425 kV is produced at the primary side of the transformer. The maximum

amount of primary current is 1.2 A. The input and output voltages and currents are
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shown in Figure 2.47. Based on this figure, input currents are 2.16837 A for each
dc-link of 500V. The output voltage and current are 465.425 V and 4.65425 A. The

input and output powers are 2168.4 W and 2144.5 W. The efficiency is 98.9%.
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Figure 2.46 Operation of the proposed bidirectional 3-phase converter.
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Figure 2.47 Analysis of the input and output voltages and currents of the proposed
bidirectional 3-phase converter.
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Chapter 3

3 Real-time Fault Diagnostic

3.1 Introduction

The commonly mentioned 3-level isolated dec-dc converters do not have
fault-tolerant capability via alternate switching states. The reliability of the system
using power electronic devices should be considered due to the fact that fast-
switching power semiconductors are the most fragile component of the power
conversion apparatus. To ensure reliability of the power conversion system, a fault-
tolerant topology should be investigated, and detection, location, isolation, and post-
fault control methods must be suitably embedded in the control system. Different
methods based on the inverter’s model and machine learning have been analyzed in
the literature to detect and locate an open-circuit fault [61], [62], [63]. Since dual-
active dc-dc converters are the crucial parts of the power conversion in zonal
shipboard applications, different fault detections methods of the literature in dc-ac
inverter part are briefly reviewing here. It is important to note that mostly open-

circuited faults of switches are considered, since other types of faults, including
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short-circuited damage of switches and an input supply line to ground faults, are
expected to actuate the protection mechanisms to safely stop the system [64].
Generally, open circuit fault detection of semiconductor devices is analyzing based
on inverter’s model or machine learning methods. [64], [65] are analyzing the fault
detection in matrix converter based on the model of the converter. In these methods,
more current or voltage sensors are needed. They need to know the switching
pattern. In multilevel (cascaded H-bridge) converters, model predictive control has
been used to fault detection. This method is based on the variables states and need
more voltage or current sensors to measure the values of parameters [61], [66], [67],
[68]. Also another downside of this method is that it is completely developed for the
specific topology. In [69], [70], [71], [72], fault detection methods are analyzed on
multicell modular converters (MMCs). The method used in [50] is not based on the
state values of the converter and it is robust to system parameters. They can detect
the fault in 10-40 ms. The methods used in [51], [52], [53] are based on the state
variables of the analyzed converter and need to measure them. A fault detection
based on sliding mode observer is introduced in [73]. It has shown that it is effective
in locating the faulty switch and very robust against both parameter uncertainty and
measurement error. However, in all of the mentioned methods for MMC:s, a higher
number of voltage sensors are needed to measure the voltages of each cells. In the
fault detection method analyzed on flying capacitor converter [74], it is needed to

measure the terminal voltage and direction of current. Based on this method, 24 and
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25us are needed to detect the fault and 808 and 352 us is needed to localize the fault.
Also in [75], the current based fault detection method is applied on back-back NPC
converter that needs more current sensors. Overall, in all mentioned methods, more
voltage or current sensors are needed. Besides, they are not general methods and
only can apply on specific topologies. Also detecting the fault in those methods
mostly takes longer time. The machine learning based fault detection methods are
analyzed on multilevel converter [76] and MMC converter [77], [78]. Based on the
chosen signal to analyze the feature, more voltage and current sensors are needed.
Multiphase multilevel NPC using active semi-supervised fuzzy clustering algorithm
with Pairwise Constraints is analyzed in [79]. It is based on a model of the converter
that can detect the fault in 500 ms. In the other work of same authors using similar
method based on gate signals and actual motor currents, the fault is detecting in less
than 1 ms [80]. 3-phase ANPC grid-tied converter is analyzed in [63] regarding the
fault detection method. The method used in this work is based on three phase
currents. The trained neural network displayed a high average detection accuracy of
99.6% for multi-level current open switch faults within an average time of 1.027 ms.
In [62], [81], [82], other machine learning methods have been applied. In [43] that
is applied on MMC, the authors claimed that the presented method has perfect
accuracy on fault detection and identification (100%), robustness against variations
of MMC parameters, real-time monitoring and low time delay for fault detection

and identification (<0.1 s). In [62] that is applied on multilevel (cascaded H-bridge)
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converter, to improve fault diagnosis accuracy and efficiency of a cascaded H-bridge
multilevel inverter system (CHMLIS), a fault diagnosis strategy based on the
principal component analysis and the multiclass relevance vector machine (PCA-

mRVM), was presented.

3.2 Data acquisition

In a real system, the transient between normal and post-fault operations is
very important. The system needs to detect and locate the fault in a very short time
to have higher safety and reliability. In this section, the focus is on the primary side
5-level T-type converter. In the case of normal operation and open-circuit failure
(OCF) of switches Si, So, both S;1 & S», S31, S32, and both S31 & S3., the output
voltage (vo), output current (i0), and input currents will get affected. By
investigating these signals, in each faulty condition, the symmetrical primary
voltage is changed to a non-symmetrical waveform that increases the THD of the
primary voltage. It causes higher core loss in high-frequency transformer as well as
increasing the thermal stress of it. Also, the waveform of the current is changed to a
higher THD waveform that increases the transformer and switches conduction
losses. Most importantly, in each faulty condition, the output voltage in isolated
dual-active bridge converter is regulated at different values with higher amount of
ripple that is not acceptable in this application. Therefore, having a fault detection

system to detect and locate the fault in limited time and apply the post-fault
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switching method is urgent. In machine-based methods, the first step is feature
extraction. Fourier transform-based methods have been extensively used for this
purpose due to their effectiveness in transforming signals into the frequency domain.
Here, time-frequency features are extracted from the discrete-time primary voltage
waveform, providing valuable information about the signal's frequency components
over time. To achieve fast detection, a recursive discrete Fourier transform (rDFT)
is used to extract these features. The recursive form of short-time Fourier transform
(STFT) allows for efficient computation of the Fourier transform over sliding
windows of the signal, making it particularly suitable for real-time applications. The

recursive form of short-time Fourier transform is as follows:

Xulk] = € % (X, lk] — xfn — N] + x[n)) D
where x/n/ and N are the primary voltage waveform at time sample » and
the number of data samples in the window, respectively. A complex array X, of
length N is produced by applying the short-time Fourier transform at time » wherein
Xu[k] 1s proportional to the power in the frequency component kxF_S/N. Here, F' S
is the sampling frequency for discretization of the primary voltage waveform. The

extracted feature vector contains the magnitude of X, /k/ for k=1, 2, 3...N/2.

Based on the total number of faulty conditions as well as normal operation,

there are 7 classes shown in Table 3.1. In each class, by applying the mentioned

119



feature extraction method, 21 first harmonics including DC value, fundamental and
orders 2 to 20 have been used in this work as features of each class. These harmonics
are crucial for characterizing different operational states and faults in the system.
The extracted features, specifically the harmonics, provide a detailed spectral
representation of the signal. Each harmonic represents a specific frequency
component of the signal, and changes in these components can indicate different

types of faults or operational conditions.

Table 3.1 Numbers of classes

Normal | OCFon OCFon OCFonS:1 & OCFon OCFon OCFon
S1 S S Sa1 S32 S31&S32
Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 Class 7

3.3 Deep learning-based fault diagnosis method

In this section, a fault diagnosis method including a preprocessing module
and deep learning (DL) model is proposed that its architecture is shown in Figure

3.1. In the following, each component and its functionalities are explained in detail.
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Figure 3.1 Proposed system design for the deep learning model

3.4 Data preprocessing

Generally, in all machine learning (ML) or DL methods, it is necessary to
prepare the input data in the right format for the designed model to ensure or enhance
its performance. It is a data mining technique that transforms raw data (real world
data) into an appropriate format so the DL model can fully learn the existing
patterns. Raw data is always incomplete, due to existing noise or possible errors in
the data collection phase, and that data cannot be sent through the model. Data
preprocessing transforms the data into a format that is more easily and effectively
interpreted and processed in the ML or DL part. Data preprocessing techniques used

in this work are explained in the following:
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3.4.1 Data standardization

In most real-world cases, dataset features are not on the same scale. Some
features often have very big values, and others have small values. If such data is not
transformed into a standard scale, features with tremendous values dominate those
with small values, and the DL model treats those with small values as if they don’t
exist. To ensure this is not the case, it is needed to scale the features on the same
range. Data standardization (also called Z-Score normalization) is the process of
transforming data to a standard format that is more easily and effectively processed
in data mining, ML, and other data science tasks. Standardization entails scaling
data to fit a standard normal distribution, which is defined as a distribution with the
mean and standard deviation of the data in question. The formula used to derive

standardized values is as follows:

(3-2)

where X is the input data, u is the mean, and o is the standard deviation.
Standardization transforms values based on the mean and the standard deviation of
the data in question. After this step, all the features are centered around 0 with a

standard deviation of 1.
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3.4.2 Feature normalization

Like the previous step, normalization also transforms data into a specific
format, which makes training less sensitive to the scale of features, so we can better
solve for coefficients. The following is the formula for normalizing the values of a

data set:

X X —min(X)
oM T max(X) — min (X)

(3-3)

Normalizing will ensure that a convergence problem does not have a
massive variance, making optimization feasible. In this paper, both standardization
and normalizations methods have been used separately to see if they can improve
the results. For implementing both standardization and normalization steps, the
standard Scikit-learn preprocessing package is used, which provides several
common utility functions and transformer classes to change raw feature vectors into

a representation that is more suitable for the downstream estimators.

3.4.3 Dimensionality reduction

The presented deep learning model takes the harmonics of the primary
voltage as the input vector. The number of features in the vector (input dimensions)

can range from a couple of features to tens or even hundreds. When dealing with
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high dimensional data, making a predictive modeling task becomes more
challenging to the DL model, which is more generally referred to as the curse of
dimensionality. The curse of dimensionality can have adverse effects on the
performance of the system from latency of the training process to the accuracy of
the model, throughput, the rate of learning, size of the model, energy efficiency, and
so on. To tackle this problem, a group of dimensionality reduction techniques are
used. Dimensionality reduction refers to techniques that reduce the number of input
dimensions in a dataset. The way that techniques work is to project the data to a
lower dimensional subspace which captures the “essence” of the data. There are
many techniques that can be used for dimensionality reduction such as Feature
Selection Methods, Matrix Factorization, Principal Component Analysis (PCA),
Linear Discriminant Analysis (LDA), and Generalized Discriminant Analysis
(GDA). To tackle the curse of dimensionality problem, PCA on the datasets is used
reducing the number of dimensions before training the model. Although PCA is
applicable to all datasets, it is especially useful for the ones with a very large number
of features. Projecting data to a lower dimensional subspace is very common in
different areas such as meteorology, image processing, storage and database
systems, and genomics analysis, especially before clustering algorithms [83], [84].
The main basis of PCA-based dimension reduction is to keep only the principal
components which explain the most variance in the original data [64]. Figure 3.2

shows the PCA variance ratio according to the number of principal components for
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input data, which has 20 numerical input features. This test is conducted using the
standard Scikit-learn preprocessing package. As shown in Figure 3.2, keeping only
the first five components is enough to represent 95% of the variance in the data. This
variance rises to 99% in the case of keeping the first 10 components. We only keep
the first 10 principal components because they are enough to represent more than

99% of the variance in the data.
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Figure 3.2 PCA variance ratio according to the number of principal components.

3.4.4 Data splitting

After finishing the first steps of the feature engineering process, which
includes importing necessary libraries, reading the data input into the
pandas.DataFrame, checking for missing values, checking for categorical data,
standardizing and normalizing the data, and finally applying PCA transformation, it
is needed to start training the model using the available data. So, the first decision

to make is how to utilize the existing data. One common technique that is used in
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DL realm is to split the data into three groups typically referred to as the training,
validation, and testing sets. The training and validation sets are used for developing
models, estimating parameters, comparing models, and all the activities required to
reach a final model. When the model is trained and the one with the best parameters
is saved, the training test set is used to determine the final, unbiased assessment of
the model’s performance. The reason of keeping this test data set separated from the
training and validation sets is that looking at the test sets results outcomes to be
biased since the testing data will have become part of the model development

Process.

3.5 Implemented deep learning model

Figure 3.3 shows the architecture of the proposed deep learning model. As
it is clear, this model is a sequential model with only 5 hidden layers including one
Convl1D layer, two dense layers, one maxpooling1D layer, and one flatten layer. The
total number of parameters is 2392, which makes this model a very lightweight and

simple one. Here, Adam optimizer with the learning rate of 0.001 is used.
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convld_1 (ConvlD) (None, 19, 64) 192
dense_8 (Dense) (None, 19, 16) 1040
max_poolingld 1 (Max (None, 9, 16) 0
PoolinglD)

flatten_1 (Flatten) (None, 144) 0
dense_9 (Dense) (None, 7) 1015

Total params: 2,247
Trainable params: 2,247
Non-trainable params: 0

Figure 3.3 Architecture of the proposed deep learning model.

Therefore, when the raw data is received, it is saved into the
pandas.DataFrame, and starts the preprocessing phase. In this phase, several
techniques are applied to the raw data to transform it into the appropriate format so
it can be fed into our model. Then, the transformed data is split into the training,
validation, and testing data sets. The next step is to create a deep learning model,
adjust its hyperparameters, and finally compile it. When the model is compiles, the
training phase is started, which includes setting some hyperparameters such as the
number of epochs, batch size, and finally, feeding the data to the model. In this
process, after each epoch, the model tries to classify the available data in the
validation set. This process results in a loss value, which is produced by the loss
function. Using this loss value, the optimizer comes back to the model and adjusts
the weights in the layers in a way that reduces the loss. This process continues until
either it gets to the last epoch, or the early stopping mechanism stops model training.

In the last step, the model with the best parameters (highest accuracy) is saved. The
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performance of the model in terms of accuracy or loss can be seen by applying the
test set to the model. Based on the predictions and the real labels, the performance
of the system is calculated. In the following section, the case study specifications

and testing results are discussed in detail.

3.6 Case study

In this section, the behavior of the model is evaluated experimentally.
Below is the detailed analysis to understand the different characterizations of the

model.

3.6.1 Methodology

As an evaluation platform, the experiments are executed on two different
machines: (1) In the first configuration, the tests are run on an Intel Core 17 processor
running at 2.2 GHz with 2 cores (4 logical cores), each of which has 256KB L2
Cache and 4MB L3 Cache using 8 GB of RAM, running macOS Monterey (version
12.6.1 (21G217)). The reason that the tests are run on a local computer without any
GPU support is to get a sense of how the methods work on an ordinary system
without any unique capabilities. (2) In the second configuration, the tests are run on
Google’s Colab with GPU support (NVIDIA 1xTesla K80, compute 3.7, having
2496 CUDA cores, and 12GB GDDRS5 VRAM. The performance of the proposed

method is evaluated using different metrics such as accuracy, precision, recall, F1-
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score, and so on. As far as the data set is concerned, we collected 336 samples (48
samples from each 7 class), from which 269 (80% of the total) samples are separated

as the training and validation sets and 67 samples for the testing set.

3.6.2 Results

Understanding how the features in the dataset interact with each other is
crucial to keep the important features and remove the irrelevant ones. Although
dimensionality reduction techniques such as PCA are used to reduce the number of
features, having knowledge of the data at hand, and finding its feature relations can
help to improve the performance of the model. There are many ways to construct an
effective and accurate model. One of the ways to strengthen a model is to identify
and reduce the features in the dataset that are highly correlated. Correlated features
can easily add noise and inaccuracy to a model, which in turn will make it harder to
achieve the desired outcome. Figure 3.4 shows the correlated features in the data set
as the relational heatmap. As this figure shows each harmonic orders from 0 to 20 is
listed on both axes, and their relationships with other variables are displayed using
color. As the color becomes darker in either direction (red or blue), it means that
those variables are more highly correlated and should not be paired together in the
same model. This can help us to choose the best features before feeding them to the

model or even decide to collect more samples.
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Figure 3.4 Correlation matrix of the data set used in this work

In the next test, an experiment is conducted to see the importance of the
features. To this aim, the variable-importance measure for random forest is used. In
this method, the model’s performance change is measured by removing the effect
of a selected explanatory variable, or of a group of variables using perturbations
or permutation of the values of the variable. To quantify the goodness-of-fit of the
model, the area under the Receiver Operating Characteristic (ROC) curve (AUC) is
used as the model-performance measure. This is useful for the evaluation of the
importance of an explanatory variable. Using this method can simplify the data set
further to variables that do not influence the model’s predictions. Also, the ordering
of variables in the function of their importance is helpful in deciding in which order
should we perform further model exploration. Figure 3.5 shows the Single-

permutation-based variable-importance measures for the explanatory variables

130



included in the random forest model for the data set using 1-AUC as the loss
function (to quantify the performance of the model). In other words, we fit a random
forest model to predict the classes, and then measure the error increase by 1-AUC
(1 minus the area under the ROC curve). For example, based on the figure, the
feature with the highest importance is DC associated with an error increase of

0.193766 after permutation.
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Figure 3.5 Single-permutation-based variable-importance measures for the
explanatory variables included in the random forest model for our data set using 1-
AUC as the loss function.

The plot in Figure 3.5 suggests that the most important variable in the
model is DC value that was predictable due to have asymmetric primary voltage
waveforms in the faulty conditions. This agrees with the conclusions drawn in the
exploratory analysis presented in the previous section. The next three important
variables are Fundamental, Order 6, and Order 4. Using these recent tests, we can
not only boost the performance of our deep learning-based system in terms of

accuracy and loss but also save a huge amount of time in model training and data
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collection. To see the performance characteristics of the proposed deep learning-
based model, three scenarios are conducted. In the first scenario, any feature
selection or feature extraction method is not used. Figure 3.6 shows that results as
the learning curves. As it is shown in this figure, when there is no feature selection
and feature extraction, the model cannot use its full potential and find the patterns
hidden in the data set due to the reasons that are mentioned in the preprocessing
section. Keeping irrelevant and low-importance features along with the small
number of available training data samples results in overfitting the model after the

first couple of epochs, which further decreases the accuracy of the model.
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Figure 3.6 Training and validation (a) accuracy; and (b) loss; for feature extraction
for the data set without feature selection and PCA.

Unlike the previous test, in the next one, the correlation matrix and feature
importance is used to extract features without using any dimensionality reduction
techniques. For this scenario, 10 most important features are selected that do not
have very strong correlation based on the results from Figure 3.4 and Figure 3.5.
Figure 3.7 illustrates the results for this scenario. As it is clear in the figure, not only
does the model’s accuracy and loss improve, but also it does not overfit anymore.
Finally, Figure 3.8 shows the last scenario, which is conducted by applying both
feature importance and selection and dimensionality reduction. In this test, one of
the most common dimensionality reduction techniques called PCA is applied. As it
is clear in this figure, by collecting more information from the data set and exploring
its features and their relations, the model’s performance significantly can be

improved.
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Figure 3.7 Training and validation accuracy and loss for feature extraction for the
data set with feature selection but not PCA.
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Figure 3.8 Training and validation accuracy and loss for feature extraction for the
data set with both feature selection and PCA.

Classification accuracy alone can be misleading if a system has imbalanced
observations in each class or if you have more than two classes in your dataset. To
measure the performance of the deep learning-based method more accurately,
confusion matrix is used. A confusion matrix is a summary of prediction results on
a classification problem, where the number of correct and incorrect predictions are
summarized with count values and broken down by each class. Figure 3.9 shows the
confusion matrix for this problem as a heatmap. As it can be seen in this figure,
although there are some misclassifications, the proposed deep learning model has
succeeded in predicting/classifying the available samples with high accuracy (see
the numbers on the diagonal of the heatmap) for all the classes. It is worth noting
that this simple deep learning model has achieved this accuracy with being trained
on only 269 samples. This means that the accuracy of the model can be increased

by either collecting more real samples or generating synthetic ones using generative
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models. In Table 3.2, metrics derived from a confusion matrix are calculated and
makes them directly accessible from a pandas.DataFrame. The detailed metrics
shows the robustness of the method. For example, the precision for each class is
about how precise/accurate the proposed model is out of those predicted positive,

which is calculated as follows:

Precisi True Positive (3-4)
recision = -
True Positive + False Positive

To explore the behavior of the model more precisely, there is another metric

called recall, which is calculated as follows:

Recall = True Positive 3.5
ecatl = True Positive + False Negative (3-5)

While precision is the ability of a classification model to identify only the
relevant data points, recall is the ability of a model to find all the relevant cases
within a data set. Not only are these metrics necessary in calculating a model’s actual
performance, but they can also be valuable in finding the classes with lower
performance. Using this information, for instance, we can spot those classes with
lower performance and collect more data samples related to that class, improving

the system's performance.
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Figure 3.9 Confusion matrix for Figure 3.8

Table 3.2 Accuracy, precision, and recall of the proposed model.

Classes Precision Recall Accuracy
1 1 0.861111 0.982456
2 0.976744 0.954545 0.989474
3 0.975 0.951220 0.989474
4 0.909091 0.952381 0.978947
5 0.869565 0.975610 0.975439
6 0.95 0.883721 0.975439
7 0.902439 0.972684 0.982456
Average 0.936842 0.936842 0.981955

In the last experiment, the latency overhead of the proposed model is
calculated in the two different mentioned hardware configurations and shown in
Table 3.3. In these tests, the number of components/features in the data set is set to
5,10, 15, and 20, and the model on both hardware equipped is trained with CPU and
GPU. After the training is done, predictions on the testing data are performed using
the saved model. Based on the tests, the following important results are observed:

(1) Despite the number of features, our lightweight DL model can predict the class
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of each faulty conditions or normal operation in a couple of microseconds, which
makes the proposed model extremely fast either on a regular hardware with no GPU
or on a hardware that is equipped with GPU. (2) The training latency is also very
low, which resulted in training every epoch in less than 2 milliseconds for the data
set. (3) The third observation is that if we have access to better hardware with GPU,
it can cut the latency in half, which is useful especially when latency is of great
importance for us. (4) The last observation is that if we decrease the number of
features either using dimensionality reduction techniques such as PCA or selecting
features manually, we can improve systems’ latency. However, by decreasing the

number of features we also decrease the accuracy of the system.

Table 3.3 Training and testing latency per sample in the proposed deep learning
model for different number of features on CPU and GPU.

Latency (us) o
Hardware # of components Training Testing Accuracy (%)
5 75.2 2.25 75.83
10 79.64 2.64 98.25
cPU 15 85.26 2.8 98.89
20 101.3 3.1 99.05
5 32.76 13 75.83
10 39.86 1.64 98.25
GPU 15 55.26 1.79 98.89
20 75.3 2 99.05
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3.7 Real time implementation

To implement the neural network in the hardware phase, the main steps
involve using the ADC module of the controller with enough sampling frequency to
capture real-time data, applying the mentioned post-processing techniques on the
captured data, taking the FFT from the resulting data, and implementing the model
using the output of the FFT. For this purpose, the Raspberry Pi 3B+ has been chosen
initially, utilizing Python programming. The ADS1115 external ADC module with
12C protocol is used for data acquisition, and Thonny IDE is used to implement the
FFT and the neural network model. The ADS1115 is an external ADC module
chosen for its high resolution (16-bit) and its ability to interface with the Raspberry
Pi using the I2C protocol. This module provides a sufficient sampling rate to capture
high-frequency signals accurately. It's crucial to select a sampling frequency that is
at least twice the highest frequency component in the signal, according to the
Nyquist theorem. For most electrical signals, a sampling frequency in the range of
10 kHz to 100 kHz is typically sufficient. NumPy library is used to perform FFT
efficiently in Python. The Thonny IDE, a Python development environment,
provides a user-friendly interface for implementing and testing the FFT code. The
neural network model, trained and validated in a software environment, is deployed
on the Raspberry Pi. This involves converting the trained model into a TensorFlow

Lite format suitable for execution on the Raspberry Pi. The output of the FFT serves
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as the input to the neural network model. The Raspberry Pi processes this data in
real-time, performing inference to classify the signal into one of the predefined fault
classes or normal operation. The Raspberry Pi 3B+ features a 1.4 GHz 64-bit quad-
core ARM Cortex-AS53 CPU, providing sufficient computational power for real-time
signal processing and neural network inference. The general purpose Input/Output
(GPIO) pins on the Raspberry Pi facilitate connection with the ADS1115 ADC
module via the 12C protocol, enabling efficient data acquisition. The 12C interface
allows for easy integration with the Raspberry Pi, providing a simple and reliable
method for transferring high-resolution analog-to-digital conversion data. The 16-
bit resolution of the ADS1115 ensures precise measurement of the signal, capturing
even small variations which are crucial for accurate fault detection. Python is chosen
for its extensive libraries and ease of use. However, this experiment showed that
Raspberry pi with the Python IDE is not fast enough for the real-time
implementation because it needs an interpreter to be converted to the machine code.

Below shows the Python codes for ADC reading and FFT implementation.
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afruit_adsix15.ads1615
adafruit_adsix15.analog_in in AnalogIn

AD51115_ADDRESS =

board.SCL, board.SDA)

AD5.ADS1815(i2c)

chan = AnalogIn{ads, AD5.P@&)

csv_file = open(’

csv_file.write(

initial_time = time.time()

timestamp = time.str

Current_time = time.time(
SamplingTime = Current_time - initial time

print(” at(SamplingTime, chan.value, chan.volta,

file.write(f'{SamplingTime},{time.time()},{chan.value},{chan.voltage}\n")

' file.flush()

time.sleep(1/16008000)

(2)
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t numpy p
t matplotlib.pyplot as plt

sampling rate = 1008
duration = 1
num_samples = int(duration * sampling_rate)

time = np.linspace(®, duration, num_samples, endpoint=

b np. 1t)
np.fft.fftfreq(num_samples, 1 / sampling rate)

harmonic_indices = mp.argsort(fft_magnitude)[::-1][:28]

em(fft_freq[harmonic_indices], fft_magnitude[harmonic_indices], linefmt="r--°, markerfmt=

(b)

Figure 3.10 Python codes for ADC reading and FFT implementation.

In the second and third steps, DSPs of F28335 and F28379D have been
used with C programming. These experiments were also not successful because the
model size was larger than the DSPs' stack size. Below, we delve deeper into these
steps, exploring the challenges faced and potential solutions. Digital Signal

Processors (DSPs), specifically the Texas Instruments TMS320F28335 and
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TMS320F28379D, were chosen for their high-performance capabilities in real-time
signal processing. These DSPs are well-suited for applications requiring fast and
efficient data processing. However, the implementation encountered significant
challenges. In TMS320F28335 includes 32-bit floating-point CPU with 150 MHz
clock speed, 256 KB flash memory, and 34 KB SRAM. On the other hand,
TMS320F28379D includes dual 32-bit floating-point CPUs with 200 MHz clock
speed, 1 MB flash memory, and 204 KB SRAM. Both F28335 and F28379D faced
issues with memory allocation. The trained neural network model exceeded the
stack and heap size available on the DSPs. The memory limitations hindered the
direct deployment of the model. Given the memory constraints of the DSPs,
alternative approaches were considered to achieve the desired fault diagnosis
performance. Exploring other microcontrollers or DSPs with larger built-in memory
could mitigate memory constraints. Therefore, ESP32-S3 is chosen for this purpose
due to having higher stack size. Figure 3.11 shows the prototype image and
corresponding schematic on it. Here, the voltage transducer LV 25 is used in the
ADC circuit as a voltage sensor. The built circuit is shown in Figure 3.11(c). Here,

1.5V voltage regulator of TO220FP-3 and NJM5532 operational amplifier are used.
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Figure 3.11 Real-time fault detection prototype details.

The input power supplies have set to 50 V and the fundamental frequency
is 1 kHz. Figure 3.12(a) shows the behavior of the inverter when an open circuit
failure happens on switch Si. As can be seen, first, the inverter was in the normal
condition with symmetrical 5-level output voltage. Then by having an open circuit
failure on Si, the output voltage became a non-symmetrical 4-level voltage.
Eventually, the open-circuit failure is detected by the controller in 11.76 ms. Figure
3.12(b)-(f) shows the behavior of the inverter when an open circuit happens on Sa,
both S and S, S3,1, S32, and both S3;and S3». As can be seen, in all cases, the
inverter started in the normal operation and after seeing an open circuit failure, the
model is able to detect and locate the type of failure successfully. It is important to
note that the open circuit failure is modeled by sending the zero pulse instead of the

actual pulse to the corresponding switch.
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Figure 3.12 Fault detection and location behavior of the proposed inverter in the
case of open circuit failure of (a) switch S; with the reaction of 11.76 ms (b)
switch S» with the reaction of 10.979 ms (c) switches S1 & S» with the reaction of
9.563 ms (d) switch S3;; with the reaction of 23.246 ms (e) switch S3 > with the
reaction of 21.566 ms (f) switch S3; & Sz with the reaction of 17.976 ms.
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In the next step, based on the analyzed post fault switching methods,
reconfiguration of the switching scheme of the inverter based on the fault detection
result is analyzed. Therefore, two used controllers including DSP F28335 as a main
controller and ESP32 as a fault detector are connected to each other and based on
the detected result of the model, the proper post fault switching method is applied.

Figure 3.13 shows the reconfiguration results.
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Figure 3.13 Reconfiguration behavior of the proposed inverter in the case of open
circuit failure of (a) switch S; (b) switch Sz (c) switch Sz 1 (d) switch S3 .

In the last step, real-time fault detection and reconfiguration is applied on

the dual-active modified T-type converter and the results are shown in Figure 3.14.
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Chapter 4

4 Conclusion and Future Works

In this work, a bidirectional dc—dc converter using SiC MOSFETs was
proposed that can produce a 5-level voltage at the primary side of the high-frequency
transformer. Fundamental and complete control methods based on the Fourier
analysis were proposed for the proposed bidirectional de-de converter. The proposed
structure has the merit of higher efficiency, fault-tolerant capability, and smaller
filter size in comparison to the common dual-active FBCs. The switching strategies
for optimal operation of the proposed converter considering core loss of the high-
frequency transformer and transferred reactive power was analyzed. Optimal
switching angles were determined for minimizing rms current and reactive power
leading to higher efficiency. For the construction of the laboratory prototype, a
laminated dc-link was designed. Laboratory experiments were carried out for step-
down and step-up operation to verify the operation of the proposed converter. In
addition, post-fault switching strategies were investigated in detail. Prototype
experiments were carried out to show and verify the operation of the proposed

converter in faulty conditions. Three open-circuit fault cases were studied. In each
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case, the alternate switching pattern can continue supplying the load, though with a
reduced number of voltage levels. Dynamic measurements showed the converter
switching from healthy to faulty operation. A deep-learning based fault detection
method has been proposed for dual-active 5-level dc-dc converter to detect and
locate the open-circuit failures of each power electronic switch. To verify the
effectiveness of the proposed model a deep neural network was implemented, which
contains five hidden layers including one ConvlD layer, two dense layers, one
maxpooling1D layer, and one flatten layer. The total number of parameters is 2247,
which makes this model a very lightweight and simple one. Using this architecture
more than 98.25% accuracy was achieved and about 2.64 us and 1.64 us latencies
arose using CPU and GPU, respectively. Furthermore, the proposed model does not
need complex hyper-parameter adjusting process to obtain results. Real-time
implementation of the proposed model is developed and successfully confirmed the
functionality of the model. Finally, reconfigurations in the hardware level using the
proposed switching methods in normal and faulty conditions along with the
proposed detection and location method have been applied. The developed model
was able to detect and locate single and double open-circuit failures in real-time

experiments within 10-60 cycles.

For future works on this dissertation, the developed neural network-based

fault diagnostic model could be optimized. Implementing the model at high
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frequencies requires addressing radiated noise in the built circuit. Additionally, a
modular topology of the proposed converter could be investigated for higher voltage

applications.
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