ABSTRACT

CHATTERJI, ARINDAM. Design of a High Efficiency Silicon Carbide Converter for More
Electric Aircrafts. (Under the direction of Dr. Srdjan Lukic).

Rapid developments in the field of Wide Band Gap (WBG) power electronics have paved
the way for widespread transportation electrification. More recently, this trend has been
extended to the aerospace industry, in a bid to make aircrafts lighter, less fuel consuming
and thereby more cost efficient. High power density and efficiency power converters are at
the forefront of this effort, enabling More Electric Aircrafts (MEA). The design of such a high
efficiency SiC based T-type converter for MEA applications is presented in this thesis. The
design is 97.78% efficient with a power density of 8.23 kW/L using commercially available
devices.

A comprehensive loss model is developed for the T-type converter in an attempt to
optimally size the cooling mechanism, which tends to be the bottleneck towards higher
power density designs. An amalgam of simulation, analytical and approximation methods
are utilized to realize an accurate loss model from an asymmetric source. This model
illustrates the superiority of the T-type converter for certain operating conditions suitable
to the application. It is shown that the T-type converter is the most efficient option as
compared to the 2-level Voltage Source Inverter and 3-level Neutral Point Converter (NPC).

Electronic systems designed for altitude operation exhibit differing dynamics than
those at sea level. Therefore, design standards relevant to the application are reviewed
and followed to ensure high altitude functionality for the electrical as well as thermal
operation of the system. Board level creepage and clearance as well as system level cooling
considerations are made for continuous operation in low density air.

Furthermore, the converter is laid out onto a Printed Circuit Board (PCB) wherein design

decisions are made to pick the lowest volume consuming options. The PCB layout is further



analyzed in ANSYS Q3D to determine parasitic inductances, which are then used to size
necessary decoupling capacitors. This approach ensures reliability by minimizing the risk
of damaging voltage spikes to the devices.

A 3-D model of the system is built and analyzed.The system allows easy vertical inte-
gration of the gate driver and control circuitry, making it a modular system. The converter
presents itself as a strong fit for the requirements of the MEA application. The work done
in this thesis helps provide a strong foundation for a multi-physics approach for an MEA

converter which can be built upon and validated in experiment.
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CHAPTER

INTRODUCTION

Recent decades have shown a growing interest in realizing electric counterparts to tradi-
tional transportation mechanisms [11] in a bid to reduce carbon emissions, thus enabling
a more habitable planet. This trend can be witnessed in increased production and sales
of hybrid as well as fully electric vehicles (EVS) in industry, coupled with considerable
research in these topics in the research realm. The movement has also reached new heights
entering the aerospace industry, with all electric and more electric aircrafts (MEA) gradually
entering industry as shown in Figure 1.1 adapted from [10] and also expanding quickly
in research labs. Several bene ts arise from this, primarily those related to reducing fuel
consumption by reducing weight on board and improving electrical distribution by creating

more ef cient and reliable systems [1] . While all electric aircrafts are limited primarily



by the relatively low energy density and high cost of available battery technologies, [22]
their MEA counterparts are becoming adopted by industry leaders Boeing and Airbus. This
indicates a clear paradigm shift in the aviation industry and highlights the importance of

key enabling technologies for the same.

Figure 1.1: Aerospace Industry Trend

The key idea of an MEA is to replace or supplement conventionally hydraulic, pneumatic
and mechanical loads by their electrical analogues, thereby reducing weight on board. Aside
from more energy dense batteries, power electronics converters (PEC) and integrated starter
generators (ISG) form the core of the MEA electric distribution network. The ISG is a key
component in the generation of electric power on board as well as a compact solution to

assist in the starting of the jet engines. They're used extensively across several power levels



depending on the size of the aircraft as well as the electric distribution system implemented.
The PEC is responsible for providing bidirectional power, both to the ISG in starter mode,
as well as the different loads on board in generator mode.

In both of these enabling technologies, high power density and high reliability are of
utmost importance. While these are often con icting goals, the focus of the design process
must be to reach an optimized solution trading off between the two. On the converter side,
the wide adoption of silicon carbide (SiC) devices over silicon (Si) has paved the way for
high power density designs. The wide band gap characteristic of SiC enables higher junction
temperature operation of 175 °C in practical conditions and close to 400 °C in experimental
research environments [22]. They have also found use in high ambient temperature envi-
ronments upto 500 [12] making them suitable for harsh environments. Additionally, SiC
devices have a signi cantly smaller die area relative to Si devices, reducing the smaller
parasitic capacitances between terminals. This characteristic enables the realization of
higher switching frequencies [19] and in turn low volume and weight output lters for
converter systems. Overall, the use of SiC devices in an MEA application aligns perfectly
with the goal of high power density, both in terms of volume as well as weight.

An important aspect of the converter system that dominates the volume, and therefore
power density, is the cooling mechanism. The power output capability of a converter is
directly related to the temperature which it's junction can sustain. The junction temperature
must be managed at a level that prevents device failure due to thermal runaway. Since SiC
devices' power handling capabilities are high due to the previously mentioned ability to
reach high junction temperatures, and cooling capability of a heatsink is directly related to
volume, smaller cooling mechanisms can be used to restrict the junction temperature to a
predetermined level.

To further realize the goal of high power density, it is important to ensure that the con-

verter losses are as low as possible, to minimize the source of heat dissipation. While an



MEA system has several converters, the bidirectional PEC is one that must be focussed
on as it directly interfaces with the ISG. There are several options in the 2-level as well as
multi-level converter domains, discussed in  [25], [5], [27] and with the conventional 2 level
voltage source inverter (VSI), 3-level diode clamped neutral point converter (NPC) and
3-level T-type converter being the most widely used. While 3-level converters usually add
initial cost and / or complexity to the system relative to 2-level solutions, their outstand-
ing ef ciencies along with low total harmonic distortion (THD) make them increasingly
attractive alternatives. [27] Compares the three topologies in general low voltage motor
drive applications and nds that the 3 level topologies have superior ef ciency. The T-type
converter is found to be the most ef cient at medium switching frequencies. The additional
bene t of reduced chip area as compared to 2-level topologies at high switching frequencies
was also noted. As a further step, it was shown that due to reduced harmonic losses in the
3-level converters, the test machine was better off in terms of considerably lower heating
and degradation

[5] Compares the three mentioned topologies speci cally in the ISG application with
different combinations of single and multiple converter-machine systems. It concludes that
3-level converters outperform with regards to ef ciency, THD at all power levels considered.
The T-type converter is found to be the least lossy at the lower power levels for the single
machine-single converter combination. [20] Compares a 2-level and a T-type converter for
a 100kVA ISG application using Si and SiC modules, including MOSFETs as well as IGBTs.
The T-type converter is SiC found to be the most ef cient across all switching frequencies.

Thus, the T-type converter is clearly a strong choice for implementation in the ISG
application, worthy of deeper investigation. In particular, it is advantageous to explore a
high power density design using the highest performing commercially available devices.
The literature thus far has either employed custom built SiC modules, or a combination of

SiC and Si technologies in implementing the T-type. This thesis delves deep into the design



Table 1.1: Target Metrics

Power Output 35 kW
Switching frequency 40 kHz
Nominal Voltage 540 vDC
Ef ciency >98%
Power Density >15kW/ L
Cooling Forced Air at 50 °C Ambient
Design Standard IEC 60664-1 at 30000 ft

of an all-SiC T-type converter for aerospace ISG applications using discrete devices with
target metrics as shown in the table below.

The organization of this thesis is as follows. Section 2 describes in detail speci cs of the
application, including aircraft electrical distribution systems, the characteristics of an ISG
as well as the desired characteristics of the PEC. Section 3 describes the T-type working
mechanism, including switching patterns and modulation scheme. It shows a simulation
model and also compares ef ciencies against the NPC and VSI. Section 4 outlines an in
depth thermal analysis of the system using PLECS and MATLAB. Section 5 describes the
considerations made to ensure a high power density design while adhering to IEC 60664-1
at 30000 ft standards. Section 6 addresses the PCB layout of the design. This includes DC
link, sensing circuitry, as well as parasitic inductance minimization. Section 7 showcases a

CAD model of the system, expected system performance and future work.



CHAPTER

APPLICATION OVERVIEW AND

TECHNOLOGY REQUIREMENTS

This chapter contains a detailed review of the MEA architecture as well as different aircraft
distribution systems used in industry. This description enables a deeper understanding of

the MEA system and thereby derives the necessary characteristics of the ISG as well as the

PEC.



2.1 Conventional vs MEA Load Distribution

Conventional aircrafts use their gas turbine engines to power their sub-systems by using
different methods, including electrical pneumatic, hydraulic and mechanical power transfer

as indicated in Figure 2.1a adapted from [13]. The electrical systems provide power for
loads such as avionics, lighting and entertainment systems. The pneumatic system powers
loads such as the cabin pressurization system, air conditioning and anti-ice systems. The
mechanical system and hydraulic systems are primarily used for pumping and ight control
and auxiliary systems. A large amount of power in the mega-watt range is required by all
these loads. However, with the development of lighter and more ef cient electrical systems,
some of these loads and power conversion systems can be replaced or even eliminated.
As shown in Figure 2.1b in particular, the heavy pneumatic environmental control system
(ECS) and Ram Air Turbine (RAT) can be eliminated and the anti-ice as well as ight control

can be electrically realized.

(a) Conventional Aircraft System (b) MEA Aircraft System

Figure 2.1: Conventional vs MEA Load Systems



In effect, increasing the electrical power capability on board would allow for massive
weight reduction overall on board. Doing so also enables more ef cient engine designs
where loads do not need to be powered by the bleed air system through the jet engine.
These measures also improve the reliability of the system by reducing maintenance needs
and costs. Since electrical systems are typically easier to diagnose and recon gure, the life
of the aircraft is better monitored and estimated. Ultimately, the fuel consumption of the

aircraft is reduced, reducing emissions as well as operation costs overall.

2.2 Conventional Electrical Architectures on Board

In order to appreciate MEA electrical distribution systems, itis rst necessary to introduce
the conventional counterparts. Conventional electrical distribution standards are primarily

as follows [30]:

» 28 VDC - Generally supplying low power loads or avionics on large aircrafts or entire

distribution on small aircrafts
» 115 VAC at 400 Hz - Large loads on civilian aircrafts
e 270 VDC - Primarily military aircrafts and certain large loads on civilian aircrafts

The AC distribution system is presently most widely used. The following section de-

scribes the different generation systems employed by various industry leaders.



2.2.1 Constant Speed Constant Frequency System

In conventional AC systems, the most widespread implementation is the constant speed
drive (CSD) as shown in Figure 2.2 wherein a mechanical gearbox is implemented between
the shaft of the jet engine and the generator. The Boeing 701 to 777, Airbus A320 are some
examples that use this [16]. The CSD converts the variable speed on the input due to the
varying speed of the turbine into a constant speed to drive the AC generator. While this
solution is safe and effective, the addition of the mechanical gearbox adds a complicated,

expensive and most detrimentally, heavy stage to the distribution network.

Figure 2.2: Constant Speed Drive System

2.2.2 Variable Speed Constant Frequency System

Due to a lack of reliable and power dense power electronics and machines in the past,
the CSD prevailed. However technological advancements in power electronics and micro-
processor technologies introduced the Variable Speed Constant Frequency (VSCF) and
Variable Speed Variable Frequency (VSVF) systems. In a VSCF system the generator may be
connected directly to the jet engine shaft [21]. The frequency variation from the variable
speed of the jet engine is overcome by adding a DC link to between the generator and

frequency sensitive AC loads, followed by a back-to-back recti er-inverter as shown in



2.3. The PEC block ensures that the frequency sensitive loads are operating at the rated
frequency [8]. This approach has been implemented on the Boeing 777, MD90 [15] for the

backup generators.

Figure 2.3: VSCF System with DC Link

The alternative method of implementation is where the DC link and inverter-recti er
converter is replaced with a direct AC /AC cycloconverter or matrix converter [21]. This

solution is primarily employed on military applications such as the F18.

2.3 MEA Electrical Architectures

With the conversion of loads and sources from non-electrical to the electrical domain, an
increased electric power output capability is required on board. This section addresses

solutions presently implemented in industry.

2.3.1 Variable Speed Variable Frequency System

The most advanced MEA adapted aircrafts in operation today are the high capacity Boeing
787 and Airbus A380 [21]. These systems do not use any means of constant frequency correc-

tion, but instead directly use the variable frequency generated by the jet engine-generator
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connection. These variable speed variable frequency systems (VSVF) are used to power
frequency insensitive loads such as the wing ice protection, galley ovens, cargo heaters
[33]. For frequency dependent loads, auto transformer units (ATUS) or power electronic
converters are used at the point of load (POL). As shown in the simple image in 2.4, the shaft
is directly connected to the generator, outputting 360-800 Hz of fundamental frequency
varying due to the varying shaft speed. While this solution is attractive and will likely gain
traction in the future, the major challenges in adoption are the complex cooling system

and mechanical design of the variable frequency generators (VFGS).

Figure 2.4: VSVF System

2.3.2 High Voltage DC

High Voltage DC (HVDC) is a solution mostly restricted to the military applications such
as the F-18 and JSF-16[21] in industry. As shown in Figure 2.5 this system employs a DC
distribution network and uses a bidirectional power converter to invert or rectify voltage
depending on the direction of power transfer. HVDC is an extremely promising technology
due to the tremendous bene t of weight reduction due to reduced cabling as well as high
reliability and ef ciency. Battery energy density limits currently act as the bottleneck for

widespread commercial implementation. However, it can be implemented in modular

11



forms on larger aircrafts to power appropriate loads. Additionally, having an HVDC bus on
board allows the seamless implementation of the ISG where-in the battery serves as the
source for starting mode, and gets recharged in generating mode. For MEA of the future,
this technology is quickly growing and will likely be implemented broadly within the next

decade.

Figure 2.5: HVDC System
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2.3.3 Example MEA Architecture

Figure 2.6 shows an example of a realizable MEA distribution network for future applications,
combining the bene ts of both technologies currently implemented. A mixed combination

of DC and AC power distribution networks can be achieved by using a primary HVDC bus
regulated by the main bidirectional power converter interfacing with the electric machine.
Additional DC / AC and DC/ DC converters can then be used tailor made to support the
nature of the loads. These secondary converters can be placed within the aircraft as desired
and could enable optimized weight distribution as well as high ef ciency operation. The
modular nature of this architecture ensures high reliability and exibility.

The shaded box in the image represent the key elements of the architecture, namely the
ISG and PEC, both of which must be further developed to make widespread adaptation

possible.

Figure 2.6: MEA Example Architecture

13



2.3.4 Integrated Starter Generator

The ISG's characteristic torque-speed curve is as shown in Figure 2.7. The two portions of

the curve can be described as follows:

1. Starter Mode
In starter mode the ISG acts as a motor, delivering mechanical power to the jet engine.
The electrical ow of power is sourced from the DC system on board through the
bidirectional power converter, with the ISG acting as the load for the converter. ' pase
represents the base speed of the machine acting as a motor. The motor runs in
constant torque mode until this speed is reached, causing the attached jet engine
turbine to start rotating from standstill. Upon reaching I' pases fUel is ignited within
the jet engine to enhance the speed of rotation. The motor continues to deliver a
reduced torque at higher speeds. Once a self sustaining speed is reached, at ! 4, the
machine is disconnected and starting mode is realized. The peak torque requirement

of the ISG can be derived from the starter mode. [6]

Figure 2.7: 1SG Torque - Speed Curve

14



2. Generator Mode
Once the starter mode operation is complete in Figure 2.7, torque provided by the
ISG continues to reduce with increasing speed. Once speed ! |, is reached, the ISG
enters generator mode and provides AC electrical power to the power converter. The
speed continues to increase due to the increase in speed of the jet engine turbine,
and torque decrease until ! ., is reached, which is the maximum deliverable speed
by the machine. ! .. is used to size the machine and is derived from the speeds of

the aircraft jet engine.

The machine must thus have high speed as well as high torque capabilities, which
are con icting goals. Moreover, the design process requires an intensive multi-physics
perspective, including electrical, magnetic and thermal considerations.  [23] serves as a
good reference, comparing potential machine topologies holistically and listing the pros and
cons of each. Currently, the Wound Field Synchronous Machine (WFSM) is the most popular
choice due to inherent safety and reliability. Trends migrate favorably towards Permanent
Magnet Machines (PMMSs) due to their inherent high power density and ef ciency, albeit
the need for additional protection measures.

The ratings of the machine dictate the ratings of the bidirectional power converter. Max-
imum power is needed in the generating mode and thus the converter is sized appropriately.

Additionally, the converter must have the following key attributes:
» High Power Density & Ef ciency
» Low Total Harmonic Distortion (THD)
» Low Electromagnetic Interference (EMI)

The detailed design of a converter exhibiting these characteristics will be presented

here on.
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CHAPTER

CONVERTER TOPOLOGY

Having established the required characteristics of the PEC, a detailed topology selection
procedure is presented. The target speci cations determined from the machine for the

converter are:

Table 3.1: Target Metrics

Power Output 35 kw
Nominal Bus Voltage 540 vDC
Ef ciency >98%
Power Density >15kW/ L
Cooling Forced Air at 50 °C Ambient
Design Standard IEC 60664-1 at 30000 ft

16



3.1 Topologies Explored

Comprehensive literature review as well as simulations for the speci cations are undertaken
to pick the most suitable topology for this application. 2-level Voltage Source Inverter (VSI)
as shown in Figure 3.1, 3-level Neutral Point Clamped (NPC) as shown in Figure 3.2 and
3-level T-type (TTC) as shown in Figure 3.3 are compared. The most fundamental difference
between the 2-level and 3-level converters is the number of voltage levels seen in the AC
output waveform. The converters otherwise have varying loss pro les, control schemes
and device rating requirements. Existing literature is used to summarize those differences

and study how they affect this application, followed by veri cation in simulation.

Figure 3.1: 2-Level Voltage Source Inverter
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Figure 3.2: 3-level Neutral Point Clamped

Figure 3.3: 3-level T-type
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3.1.1 Holistic Comparison

[28] Compares the ef ciencies of the VSI, NPC and TTC for a 10 kW system using Si IGBTs
over varying switching frequencies. The results are as shown in Figure 3.4. The NPC and
TTC have atter ef ciency curves with increasing frequencies whereas the VSI ef ciency
drops quickly for the same. High switching frequencies are desired for smaller overall
system volume, therefore this trait in the VSl is undesired. Additionally, due to the increased
number of levels in the 3-l topologies, an added advantage is lower THD resulting in cleaner

output waveforms.

Figure 3.4: Converter Ef ciency vs Switching Frequency [28]

The overall loss comparison is based on two primary factors:
1. Conductionloss / Number of devices in conduction path
2. Switchingloss / Blocking voltage of devices

The high switching losses are due to the higher blocking voltage of the switches in the
VSI, wherein all switches must block the full DC link voltage. Additionally, the commutation

voltage during switching for the devices are also the full DC link whereas for the NPC the
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switching commutation voltage is only half that for all devices, and for the TTC half for the
midpoint connected devices.

Conversely, the conduction losses of the VSI are generally lower than that of the NPC
due to lesser number of devices in the conduction path, whereas they are comparable to
the TTC as shown in [27].

Comparing the NPC and TTC, the ef ciency curves are very similar and crossover at the
35 kHz mark, indicating that the TTC exhibits higher switching losses than the NPC. The
switching frequency is of importance in order to extract optimal ef ciency. The TTC shows

most potential, but must be further evaluated for the application.

3.1.2 Application Speci c Comparison

[5] Provides a study of various converter and machine combinations at varying power
levels for an ISG application, ranging from single machine-converter to multiple machine

- converter combinations in simulation. In the combination of interest - Single Machine
Single-Converter (SC-SM) as shown on Figure 3.5, with varying power levels, the TTC is
shown to have maximum ef ciency as well as minimum THD. Various additional factors
need to be stated as well to contextualize these results. Firstly, the devices used here are
SiC modules for the 2L and Si IGBT modules for the 3L topologies. Additionally, different
switching frequencies are used for the SiC and Si modules. The control algorithm employed
by the authors claim to adjust for these mismatches for a fair comparison. The result

encourages a deeper look into the TTC.
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Figure 3.5: Single Converter - Single Machine Comparison [5]

In [6] shows the build of an optimized ISG system and tests losses in hardware. For
a 45kW system, it compares VSI and NPC IGBT module based converters across all ISG
operation modes, as described in section 2. As shown in Figure 3.6 the NPC has higher

ef ciency across all operating conditions.

Figure 3.6: Converter Ef ciency over ISG Operating Conditions  [6]

The literature review presents a strong case for 3-I converters over 2-1 VSI and leans
towards the TTC being the most ef cient given the optimal switching frequency. It combines
the bene ts of the low conduction loss of the VSI and the low switching loss of the NPC.

Its operation will be further presented in detail in the coming subsection. Lastly, while
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the literature review provides deep insight, it is inconclusive without simulating the three
converters once the necessary devices are selected. The results of this simulation will be

presented and discussed.

3.2 T-type Converter

The TTC topology is as shown in 3.3 is an advanced 3-level topology typically used in
medium voltage applications [17]. The converter is simpli ed to a single phase in order
to describe the operating principle as shown in 3.7. High side devices T1 /D1 and low
side devices T4/ D4 block the full DC-link voltage. The neutral point connected bidirec-
tional switches T2 / D2, T3/ D3 block half the DC-link voltage [28]. Due to this property
the bidirectional switches exhibit low switching losses and acceptable conduction losses
even though they are series connected. The neutral point switches can be connected in
common-drain /collector or common-source /emitter con guration depending on the
switch technology being used.

In most works presented in the past, [3], [2] Si IGBTs are used for the bidirectional switch
as they tend to offer extremely low conduction losses while trading off switching losses.
.Since the blocking voltage of the switches is low, the typically high switching losses from
cheaper IGBTs as compared to SiC devices is noted as a tradeoff between ef ciency and
cost.SiC devices are used for the high and low side switches since the bene tin reduced
switching losses is signi cant. [14] further replaces T2 / T3 with high performing MOSFETs
and D2/ D3 with SiC diodes and notes the increased ef ciency. In order to completely
leverage the TTC, all devices can be replaced with their SiC counterparts to maximize

ef ciency, while pushing higher power output, in critical applications.
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Figure 3.7: Single Phase TTC

3.2.1 Switching States

The most simple switching scheme for the TTC would be to close T1 for positive voltage
level, T2 and T3 for 0, and T4 for negative voltage level in both current directions  [28].
However this requires a current polarity dependent switching scheme. Instead, a minor
modi cation wherein T2 and T3 are additionally closed, for the positive and negative voltage
levels respectively, the current commutation becomes polarity independent as shown in
table 3.2. Using this approach, the modulation scheme for the TTC is identical to the NPC,

as derived in detail in [24].

Table 3.2: Current Independent Switching States of TTC

State Output Voltage | T1 T2 T3 T4
Positive Vdc/ 2 ON | ON | OFF | OFF
0 0 OFF | ON | ON | OFF

Negative -Vdc/ 2 OFF | OFF | ON | ON
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3.2.2 Current Commutation

A detailed example of the current commutation for positive to 0 and O to positive is de-
scribed to further illustrate the polarity independent commutation scheme. The current
commutation for the positive voltage to 0 voltage level assuming a positive output current
is as shown in Figure 3.8 from left to right. The system starts with T1 and T2 in on states
connecting the output to the Vdc /2 potential with positive output current. When switching
to the O potential level, T1 is turned off. After a necessary dead time interval to prevent
shoot through, T3 is turned on. During the dead time the current is forced to commutate
through T2 and anti-parallel diode D3. And nally, T3 is turned on after the dead time

interval to commutate current.

Figure 3.8: Positive to 0 Voltage (Current > 0)

Similarly, the scenario for negative current s illustrated in Figure 3.9. Focusing on the
switching states of all devices, it can be seen that they are identical to the positive current
scenario. Starting with T1 in the on state, the body diode conducts momentarily in the
on-off transition. The current then commutates to the neutral point through T3 once itis

turned on after a dead time, thus showing the natural commutation of current from the
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positive to O potential.

Figure 3.9: Positive to 0 Voltage (Current < 0)

Furthermore, the commutation for the 0O to positive potential switching are illustrated.
As shown in Figure 3.10, current initially is owing through T2 and T3 being on. T3 is then

switched off and T1 switched on after a turn on delay to complete the transition.

Figure 3.10: 0 to Positive Voltage (Current > 0)

Similarly, as shown in Figure 3.11, the same switching pattern is utilized for negative
current operation. T3 is switched off and T1 is turned on after a delay time. The body diode

T1 conducts current momentarily. Both cases have the same switching pattern.
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Figure 3.11: 0 to Positive Voltage (Current < 0)

Due to symmetry of the circuit, the same procedure applies for commutation from
negative to 0 and 0 to negative. In this case T4 performs the same function as T1, en-
abling connection of the load to the negative node. In both positive and negative current

conditions, the switching pattern remains the same.
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Thus the operation principle of the TTC is realized. Table 3.3 shows all combinations
of allowable and destructive states. The destructive states all result in shorting of either
positive, negative or 0 potential nodes. As long as adjacent switches suchas T1 /T3, T2/ T4
are not switched on at the same time, and the high and low side switches are not shorted,
the converter functions. Additionally, no more than two switches should ever be switched

on under any conditions.

Table 3.3: All Permutations of Switching States

T1 0(1/0/0|0|2|0}|2|0|2|0]|1|1 1
T2 o/0/{12/0(0|2|0f|0|2|0|1/0|1 |1
T3 o,0/|0|1|0|0|2f|1|0|0|1/1|0]|1
T4 ojojojo0{12/0{2|0{2|2|2|12/1/0
State | Allowed Destructive

3.2.3 Modulation

A dual carrier sine pulse width modulation (SPWM) is developed and implemented to
implement the commutation states desired. The triangle carrier frequency is set as the
switching frequency desired for the converter, whereas the sine wave frequency is set as the
fundamental output wave frequency desired. An important consideration is the modulation
index m ,, which determines the amplitude of the output wave.lt is a ratio of amplitudes,
de ned as:

M, = sine (3.1)

Acarrier
Itis setat 0.8 in this application as a practical value. Figure 3.12 illustrates the modulating
and carrier waves over a fundamental period of the output voltage.

The positive carrier controls devices T1 and T3, controlling the positive output switching
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Figure 3.12: Modulation Over a Fundamental Cycle)

cycle whereas the negative carrier does so for devices T2 and T4, controlling the negative half
cycle. T1is turned on for instances when the sinusoidal wave has an amplitude greater than
that of the positive carrier. Conversely, T4 is turned on for instances when the sinusoidal
wave has an amplitude greater than that of the negative carrier. T2 and T3 are have switching
states complementary to those of T4 and T1 respectively. This modulating pattern enables
the operation required as highlighted in the previous section, while avoiding any destructive
states.

Figure 3.13 shows the switching states for all switches within a single phase. It is of
interest to note the patterns, as they dictate the loss pro le of the converter, explored deeply

in subsequent sections.
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Figure 3.13: Switch states over a Fundamental Cycle

3.2.4 Simulation Model

A 3 phase, 35kW system is simulated using ideal components in PLECS as shown in Figure
3.14. The phase voltage is as shown in Figure 3.15a and line-line voltage and phase current
are as shown in Figure 3.15b. The rms values for the output phase voltage and phase current
are found using the scope tool. Power output is calculated using phase voltage and current

rms values in 3.2:

Pout =3 Iphaserms Vphaserms (3-2)
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Figure 3.14: PLECS Schematic

(a) Output Phase Voltage (b) Output Line Voltage and Phase Current

Figure 3.15: Converter Output Waveforms
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3.3 Device Selection

This section presents the device selection for an all SiC 3 phase TTC. The most ef cient
devices are sought after. These devices will then be implemented with their loss models to
compare against the NPC and VSI as an accurate method of estimating the best performing
converter.

Most works referenced thus far either use discrete devices at power levels of under 10
kW with IGBT-SIC hybrid solutions or custom built power modules for the TTC [20], [28],
[2]. Due to the timeline of this work, custom built power modules was not an option, and
therefore commercially available discrete devices are picked for a 35kW application. The
TTC has mixed voltage levels as described earlier. For this application, the bus voltage is
xed at 540 VDC, adhering to aerospace standards. T1 and T4 must be rated for at least this
value, whereas T2, T3 for half this value. The simulation model developed aids in nding
accurate current and voltage values seen by the devices. They are rated incorporating a
safety margin of 1.5. Desired ratings for all devices summarized in table 3.4. Devices T1 and
T4 will be referred to as half-bridge devices and T2,T3 as neutral point devices hereon for

simplicity.

Table 3.4: Desired Device Ratings

Device | Desired Characteristics with 1.5x safety
T1,T4 | Vds>810V,Id>90A

T2, T4 | Vds> 405V, Id > 90A

D1, D2 | Vblock > 405V, IF> 90A

Beyond the minimum voltage and current ratings, the most important datasheet pa-

rameters for the devices are:

1. Ryson : The on-state resistance of the SiC devices determines the conduction losses by

31



12ms * Rgs.on- The device with the lowest R 4 o, would exhibit lowest conduction losses

and must be used.

. Eony Eorr - The on and off switching energies are directly proportional to switching
losses, and the lowest energy consuming devices must be picked. This parameter
is usually test dependent and cannot be accurately estimated until experimental
veri cation. In the case of the TTC this is especially apparent, since T1 and T4, while
blocking VDC, only between levels 0 to Vdc /2 and Vdc/ 2 to Vdc, thereby halving the

effective commutation voltage, and thus the on and off energies.

. Vg : Similar to the R 4 o, Of the SiC FET, SiC diodes exhibit conduction losses in the
form | s * V, i.e the forward drop voltage. Since SiC diodes have no reverse recovery

current [7], this is the only loss component.

3.3.1 Half-Bridge Devices

Table 3.5 shows the devices considered. Beyond the minimum ratings speci ed in Table

3.4, the junction temperature Tj is constrained to over 175

°C to ensure high temperature

operation. From the metrics listed, it is clear that the Wolfspeed C3M0016120K is the best

performing device due to its lowest R 4 o, and second lowest switching energies. It also has

the added bene t of the TO-247-4 package, coming with a Kelvin source pin that aids gate

driver design.

Table 3.5: Half-Bridge Devices

Manufacturer | Part Vds(V) | Ids(A) | Tj(C) | Rdsmax (m ) | Etotal (mJ) | Package
Wolfspeed C3M0021120D 1200 100 175 28.8 4.7 TO247-3
Wolfspeed C3M0016120D 1200 115 175 22.3 7.5 TO247-3
Wolfspeed C3M0016120K 1200 115 175 22.3 1.9 TO247-4
Microchip MSC025SMA120B | 1200 103 175 28 2.22 TO247-3
ON Semi NVHL020N120SC1 | 1200 118 175 27 2.22 TO247-3
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3.3.2 Neutral-Point Devices

A similar comparison is done for the neutral point devices, and the C3M0015065K device is
found to be best performing, both in terms of lowest R 4 o, as well as switching energies. It
also has the added advantage of being the same package as the Half-Bridge devices, thereby
ensuring symmetry in the layout phase.

Since there are no trade-off parameters in the diode, the SiC diode with the lowest
forward drop voltage within the ratings speci ed is chosen . The In neon IDWD40G120C5
with a forward drop of 1.7 V is chosen. It is also bene cial to address that an external diode
is chosen for the neutral point bidirectional switch since these diodes commutate the full
load current. Had the SiC body diodes of the C3M0015065K been used for this, their forward
drop voltage of 4.7 V would result in much more heat and losses in the package, ultimately

leading to low ef ciency and reliability.

Table 3.6: Neutral-Point Devices

Manufacturer | Part Vds(V) | Ids(A) | Tj(C) | Rdsmax (m ) | Etotal (mJ) | Package
Wolfspeed C3M0015065K 650 120 175 20 0.5 TO247-4
Wolfspeed C3M0016120D 1200 115 175 22.3 7.5 TO247-3
Wolfspeed C3M0016120K 1200 115 175 22.3 1.9 TO247-4
STM SCTH100N65G2 650 95 175 32 0.98 H2-PAK-7
ROHM SCT3017ALHRC11| 650 118 175 22.1 0.55 TO247-3

3.4 Converter Loss Comparisons

Having gone through a comprehensive review and device selection process, the TTC, NPC
and VSI converters can nally be compared in this section on a level playing eld. The
devices chosen for the TTC would also be the most ef cient for the VSI and NPC, therefore

no additional device selection is required. The VSI would simply use the Half Bridge devices
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for all of its 6 devices, whereas the NPC would use the neutral point devices for its switches
and diodes. Additionally, all 3 converters use the SPWM switching scheme. PLECS is used
to determine switching and conduction losses for the systems using the device properties
built into the switch models. The switching frequency is restricted to under 45 kHz, in

compliance with aerospace EMI standards.

3.41 TTCvsNPC

35kW systems are simulated for both 3-L converters with varying switching frequency.
The results are shown in Figure 3.16. It is clear that the TTC is the superior performing
converter until 45kHz, where the switching losses start to dominate and the NPC turns out
to be about 0.1 % more ef cient. This comparison proves that superiority of the TTC in
this application, as it is the more ef cient option for the switching frequencies typically
used on air crafts. While previous works [28] established 35 kHz as the ef ciency crossover
point with IGBT technology, all SiC TTC pushes this boundary higher. The varying junction
temperature on the x-axis is intentionally simulated to show behavior at higher power levels
where the junction temperature would be higher. Additionally, the PLECS model uses the
corresponding on state resistances to determine a more accurate operating point. From
this plot, 40 kHz is chosen to be the nominal operating frequency of the system and can

now be compared against the VSI.

342 2-Lvs3-L

All 3 converters are simulated within nominal conditions of 35kW switching at 40 kHz.
Figure 3.17 shows the results, con rming the superiority of the TTC at this operating point.
Lastly, the loss component breakdown is presented in 3.18 exhibiting the nature of the TTC

wherein the topology inherently combines the low conduction losses from the VSI and
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Figure 3.16: NPCvsTTC

low switching losses of the NPC to form a formidable solution for low-medium switching

frequency applications.
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Figure 3.17: NPCvs TTCvs VSI

Figure 3.18: Loss Components Comparison
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CHAPTER

THERMAL MODEL

A detailed analysis of the thermal behavior of the T-Type Converter is presented in this
chapter. For a high power density design, it is of utmost importance to optimize the cooling
mechanism of the system, as it takes up the most volume. Additionally, devices must be
cooled ef ciently to avoid the possibility of catastrophic thermal runaway where the devices
would fail due to exceeded maximum junction temperature ratings. PLECS and MATLAB
are used in conjunction to procure and analyze loss data in order to estimate the cooling
requirements of the system. The governing equation for this analysis is the relationship
between thermal resistance R y, , Poss and the difference in temperatures between the
surfaces T. They are related as shown in equation 4.1. Speci cations of the system demand

forced air cooling. This chapter lays out the approach undertaken towards an optimal
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solution.

T
I:,Ioss: R_ (4-1)

4.1 Heat Dissipation Model

Before estimating the losses it is important to model the ow of heat in the system. This is
shown in Figure 4.1. The source of the heat is the junction of the die, due to the conduction

and switching losses when operating. The ow of this heat is through the following network:

1. Rth;.: The thermal resistance between the junction and case due to the packaging

technology used

2. Rthq: The characteristic resistance of the thermal interface material securing onto

the electrical insulating material

3. Rthyy: Aluminum Nitride is the electrically insulating material of choice due to its low
characteristic resistance. It ensures that the heatsink and the device do not interface

electrically

4. Rthy_ : The last resistance to consider is that between the heatsink and ambient tem-
perature determined by the physical geometry of the heatsink and cooling approach

undertaken

Figure 4.2 shows an equivalent electrical analogy. In this case, the loss is modeled as
as constant current source, owing through a series of resistances to a constant voltage
source representing the ambient temperature. In order to nd the appropriate heatsink

solution, the Rth .4, must be calculated with the knowledge of all other variables. All other

38



Figure 4.1: Thermal Stackup

thermal resistance values are data sheet parameters that can be estimated. The losses are

found in the method laid out in the following section.

Figure 4.2: Thermal Equivalent Circuit

4.2 PLECS - MATLAB lterative Loss Estimation

4.2.1 PLECS Initial Loss Data

PLECS offers a useful thermal toolbox that serves as a bridge between the electrical and
thermal dynamics of the converter. As shown in Figure 4.3 the purple box represents an
isothermal surface, covering all enclosed devices at the same temperature. The probes on
the top right corner extract losses for the devices necessary, averaged over a switching cycle
for conduction losses, and using impulse averages at switching frequency for switching

losses.
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