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Abstract

A Very High-Power Density (60-70 kW/kg) SiC Inverter

Joeny Zhen

This thesis describes a very high-power density inverter design for a power train that
Is intended to be used in an all-electricaircraft. The minimum power density for the
power electronics for such an aircraftis 50 kW/kg, but this thesis details designs
reaching 60 to even 70 kW/kg, even for a multilevel topology inverter. SiC devices
were explored in this thesis because wider bandgap materials such as SiC and GaN
can operate at higher temperatures, higher power densities, higher voltages, and
higher frequencies — making it the most optimal choice for a long-range all-electric
aircraft. This thesis also explored numerous multi-inverter topologies to find the most
optimal one for the application —ranging from the typical half-bridge to a neutral-
point clamped to even a flying capacitor inverter. Thermal calculations were made
only for air-cooling; however, future designs aim for liquid cooling for a longer life-
time design. Mechanical bus bar work for a prototype and future designs were made
on Onshape and presented here. Additional improvements were explored, ranging
from incorporating liquid cooling to an extension to soft-switching. A single-phase
prototype was made and experimented. The results are presented in this paper.
Currently, I am working on improving the prototype with a next iteration of the
design, eventually incorporating it with the motor and thermal designs from other

projects.
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Chapter 1: Introduction

1.1: Motivation

In the 21% century, technological innovation suffused over and has greatly
improved lives across the world in an unprecedented scale. When encountered with a
crisissuch as COVID-19, society relied on technological innovation to fast-track
numerous vaccinations. Now, we have vaccines from Pfizer, Moderna, J&J, and so
on. Companies such as SpaceX have been in the forefront in commercializing space
exploration, and innovated methods to improve and lower the cost. Tesla has engaged
in decades-long research and development of electric vehicles in the aim of reducing
and eliminating the use of fossil fuels. With great technological innovation comes
manifested issues. With population becoming denser, energy demand has
skyrocketed, resulting in an abundant use of nonrenewable fuels. According to World
Energy Production chart by the IEA World Energy Statistics and Balances Group,
approximately 80% of the world’s energy productionis from fossil fuels [1] which
generate large amounts of carbon dioxide into the air when combusted. Greenhouse
gases such as carbon dioxide trap heat in the atmosphere, which will increase the
average global temperature. The Paris Climate Agreement (PCA) aims to hold global
temperatures well below 2 degrees Celsius by the next century through intended
nationally determined contributions (INDC) that outlines their climate actions.

Despite a laid-out plan, it impliesa median warming of 2.6 to 3.1 degrees Celsius by



2100. The PCA have quantified the greenhouse gas emissions of the INDC that aims
to keep global warming well below 2 degrees Celsius. However, this requires net-zero

CO, emissions [2].

To obtain net-zero CO; emissions, technological advancements are adamantly
required. From the listed well-known technological advancements, Tesla has been in
the forefront in reducing and eliminating the use of fossil fuels in the transportation
sector through their research and development of electric vehicles. According to the
US EPA, the transportation sector accounts for 28% of greenhouse gas emissionsin
the US where nearly 60% comes from light-duty/passenger vehicles[3]. To get a
better idea of how EVs will improve and reduce global warming, a study was made in
Germany by Schill and Pruckner et al., disclosing the potential impact of a high
number of EVs on Germany’s energy system. If six million EVs are in Germany’s
transportation system, it is expected greenhouse gases will be reduced by 37% in

comparison to a situation where there are no EVs on the road [4].

Years of research and development has focused on the need reduce and
eliminate fossil fuels in the automobile industry, but it accounts for 60% of
transportation in the US. Approximately 30% of greenhouse gas emissions from
transportation are from medium-heavy duty vehicles and aircraft. More R&D must be
carried out in these sectors to achieve net-zero CO, emissions. With a very real fear
of global warming’s ramification on the world and the need for net-zero CO;

emissions, | am motivated and determined to research this further.




1.2: Mission

Medium-heavy duty vehicles and aircraft, similar to the current electric
vehicles, consist of a power train: the electric motor, the drive, and the thermal
management system. The difference in requirement is to have enough power density
to drive typical loads one would see during off-road applications or long-range flight.
Thus, innovative designs are required to achieve an ultralight high power-dense
system. Recently, a team led by Leila Parsa and Keith Corzine received funding by
the US DOE to develop an all-electric power train for a future aircraft, similar to the
Boeing 747, however, the current electric power trains do not have enough power
density and efficiency to meet the requirements. An all-electricaircraftis needed
because the carbon dioxide emissions per passenger from commercial aircraft are
approximately double of any other form of transportation. The goal is to reduce

emissions from commercial air travel [5].

The mission of this thesis is to detail the current research and development
findings for the drive, also known as the power electronics of the design. The drive of
the system is an inverter that aims to achieve a power density of at least 50 kW/kg.
High efficiency and lower EMI are obtained by using state-of-the-artmultilevel

inverter technology and Silicon Carbide (SiC) devices.



1.3: Related Works

With regards to designing an all-electricaircraft, there have been some efforts
made in designs, including improving the power systemsand the power electronics
section of the aircraft. In [6], a converter was made to have a power density of 19
kW/kg with 99% efficiency with a non-cryogenic cooling system, and a power
density of around 26 kW/kg with a cryogenic cooling system and identical efficiency.
In another paper, [7], a power density of 30 kW/kg for its switching converter was
achieved. However, for the intended application of long-range flight similar to the

Boeing 747, a power density of 50 kW/kg is required.

From literature, there has been some effort made to design a very high-power
density inverter using SiC devices and multi-level design. In [8], a power density of
50 kW/kg was achieved by the following removing the body diodes from the
modules, using a two-level half-bridge topology, and developing a high performing
gate driver. In [9], a power density of 50 kW/kg was also achieved, and very similar
steps were made compared to [8]. However, the researchers did not remove the body
diodes from the modules. The biggest difference between [8] and [9] is their choice of
cooling design. In [8], they decided to use a copper-based heatsink with forced air
convection. While in [9], they use a liquid-cooled heatsink. As a note, both papers
implemented the half-bridge two-level topology. The design of the inverter this thesis

entailsis influenced by the related works discussed.



Chapter 2: Simulation

2.1: Overview

The main objective of the three-phase inverter design is to have a power density of at
least 50 kW/kg at 97% efficiency or higher. The minimum output power level is 250
kW. Before going into the design, numerous topologies were simulated to get a better

idea of the electrical performance of the inverter, namely:

1. Two-Level Half-Bridge Inverter
2. Three-Level Flying Capacitor Inverter
3. Three-Level Neutral Point Clamped Inverter

4. Four-Level Flying Capacitor Inverter

The following sections detail the designs of these topologies

2.2: Two-Level Half-Bridge Inverter

In this design, the inverter is connected to a permanent-magnet ac motor [21] and
1200V MOSEFET semiconductors are used. Figure 1 shows the Simulink simulation

diagram. The parametersand operating conditionsare:



Parameters and Operating Conditions

P=8 rs=19.3 mQ Ls =300 puH Am=0.19 Vs
Ve =900 V Wrm = 5000 rpm d=1.074

Vs =342V ov =33.1deg

Is =297 A ¢i = 0 deg

Figure 1. Two-Level Half-Bridge: Inverter Section MATLAB Simulink Schematic
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1 ) function [eas, ebs, ecs]= fcn(R, theta)
2 - eas = BR*cos(theta):

3= ebs = RA*cos (theta-((2*pi)/3));

4 — ecs = A*cos (theta+ ((2%pi)/32));

Figure 2. Two-Level Half-Bridge: Motor Section MATLAB Simulink Schematic

From the Figure 1, the current, las, is 299 Arms, and the voltage, Vas, is 342 Vrms,
which resultsin a total power of 307 kW. The desirable power is a minimum of 250

KW.



Inverter Design 3: Voltage Waveforms Inverter Design 3: Current Waveforms
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Figure 3. Two-Level Half-Bridge Inverter VVoltage and Current Waveforms

From Figure 1, the two-level half-bridge inverter implements sine-triangle
modulation for the switching states. The inverter is connected to a permanent-magnet
synchronous motor, where the parameters are established in Figure 2. The back EMF
is done through using the MATLAB function block, which outputs to a voltage-
dependent voltage source for each phase: Eas, Ebs, and Ecs. The back EMF of a

PMSM is established based on the following equation:
Eys = Apwycos (6) (1)
w, = angular velocity of the rotor (2

A = flux induced by the PM of the rotor in stator phases 3



2.3: Three-Level Flying Capacitor Inverter

This simulation consists of the following parameters when using 1200V devices:

Parameters and Operating Conditions

P =8 Poles rs=77.2 mQ Ls =300 uH AMm=0.379 Vs
Ve = 1800 V Wim = 5000 rpm d=0.912

Vs =580V ov=9.3deg

Is=148 A oi = 0 deg

‘h‘ =]

Figure 4. Three-Level Flying Capacitor: Inverter Section MATLAB Simulink

Schematic
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&unction [da, db, dcl= fecn(theta, d)

da d*cos (theta) - (d/6)*cos(3*theta)
db = d*cos(theta - (2*pi/3))- (d/6)*cos(3*theta):;
dc = d*cos(theta + (2*%pi/3))- (d/6)*cos(3*theta):;

Figure 5. Three-Level Flying Capacitor: PS-PWM Implementation

el

Figure 6. Three-Level Flying Capacitor: Switching States

10



Phase-shifted pulse-width modulation (PS-PWM) is implemented by phase shifting
the triangle wave comparedto its base refence by 360 degrees/(# of levels - 1). The
benefit of using PS-PWM in a FCI is its ability to naturally balance the capacitor
voltage to \dc/(# of levels— 1) in multi-level FCI topologies. In this case, the

balanced voltage is 900V across the capacitor [10].

1 function [eas, ebs, ecs]l= fcn(f, theta)
al= eas = R*cos(theta);

= ebs = A*cos(theta- ((2%pi)/3));

4 — ecs = A*cos(theta+((2%pi)/3));

Figure 7. Three-Level Flying Capacitor: Motor Section MATLAB Simulink

Schematic

From Figure 4, the current, las is 149 Arms, and the voltage, Vas, is 580 Vrms, which

resultsin a total power of 259 kW.

11



Inverter Design 1: Voltage Waveforms
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Figure 8. Three-Level Flying Capacitor Inverter VVoltage and Current Waveforms

The implementation of the permanent-magnet motor is identical in the two-level half-

bridge simulation as seen in Figure 7.

12



2.4: Three-Level Neutral-Point Clamped Inverter

The parameters for the Three-Level NPC are identical to the Three-Level FCI.

Figure 9. Three-Level Neutral Point Clamped: Inverter Section MATLAB Simulink

Schematic

The motor section of the three-level NPC simulationis identical to the one shown in

section 2.2 and 2.3.

13



Figure 10. Three-Level NPC Switching States and PD-PWM Implementation

Phase-deposition pulse-width modulation (PD-PWM) is used due to its ability to

reduce high frequency THD in multi-level NPC topologies [11].
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Figure 11. PD-PWM Implementation Example [11]
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To implement PD-PWM, first, the number of triangle waves required is determined
by # of levels-1. As seen in Figure 11, to implement PD-PWM, the triangle waves
are stacked on top of each other within the amplitude range of the sine wave. From
Figure 9, the currentand voltage is the same as the Three-Level FCI simulation,

resulting in a power output of 259 kW.

Three Level NPC: Current Waveforms
Three-Level NPC: Voltage Waveforms 200 T T T T T
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Figure 12. Three-Level NPC Voltage and Current Waveforms
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2.5: Four-Level Flying Capacitor Inverter

This simulation consists of the following parameters when using 1200V devices:

Parameters and Operating Conditions

P =8 Poles rs = 35 mQ Ls =300 uH Am=0.58 Vs
Ve = 2700V Wim = 5000 rpm d=0.912

Vs =870 V ov =4 deg

Is =100 A oi = 0 deg

L =
,,,,, Telg

Figure 13. Four-Level Flying Capacitor: Inverter Section MATLAB Simulink

Schematic

16
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Figure 14. Four Level FCI Switching States

The motor section of the simulationis identical section 2.2 and 2.3. From Figure 13,
the current, las, is around 98 Arms, and the voltage, Vas, is 870 VVrms, which results

in a total power of 256 kW.
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Four-Level FCI: Voltage Waveforms
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Figure 15. Four Level FCI Voltage and Current Waveforms

2.6: Topology Selection

Choosing a reasonable topology is vital when it comes to satisfying the power
density requirement of 50 kW/kg. Different topologies have different weights due to
the required components. The two-level half-bridge will result in the lightest design
due to its simplicity. However, its efficiency and EMI is a lot worse in comparison to
multi-level topologies. It is logical to selecta higher-level topology for the design.

Thus, the two-level half-bridge can be used as a last resort if problems arise.

This leads to a selection amongst the other three listed topologies. Provided
that a minimum power density of 250 kW/kg is required and an output power of 50
kW, the maximum weight the inverter must be is 5 kg. The downside of
implementing higher multilevel topologies is the additional weight due to the

additional switches. The lightest module (half-bridge) found on the marketplace is
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from CREE (the HM3 and XM3 families). The weight of these modules s

approximately 180g each. However, its gate driver and differential transceiver add an
additional 100g. Provided that in a four-level topology requires 18 switches in total (9
half-bridges), the weight of the modules total to 2520g. The four-level power density

can be investigated.

The selection amongst the remaining topologies was done through comparing
the weight between the flying capacitor and the diode in the NPC. Generally
speaking, a ceramic based capacitor is significantly lighter than the typical bulky

power diodes seen in the market, thus, the three-level FCI was chosen for the design.

Chapter 3: Weight

3.1: Overview

The composition of any inverter design is the following: semiconductor devices, gate
drivers, heatsink, busbar connections, fans/liquid cooling, connectors, and
capacitors/diodes. The selection of these components is done to satisfy voltage and
current requirements, and to not exceed the thermal junction temperature of the
modules. This is all done while keeping the weight as low as possible to maximize the

power density of the inverter.
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3.2: Module Selection

The chosen topology for the design is the three-level flying capacitor inverter.
This requires a total of 12 switches, or 6 half-bridge modules. According to the
simulationdone in section 2.3, the current requirementis 148 Arms using 1200V
devices. There are many devices composed of different semiconductor material such
as Si, SiC, and GaN can satisfy the electrical requirements. However, different
semiconductor materials can have a significant impact on the weight and efficiency

performance.

Wider bandgap materials such as SiC and GaN can operate at higher
temperatures, higher power densities, higher voltages, and higher frequencies, making
these the best semiconductor choice selection for the inverter design instead of Si. For
high power applications where power density is a paramount requirement, SiC is the
best choice due to its higher thermal conductivity of around 5 W/cmK versus GaN’s
measly 1.3 W/cmK. This allows designers to select a significantly lighter heatsink for

SiC devices instead of GaN for the same amount of losses.

Searching through the marketplace such as Digikey and Mouser resulted in

the following choices for the module:

1. CREE HM3 1200V/760A: CAB760M12HM3
2. CREE HM3 1200V/480A: CAS480M12HM3

3. CREE XM3 1200V/450A: CAB450M12XM3

20



The thermal performance and total weight of the design is based on the three listed
choices. The weight of the ‘HM3” modules is 180g. The weight of the ‘XM3’

modules is 175g.

3.3: Gate Drivers and Differential Transceiver

The selected modules for the design all have designed gate drivers to its
corresponding ‘family’ type. For modules 1 and 2, they are classified as the ‘HM3’
family and the corresponding gate driver for this family is CGD1700HB3P-HM3 as

shown in Figure 16. The weight of this gate driver measures around 70g.

Figure 16. Gate Driver (CGD1700HB3P-HM3) for the HM3 Family

For module 3, it is classified as the ‘XM3’ family, which is a different type of
package, and the corresponding gate driver for this module is CGD12HBXMP as

shown in Figure 17. The weight of this gate driver measures around 40g.
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Figure 17. Gate Driver (CGD12HBXMP) for the XM3 Family

Both gate drivers shown in Figures 16 and 17 accept differential signals. However,
when controlling them with a DSP which is a very common strategy, DSP outputs a
single-ended type signal. Therefore, some sort of ‘converter’ is required to integrate a
DSP to the gate driver. CREE offers something called a differential transceiver which
converts a single-ended input to a differential output. Figure 18 displays a block
diagram detailing how it should be wired. Figure 19 provides a real physical example
of how it is done using the ‘HM2’ or ‘HM3’ family modules. The weight of the

differential transceiver is around 25g.
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Figure 19. Example of Inverter Signal Chain [12]
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3.4: Flying Capacitor

The selection of the capacitors for the FCI was chosen based on the weight,
voltage, and current requirements. Generally speaking, ceramic based capacitors are
significantly lighter than electrolyticbased for high power applications. The
capacitance used in the simulationwas 2 pF. The following capacitor was used for
the initial prototype as seen in Figure 20: LIGN40D274KAQ05. The capacitor is rated
for 2000V and around 10-15 Arms. Each capacitoris 0.2 uF worth of capacitance.
The weight of these capacitorsis around 10g each. To achieve 2 uF and reduce the
current load through each capacitor, 10 of these capacitors were placed in parallel.

The total weight of the capacitorsis around 100g.

Figure 20. Ceramic Capacitor used for FCI
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3.5: Heatsink

For dissipating the heat from the inverter, either a heatsink or a coldplate is
required. A heatsink can implement either natural or forced convection. A coldplate is
used to cool down the inverter more efficiently through liquid cooling. For a
prototype, it is easier to implement a heatsink and air cooling with a fan instead of
liquid cooling where a coldplate, coolants, pumps, and more are required. For a more
future design, it would be wise to use liquid cooling to maintain the temperature of

the inverter at a low to maximize the lifetime of the design.

The selection of the heatsink is entirely dependent on how well the thermal
performance limits the temperature within the maximum junction temperature of the
module. According to each of the datasheets, the maximum junction temperature of

the modules is 175 degC.

Maximum Virtual Junction
Ty | Temperature under Switching -40 175 °C
Conditions

Figure 21. Maximum Junction Temperature of Chosen SiC Modules [13]
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Heatsink Design 1 (CAB760M12HM3): 3-Level FCI Topology

Total temperature performance is calculated by the four thermal conduction

parameters.

Thermal Conduction Resistance Between Junction and Case (MOSFET)
Thermal Conduction Resistance Thermal Conductor (Thermal Adhesive)

Thermal Conduction Resistance Heatsink

Thermal Conduction Resistance Ambient, Assume Room Temperature (25

degC)

According to the datasheet, the maximum thermal resistance junction-to-case for the

MOSFET is Rinem = 0.073 degC/W. The maximum junction temperature is 175 deg

C [13].
Ry jem = 0.068 degC/W (for 1 a module)

Ry jem = 0.0226 degC/W (for 6 modules typical)

Expected Power Loss by the Switches: 12[(148A)%*(0.00173 Q)] = 349.59W

Maximum Junction Temperature: 175 degC.

175-25
349.59

Maximum Thermal Resistance: ~ 0.43 degC/W

Chosen Thermal Adhesive: Wakefield-Vette (GL-60-10)

The terminal resistance of a material is calculated with the following equation:
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Roona = kLA inunits of degC/W

Where L is thickness in meters, k is the thermal conductivity of the material in

(W/K*m), and the cross-sectional area (m?).

The application thickness of this adhesive is assumed to be 0.5mm. The minimum
applicationarea is 44900 mm? = 0.0429 m?. The thermal conductivity of the adhesive

is 3 W/m-K. The thermal resistance of the thermal adhesive is:

0.5%1073m
B W/ m_k)(0.0429 m?)

= 0.0039 4€9C/  (for all 6 modules)

RTH_TA =

Rry 74 = 0.0234 degC/W (per module)

Maximum Heatsink Thermal Resistance: 0.43-0.0113-0.0039 = 0.4148 degC/W

(Single)

For all six modules, the maximum thermal resistance of the heatsink is 0.4148*6 =
2.4888 degC/W. It would be wise to use a heatsink with a thermal resistance a bit

lower than maximum.

The area of a single module is 65mm x 110mm = 7150 mm? = 11.083 in?. For a three-
level, three-phase flying capacitor-based inverter, 6 modules are required. The total

minimum area required to have all 6 modules on a heatsink is 42900 mm? = 66.5 in.

If the modules are laid out in a 2-by-3 array, the minimum lengthis 110x2 = 220 mm.

The minimum width is 65x3 = 195 mm.
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If the layout is a 3-by-2 array, the minimum lengthis 110x3 = 330 mm. The

minimum width is 65x2 = 130 mm.

If the layout is a 1-by-6 array, the minimum lengthis 110 nm. The minimum width is
65x6 = 390mm. If the layout is a 6-by-1 array, the minimum length is 110x6 =

660mm. The minimum width is 65mm.

Using a layout of 3-by-2, the chosen heatsink is Aavid Thermalloy (688552F00000G)

[14]
Heatsink Dimensions (assuming a module layout of 3x2) (Heatsink needs to be cut):
Length: 330 mm (Heatsink Minimum Length Cut)
Width: 182.9 mm
Height: 12.83 mm

Over Area: 60357 — 42900 = 17457 mm?2

28



9.73 3.63
(0.383) (0.143)

s .
3.18 e ALLLLALULRRRARR U LURE T 12 85

(0.125)'L 82.90 L(0.505)

68855 PRODUCT DETAILS

Property Details
Height 505 in (12.83 mm)
Width 7.201 (182.90 mm)
Perimeter 46.30in
Weight 1.7 Ib per foot (2.53 kg per meter)
Material 6063-T5 Aluminum Extrusion Alloy

Figure 22. Aavid Thermalloy (688552F00000G) Physical Parameters [14]

Heatsink Weight: 2.53 kg per meter (length)

330 mm
1000mm

Ideal Weight: 2.53 K9/, « 1m = 834.9g

Thermal Resistance (Natural Convection): Around 1.5 degC/W

Thermal Resistance (at 100 LFM): 1.12 degC/W

Heat Sink Heat Sink

Thermal Resistance Thermal Resistance
= Air Flow (m/s)
6.00 = 1.0 2.0 3.0 41 5.1
Ze 1.50 g
450 =
C. 1.42
— : e s
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Figure 23. 688552F00000G Thermal Resistance at Natural (L) and Forced

Convection (R) [14]
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Inverter Design Adjusted Heat Performance
NATURAL CONVECTION

117.73 degC 113.76 degC 112.4 degC

Rth_JC Rth_TA Rth_HS

0.068 degCW  0.0234 degC/W 1.5 degCW

Rth_Jc1 Rth_TA1 Rth_HS1
0.068degC/W 00234 degCW 1.5 degCIW
Junction Temp: e: 175 degC

Rth_Jc2 Rth_TA2 Rth_Hs2 Heat Performance: 117.73 degC

InverterLosses V V.V V
7N 0.068 degC/W  0.0234 degC/W 1.5 degC/W
(= ———4

349.50W | AmblentTemp

Rth_JC3 Rth_TA3 Rth_HS3
AR AA A7 Let)
0.068 degC/W  0.0234 degCW 1.5 degC/W T 25 degC

Rth_Jc4 Rth_TA4 Rth_Hs4

0.068 degC/W  0.0234 degCW 1.5 degC/W

Rth_JC5 Rth_TAS Rth_HS5

0.068 degC/W  0.0234 degC/W 1.5 degC/W

Figure 24. FCI Design (CAB760M12HM3) at Natural Convection

From the best identified switch and a chosen heatsink (688552F00000G), the weight
of the heatsink comes out to be 835g with a junction temperature performance of

117.73 degC using natural convection.
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Second Heatsink Design (CAS480M12HM3): 3-Level FCI Topology

Identical steps were made in this section when determining the weight of the

heatsink and the junction temperature performance.

For the chosen switch, CAS480M12HM3, the same heatsink is used provided
the package is the same as the first heatsink design. The difference between two
switches are its electrical and thermal resistance values. For CAS480M12HM3, the
electrical resistance is 2.3 mQ and its thermal resistance is 0.1 degC/W [15]. For the
first heatsink design, the electrical resistance is 1.33 mQ and its thermal resistance is
0.068 degC/W. Unfortunately, the second heatsink design switches do require some
sort of forced convection provided its electrical and thermal resistances cannot keep
the junction temperature low enough during natural convection. Figure 25 displays a
schematic detailing the thermal performance of CAS480M12HM3 with an airflow of

400 LFM.

31



FCl Heat Performance (Second Best Switches)
Forced Convection: 400 LFM

94.56 degC 84.53 degC 82.18 degC

Rth_JC Rth_TA Rth_HS

0.1 degC/W I 0.0234 degC/W I 0.57 degC/W
Rth_JC1 Rth_TA1 Rth_HS1

0.1 degC/W 0.0234 degC/W 0.57 degC/W
Rth_JC2 Rth_TA2 Rth_HS2

InverterLosses
0.1 degC/W 0.0234 degC/W 0.57 degC/W
601.922W Rth_JC3 Rth_TA3 Rth_HS3 AmbientTemp

0.1 degC/W 0.0234 degC/W 0.57 degC/W 26 degC
Rth_JC4 Rth_TA4 Rth_HS4

0.1 degC/W 0.0234 degC/W 0.57 degC/W
Rth_JC5 Rth_TA5 Rth_HS5

0.1 degC/W 0.0234 degC/W 0.57 degC/W

Figure 25. FCI Second Switches (CAS480M12HM3) Thermal Performance at 400

LFM Airflow

The thermal performance of second heatsink design switches from the ‘HM3’ family
with an airflow of 400 LFM resultsin a junction temperature of 94.56 degC. The

weight of the heatsink is identical to the best switches design of 835g.
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Third Heatsink Design (CAB450M12XM3): 3-Level FCI Topology

For the ‘*XM3’ family, its electrical and thermal resistances are quite similar to its
‘HM3’ counterpart. According to the datasheet of the selected ‘XM3” module
(CAB450M12XM3), the electrical and thermal resistances are 2.6 mQ and 0.11
degC/W respectively [16]. The dimensions of these modules are a tad smaller,

allowing for a lighter heatsink.

If the modulesare laid out in a 2-by-3 array, the minimum lengthis 80x2 = 160 mm.

The minimum width is 53x3 = 159 mm.

If the layout is a 3-by-2 array, the minimum lengthis 80x3 = 240 mm. The minimum

width is 53x2 = 106 mm.

If the layout is a 1-by-6 array, the minimum lengthis 110 nm. The minimum width is
53x6 = 318mm. If the layout is a 6-by-1 array, the minimum length is 80x6 = 480mm.

The minimum width is 65mm.

By using a layout of 2x3 and the same heatsink as the previous designs shown in
Figure 22, the weight of the heatsink is 402.3g, cutting the heatsink weight by half.
Due to its similar electrical and thermal resistances, the heat performance is the same
as the second-best ‘HM3” design. The junction temperature of this design will also

resultin 94.56 degC as seen in Figure 25.
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Fourth Heatsink Design (CAB760M12HM3): 4-Level FCI Topology

A four-level FCI topology was investigated to identify the highest possible
level the selected modules can achieve while maintaininga minimum power density
of 50 kW/kg. By going through identical steps as shown previously, Figure 26
displays the junction temperature performance of a four-level FCI design using the
‘HM3’ modulerated for 760A. A natural convection, the expected junction
temperatureis around 77 degC. The total weight of the heatsink, due to an additional

3 modules expanding its area, is 910.8g.

Four Level FCI (2700V) Thermal Performance
NATURAL CONVECTION

InverterLosses

0.0076 degC/W  0.0026 degC/W 0.167 degC/W

AmbientTemp

25 degC

Figure 26. Four Level FCI (CAB760M12HM3) Junction Temperature at Natural

Convection
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3.6: Busbar

Busbar work is required to form the necessary connections between each junction.
Similarto a PCB, layers were made to form the necessary electrical connections: a
VDD layer, a ground layer, and signal layers. The selection of the busbar material
was limited to either copper or aluminum due to its abundancy. Provided that the
primary objective of the inverter design is to maximize out its power density,
aluminum was chosen as the bus bar material due to its density being significantly

lower than copper:
Cu (density) = 8.96 g/cm?®
Al (density) = 2.7 g/cm?3

The prototype bus bar work was developed for the Three-Level FCI design that
implements the modules from the ‘HM3’ family. The area of the bus bar connections

was formulated from the following logic:

e The length must span within the length of the modules =70 mm
e The width must span around 2.5x the width of the modules =150 mm

o It must contain both modules within the width of the bus bar

Similarto PCBs where larger copper trace sizes are required to carry the necessary
current, large busbar work is required to carry the necessary current of the inverter.
This determines the height of the busbar work. Unfortunately, there is a tradeoff

between using aluminum versus copper. Aluminum has a current density lower than
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copper by a factor of a 1.6/1 ratio. The current density of copper is generally 500
Al/cm?. Therefore, the current density of aluminum is around 500/1.6 = 312.5 A/cm?.
Despite a lower current density, the tradeoff between weight and current density is
still beneficial for the design when minimizing weight. Therefore, the minimum

cross-sectional areais:
150 Arms/(312.5 A/cm?) = 0.48 cm?= 48 mm?

Provided the current flow is facing into the length’s edge (70 mm) of the busbar, the

height must be at least:
48 mm2/70mm = 0.69 mm = 0.03 inches

For the prototype, a height of the bus bar was selected to be 0.1 inches to mitigate any
potential electrical problems or issues due to the material selection while minimizing

the weight of the design.

Figures 28-31 provides a figure of the bus bar design for each layer of the inverter.
The design of the bus bar was created in a free CAD tool called Onshape. Smaller
holes are present to form an electrical connection between the aluminum plane to its
corresponding point and screws. Larger holes serve as clearance to prevent screws
touching other layers unintentionally. Midsized holes are done for clearance of the

screw’s thread. Each layer is separated by fiberglass insulation rated for 3 kV.
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Figure 27. CREE/Wolfspeed ‘HM3’ Module Schematic and Pinout [13]

Figure 28. Prototype Busbar Work — Ground Layer for Single Phase FCI Design
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From Figure 27 and the circuit schematic of a three-level FCI in mind as shown in
Figure 9, a total of 4 switches are required for each phase, or 2 modules. For the
ground connection, smaller holes slightly larger than M4 located at the last row of the

layer. Midsized holes serve as clearance for the threads of screws for other layers.

Figure 29. Prototype Busbar Work — Power Layer for Single Phase FCI Design

Figure 30. Prototype Busbar Work — Midpoint Layer for Single Phase FCI Design



For the power layer, smaller holes sized at M4 are made towards the first row. Larger
holes sized at around M8 are made at row 6 to serve as clearance of screw heads
made on the ground layer. This is seen in Figure 29. In Figure 30, large holes sized at
M8 are located at rows 1 and 6 to serve as clearance for the ground and power layer.
Smaller holes sized at M4 are located at rows 3 and 4 for the midpoint connection.

Midsized holes sized at M5 to M6 serve as clearance for screw threads.

Figure 31. Prototype Busbar Work — Capacitor Layer for Single Phase FCI (1-Half)

The final layer serves as the capacitor layer. It sits on top of all other layers and holds
10 capacitors within the outer ring shown in Figure 31. A larger more cylinder-shaped
hole is along the bend of the final layer. This is to serve as clearance to the midpoint

layer. The smaller cylinder-shaped hole serves as the final connection to the inverter.
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A cylinder-shaped hole was made to give maneuverability to the capacitors as a fail -

safe. The total weight of the bus bar work that uses 0.1 in thickness aluminum and

fiberglass insulation for the three-level FCI using the ‘HM3’ family modules comes

out to be approximately 630g.

3.7: Weight and Cost

The weight of the prototype FCI for a three-phase system is provided in Table I.

Table I: Overall Weightof ‘HM3’ Family 3-level FCI Design.

Selection Part Number Weight Quantity Total Weight
Switches CAS480M12HM3 1809 6 1080g
OR
CAB760M12HM3

Gate Drivers CGD1700HB3P-HM3 659 6 390g

Diff. Trans. CGD12HB0O0D 25¢ 6 150g

Flying Caps L1GN30G204KA10 10g 30 300g

Heat Sink 688552F00000G 278g 3 835¢

DSP TMS320F2837XD 509 1 509

Bus Bar Layers | - 630g 3 1890g

Current Sensors | HAC 400-S 709 2 140g
48359

The total cost of the ‘HM3’ family design is shown in tables II and III.
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Table II: Total Cost of Prototype Inverter Design using ‘CAB760M12HM3’

Selection Part Number Cost Quantity Total Cost
Switches CAB760M12HM3 $2748.75 6 $16492.5
Gate Drivers CGD1700HB3P-HM3 $327.5 6 $1965
Diff. Trans. CGD12HB0O0OD $37.50 6 $225
Thermal GL-60-10 $70.95 1 $70.95
Adhesive
Flying Caps. L1GN30G204KA10 $235.78 30 $7073.4
Heat Sink 688552F00000G $27.76 1 $27.76
Busbar Work | - $1100 1 $1100
Current HAC 400-S $93.10 2 $186.20
Sensors

$27140.81

Table 1II: Total Cost of Prototype Inverter Design using ‘CAS480M12HM3’

Selection Part Number Cost Quantity Total Cost
Switches CAS480M12HM3 $2,157.73 6 $12946.38
Gate Drivers CGD1700HB3P-HM3 | $327.5 6 $1965
Diff. Trans. CGD12HB00D $37.50 6 $225
Thermal GL-60-10 $70.95 1 $70.95
Adhesive

Flying Caps. L1GN30G204KA10 $235.78 30 $7073.4
Heat Sink 688552F00000G $27.76 1 $27.76
Fans 109R0605M401 $8.56 3 $25.68
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DSP TMS320F2837XD $40.55 1 $40.55
Busbar Work | - $1100 1 $1100
Current HAC 400-S $93.10 2 $186.20
Sensors

$23660.92

Additional weights are costs were made for the ‘XM3’ Three-Level FCI and the
‘HM3’ Four-Level design just incase they were to be pursued in the near future. This

is shown in Table IV and V.

Table IV: Overall Weight of ‘XM3’ Family 3-Level FCI Design

Selection Part Number Weight Quantity Total Weight
Switches CAB450M12XM3 175¢ 6 10509
Gate Drivers CGD12HBXMP 409 6 2409
Diff. Trans. CGD12HBOOD 25¢ 6 150g
Flying Caps L1GN30G204KA10 109 30 300g
Heat Sink 688552F00000G 134.1g 3 402.3¢g
DSP TMS320F2837XD 509 1 509
Bus Bar Layers | - 315¢g 3 945¢g
Current Sensors | HAC 400-S 709 2 140g
3277.3¢g

To pursue a four-level FCI design, custom made bus bar layers and capacitors are

required in reducing the overall weight. In Figures 28-31, the busbar work spans
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across the entire area of two modules. However, this is a very ineffective way to have
light busbar work. For example, in the ground layer, only row 6 forms the ground
connection. The rest is extra added weight to the design. By removing the extra
weight, the weight of the bus bar can be reduced significantly. This may create a
larger inductive loop between the power and the ground plane, so an idea is to keep

the ground plane large and have the power plane eliminate its extra area.

In addition, a custom-made capacitor can used that meets the voltage and
current requirements while having a lightweight design. Overall, this still forces strict
weight requirements for both the bus bar work and capacitors. Table V gives an idea

of how heavy the bus bars and capacitors must be to stay within the maximum weight

of 5 kg.

Table V: Overall Weight of ‘HM3’ Family 4-level FCI Design
Selection Part Number Weight Quantity Total Weight
Switches CAS480M12HM3 180g 9 1620¢g

OR
CAB760M12HM3

Gate Drivers CGD1700HB3P-HM3 659 9 585¢g
Diff. Trans. CGD12HB0O0D 25¢ 9 225¢
Flying Caps L1GN30G204KA10 109 60 600g
Heat Sink 688552F00000G 370.67 3 1112
DSP TMS320F2837XD 50g 1 50g
Bus Bar Layers | **Custom 3309 3 990g
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Current Sensors | HAC 400-S 709 2 1409
Cable (AWG4, | CF310.UL.1200.01 142¢g 1 142g
2ft)

54649

Another way to pursue a 4-level FCI design is to stick with the ‘XM3’ family due to
its smaller area, allowing a lighter heatsink to keep the design well below 5 kg as
shown in Table VI. As a comment, the ‘HM3” design can achieve a cooler design
without the need for forced convection, but it will be a bit heavier. For the ‘XM3’
design, it was significantly lighter due to its compact area allowing for a lighter
heatsink, but its thermal performance is reliant on forced convection. The overall
weight of these designs is also assuming that any forced air cooling is external to the

inverter, thus, not being apart of the power density calculations.

Table VI. Overall Weight of ‘XM3’ Family 4-level FCI Design

Selection Part Number Weight Quantity Total Weight
Switches CAB450M12XM3 175¢g 9 1575g

Gate Drivers CGD12HBXMP 409 9 360g

Diff. Trans. CGD12HB0O0D 25¢ 9 225¢g

Flying Caps L1GN30G204KA10 109 60 600g

Heat Sink 688552F00000G 178.8¢g 3 536.49

DSP TMS320F2837XD 50g 1 50g

Bus Bar Layers | - 350 3 1050g
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Current HAC 400-S 70g 2 140g

Sensors

Cable (AWG4, | CF310.UL.1200.01 1429 1 142¢g

2ft)

4978.4g

3.8: Power Density

Numerous designs were explored, and a prototype was made using the ‘HM3’
modules. The power density for each design is determined by assumingan output
power of 250 kW. The prototype’s power density is shown below for an idealistic

case. The more realistic resultsare highlighted in green:

e Power Density of ‘HM3’ 3-Level FCI Design: 250 kW/4.84 kg = 51.653
kW/kg
o This design is the current prototype that was built.
o The power density can easily be increased through custom made parts.
o The power density of the prototype can be improved by developing more
customized bus bar work and capacitors to further reduce the weight, the
expected power density is around 55-58 kW/kg consideringa human

error factor.

The power density of the ‘XM3” modules implementing a 3-level FCI design is

shown below:
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e Power Density of ‘XM3’ 3-Level FCI Design: 250 kW/3.3 kg = 75 kW/kg

©)

The power density of this design is surprisingly quite high.

This is due to how much smaller the area of the ‘XM3” modules are
compared to the ‘HM3’ ones.

The smaller area allows for a smaller area heatsink and busbar work for
the same thermal and electrical performance, significantly reducing the
weight.

This allows for massive headroom for error and additional things to be
added such as an enclosure if this design were to be pursued in the
future.

The only downside is that given the voltage/current requirements, this
design does require at least 400 LFM airflowto keep the junction
temperature below its maximum rated if the bare minimum area heatsink
is used.

A larger heatsink can be used to decrease the temperature of the inverter
at the cost of the overall weight.

Realistically, fans should be apart of the weight of the inverter, resulting
in a power density of 65 kW/kg. With a human error factor, the expected

power density of this design should be around 60 k\WW/kg.

The power density of the 4-level FCI design is shown below:

e Power Density of ‘HM3’ 4-Level FCI Design: 250 kW/5.46 kg =

45.79 KW/kg
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This design can only be achieved through custom made bus
bar
Can be improved through custom made capacitors

This design is very strict

e Power Density of ‘XM3’ 4-Level FCI Design: 250 kW/4.978 kg =

50.22 kW/kg

O

This design can be achieved through the current prototype
components.
The power density can be increased through custom made

capacitors
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Chapter 4: Prototype

4.1: Overview

A prototype was made using the ‘HM3’ module rated at 480A. An image of

the prototype is shown in Figure 32.

Figure 32. Physical Prototype of Single-Phase 3-Level FCI Design (Around 52

kW/kg)

The power density of the prototype is quite close to calculated in section 3.8

assuming the output power remainsat 250 kW.
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4.2: Gate Driver Control

The gate driver can be controlled with a microcontroller ora DSP. The

microcontrollerused for controlling the inverter is TI’'s LAUNCHXL-F28379D

shown in Figure 33.

Figure 33. Microcontroller Used for Power Electronics Control Programming

To program this microcontroller, it could be programmed using C and Code
Composer Studio. However, there are other methods that simplify this process. In
MATLAB Simulink, a hardware addon for the C2000 processor can be installed and

used to program this board. Therefore, students can use Simulink blocks to put
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together a control circuitand program it into the microcontroller instead of using C. A
picture of the embedded coder package addon for C2000 processorsis shown in

Figure 34.

Embedded Coder Support Package for Texas Instruments C2000 Processors (64)

MathWorks Embedded Coder Team 42K

Generate code optimized for C2000 MCU.

i

Revi 4) Discussions (25
Embedded Coder® Support Package for Texas Instruments C2000™ Processors enables you to run Simulink® models on T1 C2000 MCUs. Requires
Embedded Coder automatically generates C code for your algorithms and device driver blocks that can run directly on the target hardware. @ Simulink
This support package can be used for rapid ing and production for different control applications including motor control and @ Emt
power conversion. © MATL
Simul e

Contents P S d

+ Generate code and deploy to your Tl C2000 hardware from Simulink model MATLAB Release Compatibility

- Device driver blocks for ADC, PWM, SPI, 12C, serial, SDFM, CAN, Hardware Interrupts, eCAP, QEP, Comparator, DAC etc. Created with R2014a

Compatible with R2014a to R2021b
+ Support for multi-core processors

« Support for Control Law Accelerator (CLA) Platform Compatibility
« Verification capabilities with Processor in Loop (PIL), Monitor and Tune (External Mode), SD Card Logging and Real-time profiling [¥] Windows [J mac0S (J Linux

+ Code replacement library for IQMath

« Motor Control and Power Conversion application examples Categories

Figure 34. MATLAB Addon for TI C2000 Processors Embedded Coder Support

To implement an open-loop sine triangle modulation for the inverter design, Figure

35 displays a Simulink example of how it is done.
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Figure 35. Simulink Implementation of PS-PWM for C2000 Programming

The ePWM blocks generate either a ramp or triangle function depending on the mode
selected. For this application, the counter is selected to be Up/Down mode to generate
the triangle wave. This triangle wave is compared with the incoming sine wave fed
into the WA input. With a switching frequency of 50 kHz, the period of the triangle

wave in clock cycles is determined by the following equation:

T _ fpsp_cLock
eriod —
p Kmode*fsw

where fpsp_crLock = 100 MHz, Kinode = 1 (Up or Down) or 2 (Up/Down) and fsw = 50

kHz. This is shown in Figure 36.
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Block Parameters: ePWM_1A/1B x
C2802x/03x/05x/06x/M3x/37x/07x/004x/38x/002x ePWM (mask) (link) R

Configures the enhanced Pulse Width Modulator (ePWM) of the C2802x/C2803x/C2805x/C2806x/F28M3x/F2807x/F2837x/F28004x
F2838x/F28002x MCU to generate PWM waveforms.
The number of available ePWM modules (ePWM1-ePWM16) vary between C2000 processors.

General ePWMA  ePWMB  Counter Compare Deadband unit  Event Trigger ~ HRPWM  PWM chopper control
Module: ePWM1
ePWMLink TBPRD Not Linked
Timer period units: |Clock cycles
Specify timer period via: |Specify via dialog
Timer period:
|round((100E6)/(2*(50E3)))

Reload for time base period register (PRDLD): Immediate without using shadow
Counting mode: Up-Down

Synchronization action: Disable

[T Specify software synchronization via input port (SWFSYNC)

[[J Enable digital compare A eventl synchronization (DCAEVT1)

[] Enable digital compare B event1 synchronization (DCBEVT1)

Synchronization output (SYNCQ): Disable

Peripheral synchronization event (PIWMSYNCSEL): Counter equals to period (CTR=PRD)

A
< >

Cancel || Help Apply

Figure 36. ePWM Settings for PS-PWM Implementation

This method can not only control the prototype inverter, but it is used for other power
electronics controls. For example, a buck converter can implementa closed-loop
feedback control by using a voltage and current sensor, where the ADC of the DSP
can pick up both measurements for the error calculation when adjusting the duty

cycle of the PWM output.
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4.3: Experimental Tests and Results

The single-phase prototype was tested with an RL load. The resistive load is
50 Ohms, and the inductive load is 1 mH. It was tested at low voltages to verify if it
was behaving properly. An oscilloscope capture of the output voltage, Vag, and the
current, las, is shown in Figure 37. By observing the output voltage, it is indeed
giving the typical three-levels. From the current, it is concluded this design is indeed
inverting. The prototype implements PS-PWM with its third harmonic removed for a
larger modulation index. The figure displays a test with a supply voltage of 20V.

Higher voltage tests are still being conducted.

-_" - ———

Tektronix

Figure 37. Oscilloscope Capture of Single-Phase Prototype Performance at Low-

Voltage
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4.4: Next Setup

The next experimental test setup involves changing out the resistive load for
something that can handle the current rating. Unfortunately, the wirewound resistors
being used are only rated for 2000 W, while the endgame test would like to see 83
KW per phase. The power suppliesin the lab is Keysight N8930A, which have a
maximum output power rating of 10 kW each. Therefore, to get a decent higher
power test, the resistive load needs to be changed to something that can handle the
rating. From the list of potential replacements, it was concluded that using a water
heater element would be the cheapest reliable alternative. A figure of a water heater

elementis shown in Figure 38.

Figure 38. Water Heater Element for Higher Power Test
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The water heater elements for the inverter application are rated for 5500W/240V,
which isaround 10.5 Ohms. Around 20 Ohms is required for the inverter prototype to
reach 20 kKW assuming a total of 2 power suppliesare used for the test. Therefore, to
satisfy the power rating and required resistance, 8 of the elements are needed, where 4
elements are connected in series connected in parallel with another 4. This setup is

shown in Figure 39.

Figure 39. Water Heater Element Resistive Load for Higher Power Test
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4.5: Thermal Performance

As experimental tests are still being performed, a thermal performance simulation
was made in COMSOL to investigate how hot the inverter can get during air-cooling.
In this simulation, air-cooling was assumed to be uniform instead of from one
direction. The airflow was assumed to be around 400 LFM. From the simulation, the
hottest section of the inverter is around 437 degK, which is around 163.85 degC. The
material of the heatsink is assumed to be aluminum in the simulation, although, the
actual material of the heatsink is an aluminum-based alloy. Although this is under the
maximum junction temperature, the calculated junction temperature was around 120
degC. The difference in thermal performance is hypothesized to be the selected

material in simulation. The simulation result in shown in Figure 40.

Surface: Temperature (K) 2

437

Figure 40. COMSOL Simulation of Prototype Inverter

56



Chapter 5: Improvement

5.1: Overview

This thesis explores numerous multilevel SiC inverter designs. For a three-
level FCI topology, 55-60 kW/kg power density can be reasonably achieved. For a
four-level FCI topology, a 46-52 kW/kg power density can be achieved. Although
numerous designs were simulated and explored, the next steps primarily consist of

verifying the thermal performance and improve on what is currently developed.

5.2: Custom Work for ‘XM3’ Family

The steps subsequent to the current design would be to optimize the bus bar
work and capacitors. Currently, the bus bar work contains many layers for the
required connections shown in Section 3.6. The area required to establish the
necessary connections can be significantly reduced to mitigate the overall weight.
Custom made capacitors with the required capacitance and voltage/current ratings can
made with an optimized weight design. Figure 41, 42, and 43 displays adjusted

designs made on Onshape.
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Figure 41. Adjusted Layer 1 for ‘XM3’ Family Inverter Design

X

Figure 42. Adjusted Layer 2 for ‘XM3” Family Inverter Design



Figure 43. Physical Layout of Custom Capacitor for ‘XM3’ Family Inverter Design

5.3: Soft-Switching

Although SiC devices are used in the current prototype and are known to
mitigate switching losses, electromagnetic compatibility issues can still occur through
hard switching. During on-off transitions in a typical hard-switching circuit, the
current and voltage changes sharply, inducing switching noise and losses. In a soft-
switching circuit,an LC resonant circuit is used to turn off and on switches at zero
voltage or current. Due to this, soft-switching aids in reducing switching losses and

noise even further as shown in Figure 44 [17].
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Figure 44. Characteristics of Hard-Switching versus Soft-Switching [17]

The three-level FCI circuit can incorporate soft-switching by implementinga LC
resonant circuit with three axillary switches as shown in Figure 45. A current of 32A

was applied at the output to investigate the soft switching performance.

1
[ﬂnho Z
LJ
h
>

1E-3 [H]

Figure 45. PSCAD Schematic of a Single-Phase Three-Level FCI Soft-Switching

Topology
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The switching logic for the soft-switching three-level FCI in shown in Figure 42.

: Graphs -

=y

s 0.000 0.002 0.004 0.006 0.008

Figure 46. Soft-Switching Three-Level FCI Switching Logic

From the iterating through all possible switching states for a large current positive
cycle, parameters such as inductor currentand capacitor voltage were monitored.

These parametersare shown in Figures 47-50.
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Figure 47. Capacitor Voltage during Soft-Switching
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Figure 48. Top Inductor Current during Soft-Switching
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Figure 49. Current along Transistor T2 During Soft-Switching
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Figure 50. Output Voltage, Vag, During Soft-Switching

If soft-switching shows promise and can remainwithin the power density
requirement, soft-switching needs to be further invested at negative current and lower

values of current.

As a general overview, assuming inductors weight around 300g each and auxiliary
switches weight a measly 6g, the expected power density range incorporating soft-

switching is 39.2-50.5 kW/kg.
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5.4: Liquid-Cooling

The current prototype aims to implements air cooling to keep the junction
temperature during full load below its maximum rated of 175 degC. The benefits of
liquid cooling is quite self-explanatory. Liquid cooling is significantly more efficient
than air cooling, which will allow the operating temperature of the modules to be
significantly lower versus air cooling, elongating the lifetime of the devices. A
company by the name of Microcool makes double-sided coldplates that are
specifically designed for high heat flux of SiC, allowing for very low thermal
resistance, low pressure drop, and balanced parallel flow. An example of a double-
sided coldplate for ‘HM3” and ‘XM3’ family modules is shown in Figure 51 [18]
[19]. Provided these designs are double sided, it would be the perfect steppingstone
for a more polished future design. A slight downside is the weight. The coldplate
weighs around double the weight of the heatsink. If soft-switchingis not
implemented, the hard switching designs can sacrifice some power density for the
sake of significantly better thermal performance. If the coolant section is not apart of
power density calculations, similar to how weight of fans is not included for the air-

cooling alternative, itwould be beneficial to look into.
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Figure 51. Microcool Coldplates for ‘XM3’ and ‘HM3’ Family Modules [18]

[19].

It would be wise to keep the coolant temperature around room temperature instead of
cyro. According to paper [20], SiC devices tend to become very inefficient at lower

temperatures as shown in Figure 52. In addition, in Figure 21, the modules have a

minimum operating temperature of -40 degC.
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Figure 52. On-Resistance vs Temperature of SiC Devices [20].

Liquid cooling would be another topic to investigate. Although it would decrease
power density due to the weight of the coldplate, the thermal performance of the

modules would allow a longer life-time design.
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5.5: Best-Case Power Density

Power density was recalculated to reconsider custom bus-bars, considering both air

cooling and liquid cooling alternatives. These results are shown in Tables VII-X.

Table VII. ‘HM3’ Family Design — Air Cooling BEST Case

Selection Part Number Weight Quantity Total Weight
Switches CAS480M12HM3 180g 6 1080g

OR

CAB760M12HM3
Gate Drivers CGD1700HB3P-HM3 659 6 390¢g
Diff. Trans. CGD12HB00D 259 6 150g
Flying Caps L1GN30G204KA10 109 30 3009
Heat Sink 688552F00000G 2789 3 835¢g
DSP TMS320F2837XD 509 1 509
Custom Bus Bar | approx. 330g 3 990¢g
Layers
Current HAC 400-S 709 2 140g
Sensors
Cable (AWG 4, | CF310.UL.1200.01 142g 1 142g
2ft)

40779
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Table VIII. “XM3’ Family Design — Air Cooling BEST Case

Selection Part Number Weight Quantity Total Weight
Switches CAB450M12XM3 175¢g 6 10509
Gate Drivers CGD12HBXMP 409 6 2409
Diff. Trans. CGD12HB00D 25¢ 6 150g
Flying Caps L1GN30G204KA10 10g 30 3009
Heat Sink 688552F00000G 134.1g 3 402.3g
DSP TMS320F2837XD 509 1 509
Custom Bus Bar | approx. 315¢g 3 945¢g
Layers
Current Sensors | HAC 400-S 709 2 140g
Cable (AWG 4, CF310.UL.1200.01 142g 1 142g
2ft)
3419.3¢g
Table IX. ‘HM3’ Family Design — Liquid Cooling BEST Case

Selection Part Number Weight Quantity Total Weight
Switches CAS480M12HM3 180g 6 1080g

OR

CAB760M12HM3
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Gate Drivers CGD1700HB3P-HM3 659 6 3909
Diff. Trans. CGD12HB00D 259 6 150g
Flying Caps L1GN30G204KA10 10g 30 300g
Coldplate CP4009D 5009 3 15009
DSP TMS320F2837XD 509 1 509
Custom Bus Bar | approx. 330g 3 990¢g
Layers
Current Sensors | HAC 400-S 709 2 140g
Cable (AWG 4, CF310.UL.1200.01 142¢g 1 142g
2ft)

47429

Table X. ‘XM3’ Family Design — Liquid Cooling BEST Case

Selection Part Number Weight Quantity Total Weight
Switches CAB450M12XM3 175¢g 6 10509
Gate Drivers CGD12HBXMP 409 6 2409
Diff. Trans. CGD12HB00OD 25¢ 6 1509
Flying Caps L1GN30G204KA10 10g 30 300g
Coldplate CP4012D 288g 3 863¢g
DSP TMS320F2837XD 50g 1 50g
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Custom Bus Bar | approx. 315¢g 3 945¢g
Layers
Current HAC 400-S 709 2 1409
Sensors
Cable (AWG 4, | CF310.UL.1200.01 1429 1 1429
2ft)

3880g

The resulting BEST CASE power density is as follows:
‘HM3’ — Air Cooling: 61.32 kW/kg
‘XM3’ — Air Cooling: 73.1 KW/kg
‘HM3’ — Liquid Cooling: 52.72 kW/kg

‘XM3’ — Liquid Cooling: 64.43 kW/kg

5.6: Exploring the *XM3’ Family

Since the *XM3’ family provides the best power density provided its smaller
area in comparison to the ‘HM3’ family for the same thermal performance in both air
and liquid cooling conditions, it was further investigated, and its physical design was
mapped out in more detail. A single-phase layout was mapped out in Onshape with

the custom-made bus bar and capacitor to get a better idea of how it should look like.
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The length turns out to be 183 cm. The width is 110cm. The height being around 50

cm. This is shown in Figure 53.

Figure 53. Onshape Single-Phase Layout of ‘XM3’ Family Implementing 3-Level

FCI
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Chapter 6: Conclusion

Overall, this thesis explored numerous inverter topologies to satisfy the power
density requirement of 50 kW/kg. The best devices selected are the ‘HM3’ and
‘XM3’ family modules from CREE/Wolfspeed. Both air and liquid cooling were
explored to identify the best possible options. From the calculations made, it is
identified that the best-case power density of the ‘HM3’ and ‘XM3’ family that

implements hard switching are:
Best Case ‘HM3’ Power Density Range: 52.72 — 61.32 kW/kg
Best Case ‘XM3’ Power Density Range: 64.43 — 73.1 KW/kg

A different type of inverter was explored as well. An NPC (Neutral-Point
Clamped) inverter was investigated, and its electrical performance rivaled the FCI.
The downside of using an NPC for a high-power density design is the weight of the
power diodes. The best comparison between an NPC and a FCI is the power diode
versus capacitor. Capacitors designed for high power density applications are lighter
weight than power diodes. A four-level FCI was explored to identify whether power
density can be maintained while improving losses. The power density ranges from

46-52 kW/kg depending on the selected module.

Soft switching was also investigated to improve switching losses and improve
electromagnetic capability. By implementingan LC resonance with a couple

switches, soft-switching can be achieved in a three-level FCI. Unfortunately, due to
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the number of inductors required and auxiliary switches, the power density

incorporating soft-switching is expected to be in the range of 39.2 — 50.4 kW/Kg.

Given the best-case power density being a bit above the minimum required, it
was concluded that a three-level FCI with hard-switching will offer the best electrical
and thermal performance at the lightest weight possible. Technically, air-cooling
would provide the best power density provided that heatsinks are generally lighter
than coldplates. However, this will not result in a longer lifetime design since in air
cooling, the modules will be constantly operating within 90-120 degC. In a liquid
cooled design, the modules will be expected to operate around room temperature,

significantly improving the lifetime of the design.

A single-phase prototype was made using the ‘HM3” modules. The expected
power density of the prototype is around 53 kW/kg, close to the calculated 55-60
kW/kg range for the ‘HM3’ design. Experimental tests were performed to get a better

idea of the electrical and thermal performance.

Improvements were identified and explored on Onshape. A future design that
maximizes the power density incorporates the ‘XM3” modules and custom-made bus
bar and capacitors. This will be explored further as | work on my Ph.D for the
upcoming years. The aim is to incorporate the design into the entire power trainfor an

all-electricaircraft.
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