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Abstract

More-electric aircraft (MEA) is an attractive concept as it can reduce carbon dioxide emis-
sion, relieve fossil-fuel consumption, improve the overall efficiency of aircraft, and reduce the
operational costs. However, it poses substantial challenges in designing a high-performance motor
drive system for such applications. In the report of Aircraft Technology Roadmap to 2050, the
propulsion converter is required to be ultra-high efficiency, high power density, and high reliabil-
ity. Though the wide band-gap devices, such as the Silicon-carbide based Metal Oxide Silicon
Field Effect (SiC-MOSFET), shows better switching performance and improved high-temperature
performance compared to the silicon counterparts, applying it to the MEA-related application is
still challenging. The high switching speed of SiC-MOSFET reduces switching loss and enables
the design of high-density converters. However, it poses intense challenges in limiting the stray
inductance in the power stage. The fast switching behavior of SiC-MOSFET also challenges the
design scalability by multi-chip parallel, which is essential in high-power-rating converters. More-
over, the partial discharge can happen at the lower voltage when the converter is operated at high
altitude, low air-pressure conditions, which threatens the converter lifetime by the accelerated ag-
ing of the insulation system. This dissertation addresses these issues at the paper-design level,
power-module level, and converter level, respectively. At the paper-design level, the proposed
model-based design and optimization enables shoulder-by-shoulder performance comparison be-
tween different candidate topology and then generates optimal semiconductor design space for
the selected topology. At the power-module level, this dissertation focuses on the development of
an ultra-low inductance module by using a novel packaging structure that integrates the printed
circuit board (PCB) with direct-bounding copper (DBC). The detailed power-loop optimization,

thermal analysis, and fabrication guidance are discussed to demonstrate its performance and man-



ufacturability. At the converter level, this dissertation provides a comprehensive design strategy to
improve the performance of the laminated busbar. In the design of the busbar conduction layer,
this work analyzed the impacts of each stray inductance item and then proposed a novel double-
side decoupled conduction-layer structure with minimized stray inductance and improved dynamic
current sharing. In the design of the insulation system of the busbar, this dissertation investigates
the design strategy to ensure the busbar is free of partial discharge without sacrificing the parasitic
control. Through the dissertation, a single-phase 150 kVA converter, a three-phase 450 kVA con-
verter, and a 1.2 kV, 300 A power module are designed, fabricated, and tested to demonstrate the

proposed design strategies.
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1 Introduction

1.1 Research Background

More-electric aircraft concepts can improve the efficiency of airplanes, reduce their carbon
emissions and operating costs. While the high-performance power electronics converter is re-
garded as one of the critical enabling technologies for such concepts. The converters are designed
to replace the conventional components powered by pneumatic or hydraulic power sources in the
airplane. A recent announced Boeing 787 Dreamliner utilized an electrified no-bleed system for
powering the control system of cabin environments, starting the engine and hydraulic pumps, and
enabling deicing protection [1]. The updates result in the overall efficiency of Boeing 787 Dream-
liner improved by about 3% [2]. Airbus A380 also significantly improved the usage of electric
power, according to [3].

The development of a high-performance power electronics converter emphasizing high
gravimetric power density, high efficiency, high reliability, and high-power rating is becoming es-
sential. Under such an environment, the National Aeronautics and Space Administration (NASA)
starts the investment in research of motor drive for electrified aircraft, with the goal of enabling the
full-scaled electrified propulsion system on narrow-body aircraft by 2035 [4].

Motivated by such trends, the University of Arkansas has designed the first version of a
more-electric motor drive, as reported in [5,6]. It utilizes the hybrid switch concept, which takes
both advantages of low switching loss of silicon carbide (SiC) Metal Oxide Silicon Field Effect
Transistor (MOSFET) and low conduction loss of silicon (Si) Insulated-gate Bipolar Transistor

(IGBT). It is reported to achieve the 100 kVA power rating, an efficiency of over 99.0%, and a



power density of 27.7 kW/kg.

This dissertation is to provide the design of the second-generation motor drive, which is a
higher power rating, higher efficiency, and higher power density. It is designed based on three-level
t-type neutral-point clamped (3L-TNPC) topology. Design strategies such as model-based design
for topology and power-switch selection, power loop optimization, insulation system optimization,

signal sensing stage design are explained in detail in this dissertation.

1.2 Review of Motor Drive Prototypes for MEA Applications

Various prototypes for the more-electric motor drive are present during the past years. In
2018, Dr. Di Zhang, Dr. Jiangbiao He, and Dr. Di Pan from General Electric Global Research
Center designed a one mega-watt motor drive for more-electric aircraft propulsion purposes [7,8].
The DC-link voltage is pushed to 2400 V to reduce the root-mean-square (RMS) current and reduce
the weight of the cable. The three-level active neutral-point clamped converter is used as the
topology to reduce the voltage stress of power semiconductors. The converter also utilizes the
hybrid combination of Si IGBT and SiC MOSFET, ensuring good efficiency and reduced costs.
The prototype has reached an efficiency of 99.0% and a power density of 12 kVA/kg.

The version II motor drive designed by Dr. Di Zhang, Dr. Jiangbiao He and Dr. Di Pan
from General Electric Global Research Center was announced in 2019 [9,10]. Compared to the
first version, version II further improves the performance of the converter by using better power
semiconductors. Moreover, the layout of the converter is optimized to reduce the dimension and
total weight of the converter. The passives are optimized as well, such as the dimensions and
weights of output dv/dt filter as well as the EMI filters. Consequently, the efficiency is improved

to 99.1%, and the power density is increased byl kVA/kg.



Additionally, the University of Illinois at Urbana-Champaign Urban and the University of
California Berkeley announced a gallium-nitride (GaN) high-electron-mobility transistor (HEMT)
based nine-level flying capacitor converter for electric applications [11]. By utilizing the superior
switching performance of GaN HEMT and increased output voltage levels, the better output total
harmonic distortion (THD) can be achieved. It is claimed that a 200 kVA inverter can be built
based on interleaving multiple of 6 kVA units [1].

Recently, the motor drive converter design under cryogenic condition is getting attention
because the design further enables power rating and remarkably eliminates the weight of the cable.
Accordingly, Dr. Ren Ren, Dr. Handong Gui, and Dr. Fred Wang from the Center for Ultra-
wide-area Resilient Electric Energy Transmission Networks delivered a 1 MW converter design
that operated at the cryogenic condition, as [12, 13]. It also utilizes a three-level active neutral-

point-clamped topology, achieving an efficiency of 99.0%

1.3 Challenge and Research Objective

Though many works are done on design, prototyping, and evaluating the motor drive for
more-electric aircraft, the challenges are still waiting to be solved.

1. Three-level converters have been demonstrated with higher efficiency and power density
in the applications of more-electric aircraft. Nevertheless, the circuits suffer from high values
of stray inductance in each current commutation loop, which overstresses the power switch and
insulation system due to high switching-transient voltage.

2. Parallel power switches are necessary to achieve higher power ratings with reduced
semiconductor loss. However, unequaled dynamic current sharing between parallel devices may
result in diversified switching loss amount them, which increases the peak junction temperature of

3



the power switches.

3. During the operation of aircraft, the converter is working under low air-pressure condi-
tions because of high altitude. Based on Paschen’s law, the partial discharge could happen inside
the converter, which significantly accelerates the aging of the insulation system, potentially causing
insulation breakdown and reducing system reliability.

4. The overall performance of converters, such as efficiency and power density, is required
to be further improved to meet NASA’s 2025 roadmap. Breakthrough technologies should be
discovered, such as novel packaging technologies and thermal management technologies.

This paper focuses on the hardware development of a 450 kVA motor drive. The disserta-
tion comprehensively explained the design method and procedures. The objective of the design is
to achieve even higher system efficiency and power density through an optimized power stage and
an improved thermal management system. The design of the laminated busbar with enabling stray
inductance minimization and partial-discharge free insulation are highlighted and will be explained
in detail. A novel packaging method for three-level t-type neutral-point clamped converters will

be introduced to improve system performance further.

1.4 Dissertation Outlines

In chapter 2, the converter design procedures are introduced in detail. The chapter starts
with introducing the method of paper design by using the model-based optimization method. Fur-
thermore, the procedures of practically building the converter from the paper design are present
as well, such as the selection of optimal power switches and power modules, power stage design
and optimization, and the design of signal sensing, conditioning circuits. In the end, the overall

structure of 450 kVA motor drive is provided in chapter 2.



The design guidance of the conduction layer in the laminated busbar for a three-level t-
type neutral-point-clamped converter is present in chapter 3. The step-by-step design guidance
is proposed and explained in this chapter, with the targets of reducing busbar stray inductance,
improving dynamic current sharing between parallel switches, and limiting the temperature rising
on the busbar. Detailed experiments and simulations are carried out in this chapter to demonstrate
the proposed design guidelines and evaluate the overall performance of the designed laminated
busbar.

Chapter 4 provides the insulation design method for the laminated busbar in more aircraft
applications. As mentioned previously, the partial discharge can happen at lower voltage during the
high-altitude operation where air pressure is low. This phenomenon endangers converter lifetime
and reliability. As the trend of higher voltage application, the partial discharge is becoming one of
the primary challenges in aircraft propulsion converters. This chapter provides a comprehensive
insulation design method to make sure the busbar is partial discharge free. This chapter also reveals
the trade-off between busbar insulation margin and busbar stray inductance. Through quantitative
modeling of the trade-off, the optimal insulation thickness can be chosen in this chapter to balance
the insulation margin and busbar stray inductance.

Chapter 5 presents another aspect to improve motor drive performance: improve the per-
formance of the power module. It is seen that power-module level redesign, modification, and
improvements can significantly improve the overall performance of the motor drive. Because of
additional design flexibility, the lower stray inductance can be achieved through the module layout.
A novel power module structure is used in the packaging, which combines a printed circuit board
(PCB) and a direct bounding copper (DBC). The new structure can help the converter reaching

stray inductance as low as 2.47 nH. At the same time, the thermal performance can be improved as



well by enabling the direct solderability of coldplate. Such a method can eliminate the thermal in-
terfacing material (TIM), remarkably reducing thermal resistance. A 1200 V, 300A power module
for three-level t-type neutral-point-clamped topology is present in this part. The conclusion will be

present at the end of the dissertation.
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2 Overview of Motor Drive Design for MEA Applications

Some content of this chapter comes from an accepted paper of IEEE ECCE 2019.
List of author’s name, Yuan, Z., Deshpande, A., Narayanasamy, B., Peng, H., Emon, A.L,

Whitt, R., Nafis, B.M., Luo, F. and Huitink,

2.1 Abstract

This chapter is to explain the procedures of designing motor drives for more-electric air-
craft. The chapter stands from the system-level aspects and explicitly explains specifications of
power motor and their design trade-offs. The design procedures are introduced to achieve the
optimal-performance converter. It will start with the paper design, which compares different topol-
ogy, switch combinations to choose the optimal design space. Then hardware design is carried out,
including module selection and comparison, power stage design, and the design of signal sensing,
conditioning, and control circuits. Accordingly, a high-performance three-phase 450-kVA mo-
tor drive for more electric aircraft application is designed as an example. It has been thoroughly

evaluated through tests.

2.2 Model-based Design and Optimization

2.2.1 Overview of model-based design algorithm

To achieve high power density and high efficiency, the optimal paper design of the converter
is necessary. Fig. 2.1 shows the components in the power stage of a motor drive, including power

semiconductors, heatsink/coldplate, and the passives such as DC-link capacitors, output filters
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Fig. 2.1: Components in the power stage of motor drive.

and EMI filters. The weight, volume and loss of each the component will contribute to system
efficiency and power density.

In such a system, the trade-off can be observed between power density and efficiency. For
example, increasing the switching frequency can reduce the size and weight of output filter induc-
tor, but it generates additional switching loss and makes the converter less efficient. Therefore,
model-based optimization is required to optimize the converter from a system level.

The overview of model-based comparison can be summarized by Fig.2.2. The target of the
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Fig. 2.2: Diagram of the model-based optimization.

model-based design is to obtain the Pareto curve between converter output efficiency and power
density at various switching frequency, as shown in Fig.2.3 [1]. Thus, the model-based optimiza-
tion allows designer to choose the optimal design space with satisfactory performance of both
efficiency and power density.

As seen in Fig.2.2, there are five steps to perform model-based optimization. Step I is
to define the parameters and requirements of the converter, such as topology, input voltage and
output voltage, range of switching frequency, maximum allowed voltage ripple on the DC bus, and

maximum allowed total-harmonic distortion (THD) at the output terminal.
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Given the design parameters and requirements, step II is to perform the component-level
optimization at given switching frequency. For example, perform the inductor optimization at
given THD requirements [2], and perform switching-position level optimization to achieve the
optimal number of parallel bare dies in each position [3]. The optimized loss-and-volume design
space of each component is summarized in step III, and then combined to form the system-level
design space in step IV. Step V is to perform the same procedure from step I to step IV by using
the increased switching frequency. The output of the optimization is the Pareto curve, as shown in

Fig.2.3.

2.2.2 Comparison of popular topology in motor drive systems

Model-based design and optimization is a powerful mathematical tool which can generate
the optimized design space and enables design space selection based on converter performance.
Nevertheless, understanding the physics behind the Pareto curve is necessary. This part is to discuss
the advantages and disadvantages of three commonly used motor drive topologies, including two-
level (2L) converters, three-level neutral-point-clamped converters (3L-NPC) and three-level t-type
neutral-point-clamped converters (3L-TNPC), as shown in Fig. 2.4

For a fair comparison between topologies, the power semiconductors with the same pack-
aging, and the same current ratings are used in the three topologies, which is summarized in Table
2.1. The efficiency of three topologies are calculated as Fig. 2.5. This loss calculation is based on
the model for conduction loss and switching loss based on [4] and assuming converter is working
at 1 kV DC-link voltage, and 150 kVA with a power factor of 0.95.

Based on the efficiency curve, it can be observed that,

1. At the lower switching frequency, the two-level converter has higher efficiency.
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TABLE 2.1: The power semiconductors for topology comparison

Voltage Rating and
Topology  Switch Model  Packaging Type On-state Reisistance
Wolfspeed Wolfspeed
2L
HT-3231 High-performance  1.7kV, 7.5 mQ /2
Converter
Two in parallel 62 mm Module
Wolfspeed Wolfspeed
3L-ANPC
HT-3231 High-performance 1.2kV, 2.5 mQ
Converter
Two in parallel 62 mm Module
Wolfspeed Wolfspeed 1.2kV 2.5 mQ
3L-TNPC
HT-3231 High-performance and
Converter

Two in parallel

62 mm Module

1.7kV7.5mQ /2
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Fig. 2.3: The Pareto curve of designed 450 kVA motor drive [1].

2. As switching frequency is increasing, the efficiency of two-level converter drops faster
than the three-level converter, which is the result of higher switching loss.

3. At high switching frequency, both three-level t-type neutral-point-clamped converter
and three-level active neutral-point-clamped converter have the similar efficiency. However, the
three-level t-type neutral-point-clamped converter has less switching count, which reduces semi-
conductor costs and improve power density.

Therefore, this dissertation utilizes the three-level t-type neutral-point-clamped converter

as the topology for the hardware design.

2.2.3 Number of power module in parallel

Paralleling power modules is necessary for high power inverters in order to reduce the
conduction loss and limit the junction temperature of each die. But the number of parallel modules

at each switching position should be carefully decided to limit the system costs and complexity.
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Fig. 2.5: Converter efficiency versus switching frequency for 2L converter, 3L-ANPC converter
and 3L-TNPC converter by using the power semiconductors in Table 2.1.

Paralleling more switches at conduction-loss-concentrated switching positions can magnify the
benefits.

To give an example, for 3-level t-type neutral-point-clamped converter, the semiconductor
loss distribution is largely affected by power factor and modulation index. For motor driving
applications with high power factor and high modulation index, the external half-bridge leg shown
in Fig. 2.4 generates the majority of conduction loss, compared to the internal clamping leg. Thus
more conduction loss can be reduced by paralleling modules at the external bridge.

To quantify the conclusion, the analysis of two scenarios are carried out and compared.

Scenario (1) utilizes single Wolfspeed half-bridge (HB) module, HT-3231 as external leg and one
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Fig. 2.6: The loss distribution of 3L-TNPC, under scenario (1) and (2), at P,,;, = 150kW and

PF =0.9. (a)Loss breakdown based on one half-bridge module as external leg, and one common-

source moulde as clamping leg, (b) loss breakdown based on two paralleled half-bridge module as
the external leg, and one common-source module as clamping leg.

common-source (CS) module, HT-3220 as the internal clamping leg. While scenario (2) has two
HB modules in parallel and keep the CS module the same.

For consistency, SPWM modulation is adopted in this paper for three-level t-type neutral-
point-clamped converter. root-mean squared (RMS) current of 77 and 75> can be obtained through
(2.1) and (2.2). Because of the symmetry of SPWM modulation, conduction loss on 73, 7; will
be the same as that of 7, and T respectively. Then total conduction loss is given by (2.3). In the

equations, rps_gp and rps cs represent the on-state resistances of SiC MOSFETs in half-bridge
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module and common-source module respectively.

M-I,
Irms,Tl(ka: (P) = 3.7 (1 —|—C0S((P)2) (21)
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Switching loss of 71 and 73 in one fundamental cycle are given by (2.4) and (2.4). Due to
the symmetry, switching loss on 73, Ty will be the same as that of 7>, T} respectively. Total power

of switching loss on semiconductor devices is given by (2.6).
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Fig. 2.8: The picture of commercially available power modules. (a) Wolfspeed 62-mm series [6],
(b) Infineon Easy 2B series [10], (c) Wolfspeed high-performance 62 mm series [4], (d) Wolfspeed
XM3 series [5], (e) Infineon CoolMOS 62 mm series [8], (f) Infineon HybridPack Drive series [9].

Psw _total (Ipk> @, fsw) = (Esw_11 Lok, @, fow) + Esw_12(Lpk, @, fow)) -2+ f1 (2.6)

At 150-kW per-phase output power, switching frequency of 30-kHz and a power factor of
0.9 lagging. The loss distribution and output efficiency of both scenario (1) and (2) are performed
and compared, as shown in Fig. 2.6, and Fig. 2.7. Because the high power factor and modulation
index, the majority loss are concentrated in the external legs in scenario (1), namely, T1 and T4.
The design in scenario (1) is practically unfeasible due to around 1-kW heat dissipation load of
half-bridge module.

By paralleling one more half-bridge module in scenario (2), the conduction loss can be
effectively cut by a half. As a result, more-equalized loss distribution is achieved among switching
positions. The peak efficiency and full-load output efficiency can be improved to 99.45% and

99.30% respectively as shown in Fig. 2.7, it is seen that Wolfspeed High-performance 62 mm
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Fig. 2.9: Designed 450 kVA motor drive with auxiliary circuits noted.

series is better performance because of the lower stray inductance, the lower on-state resistance

and the lower weight. Therefore, it is selected for the converter hardware design.

2.3 Module Comparison and Selection

Silicon carbide (SiC) based Metal Oxide Silicon Field Effect Transistor (MOSFET) shares
advantages such as high switching speed compared to its silicon counterparts. The higher switching
speed can significantly reduce the switching loss and enables high power-density converter design
based on high switching-frequency operation. However, the advantage of SiC-based MOSFET
cannot be fully exploit because of the parasitic in the circuits. For example, the high current slew
rate (di/dt) feature makes the SIC-MOSFET more sensitive to the stray inductance in the circuit.
According to the [4], the stray inductance in power loop can cause the voltage overshoot and severe
ringing issues across the three terminals of SiC MOSFETs at both turn-on switching transient and

turn-off switching transient. Therefore, the SiC MOSFET power module requires to have as less

19



TABLE 2.2: Comparison of commercially available SIC-MOSFET power modules

Manufacture and Voltage rating and ~ Stray Junction-to-case
Weight
Model Number Rpson Inductance Thermal resistance
Wolfspeed 1200V
o

CAB760M 12HM3 L3O 4.9 nH 0.068 °C/W 179 g
WOlfSpeed 1200V

6.7 nH 0.11°C/wW 175 g
CAB450M12XM3 2.6 mQ
Wolfspeed 1200V

10.2 nH 0.13°C/W 300 g
AB400M12BM3 325 mQ
Rohm 1200V

10.0 nH 0.08 °C/W -
BSM600D12P3G001 3.0 mO
Infineon 1200V

20.0 nH 0.083 °C/W 340 g
FF2MR12KM 1 213 mO
Infineon 1200V

<10 nH - -
FSO3MR12A6MA1B 785 mO.
Infineon 1200V

8.0 nH 0.266 °C/W 39¢g

FF6MRI12W2MIP_B11 285 mQ

stray inductance as possible.

Besides, the on-state resistance is one of the most important parameters on the datasheet
of power modules. It means the resistance between the drain terminal and the source terminal
of power modules when the modules is turned on. The on-state resistance can be abbreviated as
Rps,on. Because the conductional loss is linearly related to the on-state resistance, this parameter
is required to be as low as possible to improve the efficiency of the converter.

Moreover, the junction-to-case thermal resistance (R;_.) of a power module is defined
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Fig. 2.10: The diagram of auxiliary power supply structure in 450 kVA motor drive.

as the temperature difference between the semiconductor junction and its case when there is 1-
watt loss generated by the semiconductor. Thus, the unit of junction-to-case thermal resistance is
°C/W. It is used to count the thermal conductivity of the module. The junction-to-case thermal
resistance is one of the most important parameters of power module as well, because it decides the
current rating of the power module. For SiC MOSFET devices, the maximum allowable junction
temperature is 175 °C, thus the current is limited by the loss generated in the module and the
case temperature of the power module. Additionally, the on-state resistance of SIC-MOSFET
is a positive temperature coefficient, which means the positive feedback loop exists: the higher
junction temperature will raise the on-state resistance of SiC-MOSFET, which generates more
loss and pushes the junction temperature even higher. This positive feedback loop potentially the
challenges the thermal management system of power converter. Thus, selecting a module with a
lower junction-to-case thermal resistance is necessary. Last but not the least, the weight of power
module contributes to the weight of power converters. Therefore, the power module is preferred
the lower weight for high power-density converters.

Given the three important parameters for power module selection, such as module stray
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Fig. 2.11: Common-mode noise paths in auxiliary circuits.

inductance, on-state resistance and junction-to-case thermal resistance, the commercially available
power modules are searched as compared in Fig. 2.8, with their parameters summarized as table
2.2. Based on the table 2.2 and fig.2.8, the Wolfspeed high-performance 62 mm power modules

are used. for hardware design because of less stray inductance and better thermal conductivity.
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TABLE 2.3: Major components in 450 kVA converter

Item Description

HB power module: Wolfspeed HT-3231, 1.7 kV,
245A 7.5mQ, two in parallel per phase;
Power Module CS power module: Wolfspeed HT-3220, 1.2 kV,

660A 2.5m Q, one per phase;

DC-link WIMA polypropylene-based film capacitors, 800V
Capacitor 30uF, 10 capacitors per phase, 30 capacitors in total;
Busbar 4-layer customized busbar, copper thickness of 2mm;

AAVID Hi-contact liquid coldplate, 6-pass,

Coldplate aluminum plate, copper tube;
Power Amphenol heavy-duty 10mm bolt size,
Connector power connector; PLO0X-301-10D10;

Current Sensor LEM 510-S current transducer, 5S00Arms, 200 kHz

Voltage Texas Instruments, reinforced isolated amplifiers
Sensor AMCI311BDVR, 200 kHz, CMTI of 140 kv/us;
Controller Texas Instruments, DSP28379D, Dual Core, 150 MHz

2.4 Auxiliary Circuits in 450 kVA Converter

The designed 450 kVA converter is shown in Fig. 2.9, with all the important components
listed as table 2.3. The detailed power stage design will be explained in the later chapter. Classified
by the functions, converter auxiliary circuits include controller circuits, fiber signal transmitting
and receiving circuits, sensor circuits, and signal conditioning circuits.

The power supply of the sensor board is shown as Fig. 2.10. It is seen that the converter
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Fig. 2.12: The top view of control card PCB for 450 kVA motor drive.

relies on an external 12 V power supply to power the whole controller circuits. And depending on
the function of auxiliary circuits, the voltage level is shifted by isolated DC/DC converters and low-
dropout regulators (LDOs). For example, the 12 V can be transferred to the isolated voltage, 20 V
and -5 V to power the gate driver and offer the SIC-MOSFET turn-on voltage of 20 V and turn-off
voltage of -5V. The original voltage can also be transmitted to 3.3 V by low-dropout regulator for a
stable power supply to the digital circuit processor (DSP). Moreover, the 12 V is transferred to +15
V and -15 V to the signal conditioning circuit of current sensor. Additionally, the isolated +5 V is
transferred from the original 12V by using isolated DC/DC, for the signal conditioning circuits of
voltage sensor.

Given the auxiliary circuits, Fig. 2.11 presents the possible common-node noise path for
in auxiliary power supply. In this figure, the source of common-mode noise can be regarded as
the voltage slew rate (dv/dt) during switching transition of SiIC-MOSFET. Because of the faster
switching speed of SiC-MOSFT, the noise source is higher than its Si counterpart. As the noted

current path I in fig.2.11, the common-mode noise current can form the loop from gate driver
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Fig. 2.13: Capacitor PCB for DSP-to-gate-driver signal adapting and transmission.

directly to the input terminals of power supply, and then flow back to the power ground through
the parasitic coupling between earth ground and power ground. Additionally, as noted in current
path IT in fig.2.11, the common-mode noise current can also flow through on the path, including
gate driver, and voltage sensor. The noise is unwanted especially for the voltage sensor, as it can
distort the sampled voltage signals and make the voltage sensor malfunction.

Three methods are used in the auxiliary to eliminate the unwanted common-mode noise
current. First, the fiber circuits are used to perform high fidelity signal transmission between
the digital signal processor and the gate driver. As fiber is made by silicon, which shows high
impedance to the noise, the digital signal processor can be protected from the noise.

Secondly, the common-mode filter is used in each of the important positions, as shown
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TABLE 2.4: Key parameters for candidate voltage sensors

Model Number Manufacture = Bandwidth CMTI Barrier Cap. Isolation Method
100 kHz 15kV/us

ACNT-H87B BROADCOM . . 0.5 pF Optical Isolation
Typical Typical
100 kHz 15kV/us

ACPL-C87B BROADCOM . . 0.5 pF Optical Isolation
Typical Typical

MID400 On Semi - - 2.0 pF Optical Isolation
220 kHz 30kV/us

AMCI1311 TI Typical Typical ~1.0 pF Si102 - based
275 kHz 140k V/us

AMCI311B TI Typical Typical ~1.0 pF Si02 - based

in fig. 2.10 and fig. 2.11. The common-mode filter will also increase the impedance on the
transmission line of common-mode noise, thus it attenuates the amplitude of the noise.

Thirdly, the voltage sensor is selected to have larger barrier capacitance and high common-
mode noise transient immunity. As shown in table 2.4, different types of voltage sensors from
different manufactures are compared by bandwidth, common-mode injection ratio, barrier capaci-
tance and isolation technologies. Based on the shoulder-by-shoulder comparison, the sensor man-
ufactured by Texas Instruments, AMC1311Bc shows advantages in both high common-mode tran-
sient immunity and low barrier capacitance. Thus it is selected for the voltage sensor in this 450
kVA motor drive.

Eventually, the auxiliary control card is designed as fig. 2.12, which is screw mounted on
the converter wall, as shown in fig. 2.9. The auxiliary control card integrates the voltage sensing

and current sensing circuits, the digital signal processing circuits, and the fiber optic circuits for
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Fig. 2.14: Short ribbon cables for capacitor board to gate driver signal transmission to avoid radi-
ated noises.

PWM and fault signal transmission.
While fiber circuit connects to each single phase at the top capacitor PCB shown in fig.
2.13. The top capacitor PCB transmit the fiber signal to electric signals, and then transfer the

signals to gate driver by using short ribbon cables to avoid radiated coupled noise, as shown in

2.14.
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3  Conduction Layer Design of Busbar with Low Inductance and Improved Current

Sharing
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Luo, F. and Chen, C.

3.1 Abstract

This paper focuses on providing the design guidance of conduction layer in laminated bus-
bar for a 3-level T-type neutral-point-clamped inverter (3L-TNPC) to achieve low stray inductance
and balanced inductance distribution between paralleled power switches. As a result, equalized dy-
namic current sharing can be accomplished. To discover the design strategy, the paper first derives
mutual-inductance-decoupled equivalent circuit for 3L-TNPC. Then the effects of each inductance
item on switching performance can be unveiled and the parametric targets are then summarized.
Accordingly, the busbar design considerations are discussed. A step-by-step busbar design proce-
dure to achieve the aforementioned design targets is provided in the next. The design procedure
starts from two-dimensional (2-D) optimization to achieve the optimal component and terminal
allocation, then it increases the optimization degree to three dimensions (3-D). Using this design
procedure, we proposed a novel double-side-end busbar structure to achieve the busbar stray induc-
tance of 12.7 nH, and inductance differences between the paralleled switches to be less than 2 nH.
Extensive experiments are carried out in the end to evaluate the design procedure and demonstrate

the performance of the busbar
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Fig. 3.1: The topology of 3L-TNPC

3.2 Introduction

More electric aircraft concept is recently attracting more attention because it reduces the
overall costs and carbon emissions [1] - [4]. This concept requires the propulsion inverter to
have higher power rating, higher efficiency and higher gravimetric power density than state-of-
the-art. With this as motivation, the Department of Energy (DOE) and National Aeronautics and
Space Administration (NASA) have proposed the roadmaps for future and the research projects
are carried out as summarized in Table 3.1.

Model-based optimization (MBO) is widely used to design and optimize the inverter prior
to physical implementation [8] - [10]. Based on the conclusion of MBO [11] - [13], the 3-level T-
type neutral-point-clamped (3L-TNPC) inverter shows efficiency advantages over other topology,

at around 1-kV-level of DC-link voltage and 100-kVA power or higher. Thus the paper focuses
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TABLE 3.1: Roadmap and research projects for the future propulsion inverters

DOE 2025 NASA 30-year

Parameters Targets[5] Roadmap[6] General Electric[7] University of Arkansas
Power Rating 100 kW 1 MW 1 MW 450 kW
Efficiency - 99.50% 99.00% 99.45%
Power Density 33 kW/L 25 kW/kg 12 kVA/kg 34 kVA/kg

on the design and evaluation of the busbar for the 3L-TNPC. As a single-phase 3L-TNPC shown
in Fig. 3.1, the combination of half-bridge (HB) module and common-source (CS) module are
sufficient to build 3L-TNPC.

To achieve high efficiency, the previous works [10] - [15] have demonstrated the effective-
ness of paralleling semiconductors to reduce the conduction loss. Since the high-speed motors have
relatively the lower inductance and higher power factors [16] - [18], the external leg of 3L-TNPC
has the predominant conduction losses compared to the clamping leg [19] - [21]. Therefore, more
paralleled SiC-MOSFETs at T| and T4 in Fig. 3.1 can effectively reduce the total semiconductor
loss.

Nevertheless, some of the paralleled switches may carry different amount of current than
the others, which results in the localized overheating problem [22] - [24]. In general, the static
current sharing can be automatically compensated by a positive temperature coefficient (PTC) of
on-state resistance distributed in the drifting region of SiC MOSFET [25], [26]. But the dynamic
current sharing could be unbalanced and can result 267% of switching loss differences distributed
between the paralleled SiC MOSFETSs[27]. To solve this problem, [26] - [29] investigates the influ-
ence of device-level parameters on dynamic current sharing, for instance, the effects of threshold

voltage, junction capacitance and trans-conductance. It is found that the negative temperature coef-
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ficient (NTC) of the threshold voltage can further aggravate the dynamic current sharing problem.
[23], [30] discuss the unbalanced dynamic current sharing caused by the mismatching of gate sig-
nal delay. Then the improved gate driver schemes are proposed to achieve gate synchronization
enhancement. For example, [31] proposes an active-gate-resistance method to enhance synchro-
nization. And [32] - [34] introduce the feedback loop in the gate driver to improve the delay
matching. Besides, [35] - [37] analyze the current balancing problem induced by the differences
of loop inductance. From the literature, comprehensive design considerations for dynamically
balancing the current sharing can be summarized from three aspects:

1. At the semiconductor-device level, the paralleled power switches should have the uni-
form key parameters to guarantee the same switching speed. The key parameters include the

threshold voltage (V;;,), transfer conductance (g,), and semiconductor parasitic capacitance.
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Fig. 3.5: The equivalent circuit of the configured PEBB.

2. From the gate driver aspect, the propagation delay and distortion induced by digital
circuits should be tuned if independent gate drivers are used for parallel-driving. Otherwise, the
quasi-common-source inductance should be minimized to avoid current circulating from power
loop to gate loop [38], [39].

3. From the aspect of power-loop optimization, each paralleled branch should have the
similar values of CCL inductance to keep the same speed of current commutation and equally
distributed switching losses.

In general, the power-loop design and optimization for 2-level inverters (2-L) are well
discussed [40] - [45], while few investigations are made for 3-level (3-L) inverters. Nevertheless
3-L inverters suffer from the higher value of parasitic inductance, due to the increased number of

series-connected power switches in one current commutation loop (CCL) and geometrically larger
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Fig. 3.6: Wolfspeed HT-3000 Series.

size of CCL [46] - [49]. As a result, the semiconductors will experience higher voltage stresses
and more severe switching oscillations.

Moreover, the dynamic current sharing between parallel-switches is a great challenge for
3L-TNPC. As shown in Fig. 3.2, due to the more complex structure of 3L-TNPC, adding one
parallel-branch will introduce more mutual-inductance items, thus making the analysis of induc-
tance distribution more complicated. Unlike the useful power-loop design considerations summa-
rized in [50] - [53] for the 2-L, the design considerations for 3-L inverter to achieve the equalized
current sharing have not been fully developed.

The laminated busbar is one of the key components for high-power converter systems.
It interfaces with power cables, passive filters, digital circuits, and power semiconductors. The
thicker conductor layers can reduce the self-inductance and minimize resistive loss to avoid path-

way overheating [54]. While the approximate lamination of busbar layers can effectively increase
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Fig. 3.7: Decoupling the mutual inductance at the two paralleled branches.

the magnetic cancellation effects and reduces power-loop inductance [41]. As the wide-bandgap
devices (WBQG) are used, the faster-switching characteristic will cause higher voltage and current
overshoots during the transition. Therefore, minimizing busbar stray inductance is required.

This paper aims to solve the above problems as well as provide the optimized busbar geo-
metrical design solutions. The paper first derives the mutual-inductance-decoupled busbar equiva-
lent circuit from the highly coupled circuit by considering the busbar as three-port networks. This
methodology has been previously utilized in the analysis of insertion gain of EMI filters [55], but
has never been used to guide busbar design. With the decoupled-equivalent circuit, the effects of
each inductance item on switching performance can be unveiled. And the parametric design target
can be summarized accordingly.

A generalized five-step design procedure is then proposed to offer the optimized busbar
design solutions. Instead of directly working on the busbar design in 3-D space, the proposed
busbar-design procedure first focuses on 2-D optimization for power-module arrangement and

busbar-terminal allocation. Then the 3-D busbar structure can be constructed from the optimized
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2-D schematics. Pre-manufacturing analysis can be performed to evaluate the performance and
then the busbar is ready to be manufactured.

To provide a design instance, a busbar is proposed, designed and manufactured for a 150-
kVA single-phase PEBB based on the wolfspeed HT-3000 modules. It shows lower value of bus-
bar CCL stray inductance (Lt qy, pusbar) and the lower value of total CCL inductance (Lgtrqy pushar +
Ltray,modute) compared to the published literature, as shown in Fig. 3.4. And the inductance differ-
ence between the paralleled power-switches is less than 2 nH. By following the design procedure,
a novel double-side-end decoupling busbar structure is derived and the advantages of this structure
are evaluated extensively by experiments. The double-pulse test is performed under 500 A induc-
tor current, 1000 V DC-link voltage. And the monitored case temperatures during continuous tests
demonstrate the improvement on dynamic current sharing.

The paper is organized as the following. Section II introduces the busbar inductance model
with considering mutual-inductance. Then the method to derive the mutual-inductance-decoupled

circuit is provided. Based on the derived decoupled equivalent circuit, Section III discusses the
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Fig. 3.9: The decoupled equivalent circuit of busbar.

method to reduce the total value of inductance and balance the parallel-branch inductance. A five-
step design procedure is proposed and is exemplified by designing a busbar for 150-kVA 3L-TNPC
phase leg. In Section IV, extensive experimental tests are carried out to evaluate the performance

of the busbar.

3.3 Busbar Mutual-inductance-decoupled Equivalent Circuit

3.3.1 Power module introduction and busbar equivalent circuit

Power-module selection should be the starting point of the busbar design, as its profile
significantly affects the busbar shape [42]. Directly using 3L-TNPC power-module can simplify

the busbar design, nevertheless this plan suffers from limited commercial availability and fixed
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numbers of bare-die per switching position. The common-source (CS) power-modules, which
are popular in DC-breaker applications, enjoy larger markets and commercial availability [59] -
[59]. It can also be configured as the clamping leg of 3L-TNPC. And compared to using the
single-switch module, the common-source module can effectively reduce the module-terminal in-
ductance, module-to-module interfacing inductance, and simplifies the busbar structures. For the
external leg of 3L-TNPC, two parallel half-bridge modules are used to reduce the conduction loss.
The Wolfspeed high-performance HT-3000 series, as shown in Fig. 3.6 are utilized to build the
inverter.

The equivalent circuit of 3L-TNPC is shown in Fig. 3.3. Four busbar layers are interfaced
with modules to compose to 3L-TNPC. They are DC-positive (DCP) layer, DC-middle (DCM)
layer, DC-negative (DCN) layer and output AC layer respectively. Because the 3L-TNPC shares

two symmetrical current commutation loops (CCL), only one of CCL is analyzed, while the second
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Fig. 3.11: Turn-off waveform of Vpg simulated based on coupled circuit and decoupled circuit.

one shares the same philosophy of analysis[11], [49]. Thus the equivalent circuit can be simplified

as shown in Fig. 3.5. There are 5 self-inductance and 11 mutual-inductance, listed as the following,

1. Self-inductance of the two paralleled branches, on busbar DCP layer, Lp, and Lp,.
2. Self-inductance of the two paralleled branches, on busbar AC layer, Lyc, and Ly, .
3. Self-inductance on DCM layer, L.

4. Mutual-inductance between the two paralleled branches,

(a) Mp,p,, mutual-inductance between Lp, and Lp, ;
(b) Mac,ac,, mutual-inductance between Lyc, and Lyc,;
(¢) Mp,ac,, mutual-inductance between Lp, and Lyc,;

(d) Mp,ac,, mutual-inductance between Lp, and Lac, .

5. The mutual-inductance from the DCM layer, to the two paralleled branches,
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TABLE 3.2: Busbar design consideration

Inductor  Inductor Parametric
Groups Items Design Target
Lpy/ 1. Lpy/ >~ Lpy!; 2. Laci! == Laca!
Lpy/ Equivalent to,
Group 1 Laci1/ 1. Lpy ~ Lpo; 2. Lyc1 ~ Lac2
Laca/ 3. Mpiac1 ~ Mpaaca;

1. LP,diff >~ 0; 2. LAC,diff ~0

Lpaiff ,
Group 2 Equivalent to,
Lac aiff
L. Myp1 = Muyp2 2. Myact = Myac?
LRcom . . .
Group 3 Reduce self-inductance, increase mutual-inductance;
LAC ,com
Lp/
Group 4 Lo Reduce self-inductance, increase mutual-inductance;
M

(a) Myp,, Myp,, mutual-inductance between Ly, and Lp,, Ly and Lp,, respectively;

(b) Myiac,» Mymac,, mutual-inductance between Ly, and Lac,, Ly and Lyc,, respectively.

Though balancing the parallel-branch inductance can improve the dynamic current sharing,
for example, balancing the stray inductances from branch 1 and branch 2 in Fig. 3.5, the inductance
value of each individual branch is impossible to be obtained directly, because of the mutual induc-
tor items. Moreover, it is too complex to summarize the power-loop design considerations based
on the mutual-inductance-coupled circuits, making busbar stray-inductance optimization more dif-

ficult. Therefore, it is necessary to derive the mutual-inductance-decoupled equivalent circuit.
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3.3.2 The derivation of mutual-inductance-decoupled equivalent circuit

The method of deriving mutual-inductance-decoupled equivalent circuit relies on the theo-
rem of three-port network. As shown in Fig. 3.8, the mutual inductance from the same-branch is
decoupled first. Then based on the theorem of three-port network, Fig. 3.7 provides the method
to decouple the mutual inductance when they are from two parallel branches. Eventually all the
mutual-inductance can be decoupled while only the equivalent self-inductance items are left, as

shown in Fig. 3.9. All the inductor items from Fig. 3.9 are described by Eq. (3.1) - (3.10).

Lp = Mp,p, + Mpac, + Mp,ac, (3.1

Lp = Lp +Mpac, (3.2)

Lp, = Lp, +Mp,ac, (3.3)

Lp.,, = —Mpp, —Mpac, — Mp,ac, 3.4)

Lp . = Myp, — Muyp, (3.5)

Lic, = Lac, +Mpiac, (3.6)

Lyc, = Lac, + Mp,ac, (3.7)

LAC o = —Mac,ac, — Mpyac, (3.8)

Lac 4,y = Mmac, — Muac, (3.9)

Ly = Lyg +Muyp, + My, + Myac, +Muyiac, +Mac,ac, (3.10)

To demonstrate the derived model, the original coupled model and the decoupled model
are built in circuit simulator. AC-impedance frequency response and time-domain turn-off Vpg

waveforms on 77 from the two models are simulated respectively, as shown in Fig. 3.10 and 3.11.
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It can be seen that the AC response of the two circuits are identical from 1 kHz to 1 GHz. And Vpg
turn-off waveforms of 77 from the two circuits are very close as well. Thus the consistency of the

derived equivalent circuit can be verified.

3.4 Busbar Parametric Targets and Design Considerations

3.4.1 Parametric targets of busbar

The derived-equivalent model can provide direct comparison of stray inductance between
the parallel power switches. Moreover, busbar design considerations can be discussed based on the
derived circuit. Based on their effects on switching performance, the inductor items from Fig. 3.9
are purposely divided into four groups, as summarized in table 3.2.

Group I includes unique inductor items from each parallel branch, specifically meaning
that these inductor items only exists in one parallel branch exclusively. For example, the inductor
items L}, Lp,, L)y~ and L, in Fig. 3.9 are included in group I. The values of group I inductance
should be small to limit total stray inductance. Besides, to equalize inductance distribution, the
values of group I inductance from each parallel branches should be similar. By combining with
Eq. (3.2, 3.3, 3.6, 3.7), the parametric target for group I inductance is summarized in table 3.2.

Group II contains the so called differential inductance, specifically meaning that both par-
allel branches have the inductor items, but with different polarities. For example, the differential
inductor items from branch 1 are Lp,;, .. and Lyc,,,, in Fig. 3.9, while they become to —Lp,, .. and
—Lac,;, at branch 2. As aresult, the group II inductor items significantly diversify the inductance
distribution between parallel branches, leading to unbalanced dynamic current sharing and uneven

switching loss. Therefore, special efforts are necessary to minimize group II inductance. Based on
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Fig. 3.14: Busbar design flowchart
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Fig. 3.16: 2-dimensional configuration single-side-end AC terminal
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Eq. (3.5, 3.9), the parametric target can be derived in table 3.2.
Group III covers the so called common inductance items from the parallel branches, specif-
ically meaning that all the parallel branches have these inductor items, with same values of induc-

tance and same polarity, for example, Lp

com?

and Lac,,, shown in Fig. 3.9. Those inductor items
will not contribute to the difference of branch-to-branch inductance.

Group IV is comprised of the inductor items which are outside from the parallel branch,
such as L}, and L), in Fig. 3.9. Similar to the effects of group III, the inductance values from group
IV do not diversify branch-to-branch inductance distribution.

Though inductance values from group III and group IV do not worse the parallel-branch
dynamic current sharing, those inductance values should be the minimized to limit the total CCL
inductance. The well-discovered method for 2-level-topology busbar can be directly applied here,
including adjacent decoupling-terminal allocation [60] and enhancement of magnetic-cancellation

effects [41].

3.4.2 Busbar design considerations

To interpret the parametric targets to the specified busbar design considerations, it is nec-
essary to understand the factors affecting self and mutual inductance. The self-inductance can be
estimated by Eq. 3.11 and the mutual-inductance can be estimated by Eq. 3.12 [61] - [64], where
[, w and r are the equivalent lengths, width and thickness of the busbar layer, and d is the distance
between two laminated layers of busbar. The graphic interpretation of the equations are plotted as

Fig. 3.13 and 3.12.
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Practically, the busbar shares the same thickness of each conducting layer, ¢ and similar
width w, the value of self-inductance is majorly affected by the equivalent conducting length. Thus,
to meet the parametric target of matching the value of Lp, and Lp,, Lsc, and Lyc,, the designed
busbar should provide the similar length of current commutation loop for each paralleled switches.

The value of mutual inductance is affected by both layer-to-layer distance, d and current-
commutation length, /, as shown in Fig. 3.13. Thus the symmetrical layout is the better way to
match the two mutual inductance. In conclusion, to achieve the matching value of Mp sc, and

Mp, ac,, the current path from AC-layer should be symmetrical to DCP-layer. Similarly, the current
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Fig. 3.18: Manufactured busbar

path in DCM-layer should be symmetrical to DCP layer and AC layer, to achieve the matching

value between Myp, and Myp,, and between Myac, and Mpyac,, as summarized in Table. 3.2.

3.5 Conduction-layer Design Procedures

After having the busbar design targets clear, a design procedure to systematically achieve
these targets is necessary. In this section, a step-by-step busbar design procedure is proposed, as
shown in Fig. 3.14. Instead of directly starting with the 3-dimensional (3-D) busbar design, the
proposed procedure starts with optimizing busbar schematic at the horizontal 2-dimensional (2-D)
planar, then optimize the lamination sequence at vertical 2-D plane. The optimized busbar from

2-D schematics can be constructed to the real 3-D busbar structure in the next.
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Fig. 3.19: Exploded view of busbar

The effectiveness of the method has been proven by a design example of 150-kVA phase
leg busbar based on Wolfspeed HT-3000-series modules. As the output of the proposed design
procedure, a novel double-side-end structure is derived. The busbar designed by following the
procedure shows lower stray inductance than the literature, shown in Fig. 3.4 and the improved
dynamic current sharing is demonstrated by monitoring the case temperature during the continuous
test.

In Fig. 3.14, the first step of the busbar design is to properly arrange the modules on a

horizontal plane. It is because that the module placement directly decides the overall busbar shape
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Fig. 3.20: Physically assembled PEBB

and greatly affects the values of self-inductance Lsc1 and Lac» in Fig. 3.5.

Four strategies of power module placement are listed in Fig. 3.15. The power module
terminals with the same voltage potential are connected by the solid line to form the electric-
connection schematics. The marked distance, D1 and D2 represent the shortest distance from the
common-source module to the first and the second half-bridge modules respectively. As stated
previously, value differences between D1 and D2 can reflect the inductance differences between
Lyc, and Lyc,. Therefore it is necessary to equalize the distance, D1 and D2 to balance Lyc, and
Lyc,.

To achieve this idea, case (a) and (b) in Fig. 3.15 illustrate the shoulder-by-shoulder place-
ment of power modules. Case (a) places the common-source power module in the middle of

half-bridge modules, while the common-source module is located on one side in case (b). It can
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be concluded that case (a) offers more symmetrical module layout compared to case (b), and it
has less differences between D2 and D1. Besides, the case (c) and (d) exemplify another ways to
place power module, which rotate the common-source module by 90 degrees and place it on the
wide-side of half-bridge modules. This module-arrangement strategy can achieve the same value
of D2 and D1, which indicates similar values between Lyc, and Lyc,.

In addition, in case (c) and (d), the rotated AC terminal offers the better symmetry of
pathway layout. Thus it will be helpful to balance Mp ac, and Mp,ac,. Therefore case (c¢) and (d)
are selected for the analysis in the next step.

The next is to properly allocate the decoupling terminals. The decoupling terminals pro-
vide connecting ports to decoupling capacitors or DC-link capacitors to reduce the total CCL in-
ductance. And the decoupling terminals are usually separated from the power-input terminals in
order to separate the DC and AC current paths and avoid busbar overheating.

Fig. 3.16 and 3.17 illustrates four feasible decoupling-terminal optimization scenarios.
Scenarios (1) and (2) in Fig. 3.16 place the decoupling terminal only on one side of the busbar.
This method is commonly utilized for 2-level inverters and can effectively limit the busbar stray
inductance [41], [42], [45]. But for three-level inverters, only one set of decoupling terminal is
not sufficient to minimize the current commutation distance, thus this allocation strategy is not the
optimum solution. For example, in Fig. 3.16, no matter in which scenario, the distance, D4 is
always greater than D3. As a result, the self stray inductance from the second half-bridge power
module has the higher value than the one from the first half-bridge module.

Compared to the traditional single-sided decoupling strategy, the proposed double-sided
decoupling strategies can significantly improve the inductance uniformity between the two paral-

leled semiconductors. As shown in Fig. 3.17, thanks to the additional set of decoupling terminal,
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Fig. 3.21: Exploded view of PEBB

each of the half-bridge module has two independent current commutation paths in parallel. As
a result, the self-inductance induced by the distance from module to terminals can be balanced.
For example, the shortest distance in Fig. 3.17, D6 corresponds to the self-inductance, which has
similar values of the equivalent inductance generated by D3 in parallel with D5.

Besides, the double-side-end decoupling strategy offers the better layout symmetry of
DCM layer, DCN layer and DCP layer when compared to the single-side-end structure. This
will help to limit the differential inductance in Eq. (3.5) and (3.9) and average the inductance
distributions between the paralleled branches.

Adding the third-side decoupling terminal might help with the overall structural perfor-
mance. Nevertheless, the manufacturability starts to become a limiting factor as each layer requires

bending and stacking with thick metals. The process tolerance and assembly difficulty result in
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Fig. 3.22: Switching waveforms of T3, at 1000V DC-link voltage and 500A commutation current
different performances than expectation. Besides, the decoupling terminal may also increase the
difficulty of the power connection layout. It may block the input power wiring and screw terminals
and thus further increase the complexity of the design. And the weight of the busbar will increase
as well. Thus the double-side busbar structure is selected.

The design procedures on the horizontal plane are completed by step-one and step-two.
Then the vertical lamination strategy should be implemented before forming the final busbar struc-
ture. References [41], [65] have discussed the lamination strategy for two-level inverters in detail.
Specifically, the positive layer and the negative layer should be laminated as close as possible to
magnify the magnetic cancellation effect and thus obtain the lower stray inductance. The lamina-
tion strategy of 3-level inverters can be directly adopted from 2-level inverters, thus it will not be

explained in detail in this paper.
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Fig. 3.23: Inductance distribution of the two busbar structures

Based on the optimization completed at the 2-D planar, the 3-D busbar can be constructed.
The physical structure of the busbar is shown in Fig. 3.18. With the insulation layers hidden, the
busbar exploded view is shown in Fig. 3.19. The whole single-phase 3L-TNPC power inverter is

assembled in Fig. 3.21 and 3.20.

3.6 Evaluation of Designed Busbar

3.6.1 Busbar stray inductance

To evaluate the stray inductance of the busbar, both the simulation and experiments are
carried out. The designed busbar is firstly analyzed by the simulation based on ANSYS finite
element analysis (FEA). For comparison, both the single-side-end structure and the double-side-
end busbar structure are analyzed, with the stray inductance distribution shown in Fig. 3.23.

In Fig. 3.23, it is known that the double-side-end busbar structure shows the lower stray

inductance of 12.73 nH, which is 7.21 nH less than the single-side-end structure. And the pro-
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Fig. 3.24: Test setups for single-side-end busbar structure and double-side-end busbar structure
posed double-side-end structure successfully limits the inductance difference between the first and
the second parallel branch by 2.0 nH. As a comparison, the single-side-end structure has the dif-
ferences of over 10 nH. Consequently, the localized overheating problem is more severe, as shown

in the continuous test later.

Besides, on-busbar double-pulse test (DPT) are performed at DC-link voltage of 1-kV (de-
vice commutation voltage is 500 V), and commutation current at 500 A, as shown in Fig. 3.22.
The resonant frequency during turn-off is utilized to estimate the total inductance [41]. Though the
only the total inductance can be estimated, the module inductance has been well analyzed in paper
[44], [66]. Therefore busbar inductance can be estimated by Eq. 3.14. In addition, Eq. 3.13 can

also be used to estimate the total loop inductance.
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Fig. 3.25: Thermal map measured by thermal camera

di
Vovershoot = LLoopd_f (3.13)
t
It is known that both the methods show consistent results in busbar inductance. The Q3D

method provides more details on inductance distribution at different branches, while the DPT

method can experimentally verify the total busbar inductance on the physical busbar.

1
Jres = (3.14)
“ \/(Lbusbar + Lmodul e) (Coss + Cbusbar)

3.6.2 Continuous test

As discussed previously, unbalanced dynamic current sharing can enlarge the temperature
differences between the parallel switches. Therefore, the continuous tests are implemented for
testing the thermal distribution as well as evaluate the busbar performance. To compare the perfor-
mance differences, the busbar is configured as single-side-end end structure and double-side-end
structure, as shown in Fig. 3.24. Both thermal camera and the thermocouple are used for temper-
ature monitoring. To perform the accurate temperature measurement, the thermocouple pins are
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directly attached to the baseplate of the module.

The thermal distributions captured by thermal camera are shown in Fig. 3.25. And the case
temperatures monitored by thermocouple are shown in Fig. 3.26. Because the decoupling-terminal
connector suffers a thermal hotspot in the single-side-end structure, as it can be seen in Fig. 3.25,
single-side-end structure is tested only at 20 kVA while the double-side-end structure is tested at 35
kVA. As the conclusion based on the test, by keeping the case temperature of half-bridge module
1 the same, the case temperature differences on single-side-end structure is around 5 °C, while it is
less than 1°C during the double-side-end structure. Thus the effectiveness of the double-side-end
busbar structure is proven.

By using the double-side-end busbar structure, the continuous power is pushed to 70 kVA.
The test setup for the higher-power continuous testing is shown in Fig. 3.27. The waveform
captured at 70 kVA output power, 1000 V DC-link voltage, and switching frequency of 30 kHz is

shown in Fig. 3.28. 150 kVA testing results are available in the later stage of this research project.
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However, the DPT result presented in this paper is tested at 500 A inductor current, and 1000 V
DC-link voltage. The switching characteristics illustrated in the DPT is equivalent to continuous
test at 150-kVA case. Although temperature stress tested at 70 kVA is not exactly the same as 150-
kVA, the differences between hotspots and temperature distribution should stay the same. Thus we

think the 70-kVA testing provides a projection for PEBB thermal performance at 150-kVA testing.

3.7 Conclusion

This paper provides a design guidance of the busbar for 3L-TNPC. The paper first intro-
duced the method to derive mutual-inductance-decoupled equivalent circuit of laminated busbar.
And based on the derived circuit, busbar design considerations are discussed and a five-step design
procedure is proposed to offer the systematical way to design busbar for multi-level inverters. By

taking the advantage of the proposed double-side-end structure, the designed busbar achieves the
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Fig. 3.28: Waveform of contlnuous test

lower stray inductance than the published literature. And the enhanced performance of dynamic

current sharing are experimentally tested and compared.
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4  Insulation-and-inductance Optimization for Busbar for MEA Applications

Some content of this chapter comes from an accepted paper of IEEE EATS 2020.
List of author’s name, Yuan, Z., Wang, Y., Emon, A.l., Wang, Z., Narayanasamy, B., Desh-

pande, A., Peng, H. and Luo, F.

4.1 Abstract

This chapter proposes a partial-discharge (PD) free insulation design method of laminated
busbar for converters in more-electric-aircraft (MEA) applications. During high altitude operation,
the converters are exposed in decompressed air-pressure conditions, making PD being triggered
easier. Contrariwise, insulation overdesign increases busbar stray inductance, causing higher volt-
age overshoots. The paper is to solve this issue by proposing an insulation design strategy. It
starts with an insulation structure analysis and determines the worst-stress scenario by considering
the defects. The minimum insulation thickness is derived by comparing the worst-stress E-field
and PD inception field. The strategy also defines the higher limit of insulation caused by stray
inductance, which is achieved by quantitively modeling the trade-off between insulation and in-
ductance. After that, an insulation design space can be chosen in the range between lower and
upper limits. The insulation of a busbar for a three-level 450 kVA converter is designed to validate
the proposed strategy, which is demonstrated PD-free with 43% insulation margins. With the bal-
anced inductance-and-insulation trade-off, the design minimizes the inductance to 12.0 nH, which
is lower than published literature for 3L converters. Benefited from it, accelerated switching speed

is achieved with switching loss reduction by 66.7% at 1 kV 350A.
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Fig. 4.1: A generalized converter design procedure

4.2 Introduction

More-electric aircraft (MEA) is an imposing concept as it relives fossil-fuel dependency, re-
duces carbon emissions, and improves overall system efficiency. Aligned with the concept, NASA
proposed a roadmap, targeting a 5 megawatts MEA in ten years [1]. The concept requires power
converters to be higher power rating, efficiency, power density, and reliability.

The laminated busbar is one of the critical components of a power converter in MEA appli-
cations. Compared to the printed circuit board (PCB), the busbar shows advantages in high-current
applications as thicker copper preventing overheats. Copper layers of busbar are closely laminated
and isolated by insulation papers sandwiched in between. The short distance between copper
layers enhances magnetic cancellation, reducing stray inductance [2]. But it will also intensify

the E-field distributed between cooper layers, challenging insulation design, which is known as
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inductance-and-insulation trade-off.

Once the E-field around the busbar is higher than the partial-discharge inception field
(Eppr), partial discharge (PD) can be triggered, which is the primary reason causing insulation
breakdown by accelerating insulation aging [3]. Nevertheless, a PD-free insulation system is one
of the major challenges in MEA applications. The first reason is that the high power rating of MEA
converters pushes its DC-link voltage higher to limit the current, with the cost of raised E-field on
the busbar [4-6].

But more challenges come from the nature of the high-altitude operation. For example, the
air pressure at 11 km altitude is only 0.2 atm. Consequently, its PD inception voltage (PDIV) is
decreased by 40% according to experiments conducted by [7,8].

Significant works are done in achieving PD-free design by improving the insulation of
power modules [9,10] and motors [11,12]. In 2013, the first paper conducting PD research on
busbar was presented in [13], reporting the characteristic of PD behaviors on busbar, such as dis-
charge amplitude, time, and spectrum of PD-induced noises. In 2018, papers [14,15] proposed a
finite-element-analysis (FEA) based method to predict PDIV for a given busbar. The air-insulation-
copper triple point was found causing PD because of the highly-crowded E-field. The following
paper in 2019 [16] demonstrated the FEA-based PDIV prediction method by using standardized
PD measurement procedures, IEC60270, and IEC60851-5. The influence of busbar defects, such
as voids and delamination, were discussed in [17,18], showing that those defects can worse the
E-field distortion, further facilitating PD.

The PD-free insulation design of the laminated busbar was discussed in [19]. It focused
on reducing E-field magnitude on the triple point through manufacturing, including the refraction
layer and encapsulation. Paper [20] designed an insulation system of a laminated busbar for a
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Fig. 4.2: Stray inductance distribution in a 3L-TNPC

medium-voltage converter. It discussed considerations for material selection, such as volume re-
sistivity and dielectric constant. The processing to remove voids is suggested as well. However,
entirely getting rid of defects in a busbar is impractical, especially after long-term running. More-
over, none of the papers explicitly explained how to choose a proper thickness of the insulation
paper. Moreover, not a paper discussed the insulation design under the decompressed condition,
which is more challenging than the design in normal conditions.

This paper is to solve the aforementioned challenges in insulation design. The contribution
of the paper is summarized as the following;

(i). The paper proposes a generalized insulation design diagram, which determines the

worst-stress scenario by classifying the insulation into different patterns and analyzing their E-
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Fig. 4.3: Fabricated three-phase 450-kVA 3L-TNPC motor drive

field under both defects and non-defects conditions. Through combing the worst-stress scenario
and low-air-pressure impacts, the design can guide to the minimum thickness of the insulation
layer to achieve PD free.

(i1). The trade-off between insulation margin and busbar stray inductance is explicitly
explained and quantitatively modeled. It helps designers choose the insulation in the range of
lower limit (min. thickness to achieve PD free) and the higher limit (acceptable stray inductance
due to voltage overshoots).

(iii). The paper provided a busbar design example for a 450 kVA three-level (3L) motor
drive. Tests are performed to demonstrate PD-free insulation with additional 43% margins at 0.2
atm. Its inductance is also lower than the published design of 3L converters, enabling accelerated
switching speed and switching loss reduction of 66.7% at 1kV, 350A.

The paper is constructed as the following. Chapter II introduces the baseline version of the
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Fig. 4.4: Exploded view for one phase of the 450-kVA converter

busbar for 450kVA 3L converters. The insulation design method is discussed in chapter III. The

optimization for inductance-and-insulation trade-off is provided in part IV. The proposed method

is evaluated by experiments in Chapter V. The conclusion is summarized at the end of the paper.

4.3 Laminated Busbar for 450 KVA Motor Drive

Prior to insulation design and optimization, the function and structure of busbar are ex-

plained through converter introduction.

4.3.1 Busbar overview

Fig. 4.1 provides an overall converter design procedure. The design starts with selection

of the optimal topology. For a specific application, the optimal topology can be derived based on

73



PE\T, tpm  epoxy, 35 um

Insulation Paper
EpOXY,

35 pm

- copper layer

7
PET. t yym epoxy, 33 um _ _
Configuration of Insulation Paper ; =

Insulation Paper

B 0 e e e S

Insulation Ring DC+ copper layer

. I Insulation Paper

’_.{ copper layer
i

Insulation Paper

ESSSS S
h InsulaﬁERjngL
AN 17 L X W o Y
. = SR \—\
-
—

AC copper layer

Insulation Paper

Air gaps between bent layers Exploded view of busbar
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semiconductor loss models [21,22]. The popular motor-drive topologies are included in Fig.4.1.
Their advantages are compared in [23]. This paper uses 3L-TNPC, as Fig. 4.2 because of higher
efficiency at DC-link voltage of 1 kV and switching frequency over 10 kHz.

The performance of a module is evaluated from both the electrical and thermal aspects. In
summary, at the same voltage rating, parameters are preferred as low as possible, such as on-state
resistance, switching loss, stray inductance, and junction-to-case thermal resistance [24]. This

design utilizes Wolfspeed High-Performance 62mm SiC-MOSFET power modules because of the
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overall higher performance.

Busbar design is the next step after decisions on topology, power modules, and capacitors.
Conduction-layer design is performed firstly, as it primarily affects the overall performance. The
conduction layer should offer sufficient current capability [25]. The proper layout of the busbar
is essential to limit its stray inductance and achieve equalized inductance distribution between
parallel power modules.

Insulation optimization is performed at the last step; however, it greatly influences busbar
functionality, reliability, and parasitic. It should help the busbar pass hi-pot test and guarantee PD-
free at operational voltage and altitude. Moreover, insulation optimization is necessary to orient
the optimal design space under the inductance-and-insulation trade-off.

The three-phase 450 kVA motor drive is designed and fabricated as Fig. 4.3 To better
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explain the structure of the three-phase converter, an exploded view of the one-phase is shown in
Fig. 4.4. It is seen that each phase is configured by two parallel 1.7 kV 7.5 mQ SiC-MOSFET
power modules for 77 and T (see Fig. 2 for positions of 77 and 74); and one 1.2 kV, 2.5mQ SiC-
MOSFET module for 7> and 73. Busbar connects to three power modules and capacitors to form
the topology. It also provides mechanical supports for gate drivers. Liquid coldplate is attached to

the bottom of the power module for heat dissipation.

4.3.2 Baseline version of insulation structure

Busbar design should minimize stray inductance in each current commutation loop (CCL).

Based on [26, 27], the two CCLs are noted in Fig. 4.2. And the total inductance of each CCL is
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summarized as Eq. 4.1 and Eq. 4.2 .

Lectt ot = Lp,r1 +Lsr1 +Lp,73+ Lp, 12

Lccio jorat = Lp,ra +Ls, 14 +Lp 13+ Lp 12

4.1)

(4.2)

The conduction layers of the busbar are designed as a double-side decoupling structure.

It means that busbar connects to the DC-link capacitor board from both sides, as Fig. 4.4. The

structure can decouple the stray inductance effectively. Besides, as the two parallel modules share
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the same vertical distance to the DC-link capacitor board, the values of stray inductance seen by
each module are equalized, which improves dynamic current sharing. The design of the conduction
layer has been thoroughly studied in [28], which is not the primary topic of this paper. Exploded
view of the busbar is as Fig. 4.5. Four copper layers are used to form the 3L-TNPC topology, and
they present the four voltage potentials of 3L-TNPC in Fig. 2, which are DC+, DC-, DCM, and
AC, respectively. The insulation system should enable the closed lamination of the four conduction

layers while preventing PD and insulation breakdown. The baseline insulation system is configured
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to-center distance is 50 um, 10 um, O um, and -50 pum, respectively.

as the following,

(1) As Fig. 4.5, insulation papers are sandwiched between copper layers. Each insulation
paper is constructed by two layers of polyethylene terephthalate (PET) and three 35 um epoxy-
glue layers. PET is used for insulation because of high dielectric strength (300 V/um at 25um
thickness), strong mechanical strength and wide temperature range. The epoxy-glue layers are
used to firmly attach both PET and cooper. The PET-layer thickness is the variable to be fine-tuned
to achieve PD-free while keep stray inductance low.

(b) Insulation rings are sticked to each of the copper layers. It allows spacers from other
copper layers passing through it without insulation breakdown. It also fills the air gap between
insulation layers to prevent contamination and pollutions.

(c) The insulation layers are pinched closed and sealed on itself at the external edge of the

busbar. This is performed to prevent the pollution, small particles and waters entering the busbar,
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Fig. 4.11: Peak magnitude of E-field in void when the void is at different horizontal locations, with
the vertical location a constant.

which may decrease the insulation thickness.

Air gaps at the bending corner of the busbar are noted in Fig. 4.5. Such airgaps are in-
evitable as the curving radius of copper cannot be precisely controlled during processing, possible
voids between layers and possible delamination after long-time operation or difference in coeffi-
cient of thermal expansion (CTE). Nevertheless, airgaps are one of the roots causing PD in the
bent structure. As it will be shown in the later part, even though the busbar has large bent radius
(4.5mm, )significant amount of E-field are concentrated in the air gap in the bent area. When the

air-gap E-field is larger than Epp;, PD can happen.
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4.4 Insulation Design with PD-free at Low-pressure Condition

4.4.1 Effects of air pressure on PDIV and PD-Free criterion

PDIV is defined as the applied voltage at which repetitive partial discharges are first ob-
served in the test object when the voltage applied to the object is gradually increased from a lower
value at which no PD is observed [11]. Usually, PD occurs at the position of electric field con-
centration, such as the void in the sample and the interface between solid insulation and air [7].
Therefore, most of the PD actually is the breakdown of air. In terms of PDs in air, the PDIV is
related to the air pressure and the way how the electric field is distributed. The most widely ac-
knowledged law regarding PDIV of air in a uniformly distributed electric field is the Paschen’s
curve. It is found that the breakdown voltage between two electrodes in a gas as a function of

pressure and gap length can be expressed by [29]:
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where Up is the breakdown voltage in volts, P is the pressure, d is the gap distance, s
is the secondary-electron-emission coefficient (the number of secondary electrons produced per
incident positive ion), A is the saturation ionization in the gas at a particular electric field/pressure,
and B is related to the excitation and ionization energies. The Paschen curve is a U-shaped curve

with a minimum and is shown in Fig. 4.6. Generally, Pd value in this study is on the right part of

82



e,
E=92V/pm

Copper

a

(©) (@

Fig. 4.14: E-field distribution for parallel insulation structure with voids. (a)-(d) keep PET-layer
thickness (tpgr) constant as 100 um, and change diameter of void (d,,;z) as 10 g m, 15 um, 20
um, 25 pum, and 35 pum respectively.

the Paschen curve.

However, Paschen’s curve is obtained from experimental results in the uniformly dis-
tributed electric field, which is not always the situation in practice. Researchers investigated the
physics of breakdown in air and derived the PD inception field for air breakdown at various pres-
sure conditions, which means that the PD inception is not determined by the voltage applied across

the insulation but determined by the local electric field and the environmental conditions at the
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Fig. 4.15: Relationship between E-field with tpgr and d,,,;; in parallel insulation structure.

place. Take the PD in a void as an example. According to the streamer mechanism of PD incep-
tion, the necessary condition is the well-known critical avalanche criterion. When enough electrons
accumulate in the avalanche head, the avalanche can be self-propagating by its own space-charge
field. The inception filed for streamer type PD depends on the void geometry and gas pressure, the
dielectric permittivity, and the characteristic ionization processes within the void. The inception

filed is defined as [7]:

Einc = (E1/p)p[1+B/(pd)"] / (4.4)
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Fig. 4.16: E-field distribution for parallel structure with delamination. (a)-(d): PET-layer thickness
is a constant at 50 um, change delamination (air gap) distance as 10 um, 30 um, 50 um, and 80
um, respectively.

where (E|/p),.,, B, and n are the ionization parameters for the gas, p is the pressure in the

cr
void, d is the void diameter, and f is the dimensionless field enhancement factor. For air, (E;/p),,
is 25 V/(Pa-m), B is 5.9 Pa®3m%3, nis 0.5, and f is 1. It appears that the Eppy is also related to
air pressure and the diameter of the void. This equation can be applied to air insulation with any
irregular shape, and the p and d is the local air pressure and distance along the local electric field

contour. The PD inception field with respect to pressure p and distance d are shown in Fig. 4.7. It

can be observed that Epp; decreases with air pressure and distance. The regions below the curves

85



E-field

(@)

Fig. 4.17: E-field distribution for parallel structure with delamination. (a)-(d). Airgap distance is
a constant at 50 um, PET layer thickness is changed as 50 yum, 100 gum, 150 gum, and 250 pum,
respectively.

of different air pressures present the PD-free area, which means if the maximum electric field in
the void or air gap with these air pressures and distances is below the PD inception field, then PD
will not occur. This equation serves as the PD-free criterion in this paper. Since the insulation
design in this paper targets for an electric aircraft operating condition, the worst scenario of 0.2

atm (air pressure at the cruising altitude) is considered.
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Fig. 4.18: E-field magnitude at different delamination distance and PET thickness under bent
structure.

4.4.2 Busbar insulation design method

The insulation design method is proposed as Fig. 4.8, which consists of three major steps.
The step I is to analyze the structure of busbar based on the developed conduction layer, then it
designs a baseline insulation structure as described in chapter II, D. Based on E-field characteristics
and shape of copper, insulation system is classified into different patterns.

For example, setp I first import the three-dimensional (3D) model of busbar to COMSOL
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Fig. 4.19: E-field distribution at bent busbar structure, tpp7=175 yum, tepory = 35 um. (a) normal
condition; (b) 20um delamination between top copper and epoxy; (c) voids in epoxy glue, diameter
of void is 20 um.

for E-field analysis, as Fig. 4.9(a). As meshing and calculation in 3D model require huge comput-
ing resource, designers can use working plate to obtain the cross-section plane of the busbar, and
perform the simulation on such 2D plane as Fig. 4.9(b). As E-field is concentrated on the corners
of cooper and air gap around bending area, the insulation system, as Fig. 4.9(c), (d).

Step II is to find minimum PD-free insulation thickness through quantitative analysis. In
each pattern, E-field distribution is obtained by electrostatic simulation on both normal cases and

the defective cases. The worst condition is then found by comparing the simulated E-field results of
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Fig. 4.20: E-field curve in bent structure including delamination and voids.

all cases. After that, minimum insulation-paper thickness (#,,i,) can be found when the worst-case
E-field curve is marginally smaller than the Epp; at the decompressed air pressure.

The t,,;;, provides the lower-limit insulation design, while the margin is required for a robust
insulation system. On the other hand, the higher limit of insulation thickness comes from the stray
inductance of the busbar. Step III is to build a quantitative model of inductance-and-insulation
trade-off, and select insulation thickness on the model with proper margins and acceptable over-
shoots.

After the insulation design, the busbar completes all design space and will be sent for
manufacture. The manufactured busbar will go through PD tests as will shown in later part, then

its stray inductance wil be measured by using impedance analyzer for design evaluation purpose.
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Fig. 4.21: A CCL in busbar with lumped model of self-inductance, Lspacer> Liayer,ser f and mutual-
inductance, Mjayer1—2.

4.4.3 Insulation design for parallel structure

The parallel pattern is a copper-insulation-copper sandwiched structure as Fig. 4.9(c). As
copper layers at the top-side and bottom-side have different voltage potentials, E-field is generated
between them. The corner of copper further distorts the E-field, making the field crowded around
it.

For an idea parallel insulation structure, perfect lamination between copper layers and in-
sulation layers are assumed. However, such an assumption may not be valid, as voids and delami-
nation can happen during manufacturing and long-term operation. These defects can introduce air
gaps between the copper and insulation, and it may cause PD when the E-field in airgap is larger
than the PD inception field, Eppy.

The worst case of void condition is determined by using Fig. 4.10, Fig. 4.11, Fig. 4.12,
and Fig. 4.13. It is seen that wen the void is moving from left to right as Fig. 4.10, the maximum
E-field on such case is when the void is vertically aligned to the edge of the copper, as observed

from Fig. 4.11. Moreover, when the void is moving from top to bottom, as Fig. 4.12, its peak
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Fig. 4.22: Busbar total inductance and its distribution at different PET-layer thicknesses. Results
obtained from electromagnetic simulation.

amplitude is when the void is tangent to the copper layer, as seen in Fig 4.13. Consequently, the
worst case in such parallel structure is that void accidentally locates at the most crowded E-field
area, which is around the copper corner, and inside the epoxy glue.

As seen in Fig. 4.14(a)-(d), the E-field maps are simulated under such scenarios, with
void diameters varying from 10 yum to 35 um. It shows a trend that a larger radius of the void
comes with a lower peak magnitude of E-field. By performing the simulation at different PET-

layer thicknesses, the corresponding E-field magnitudes are drawn as Fig. 4.15. The curve of Epp;
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Fig. 4.24: Schematic of uni-polar PD testing circuit for busbar PD characterization.

at 0.2 atm, which is shown in Fig. 4.7, is drawn to determine the PD-free area. It is seen from Fig.
4.15 that the E-field is always lower than Epp; when PET-layer thickness is 100 um.

The vibrations and the power cycling can cause the epoxy glue detached from the copper
layer, leaving an air gap between them. Such delamination phenomenon facilitates PD as the
significant E-field can be concentrated in the air gap closed to the copper corner. As seen in Fig.
4.16(a)-(d), at the same PET-layer thickness (100 um), the smaller airgap size can intensify E-field

concentration, raising the peak E-field magnitude. Additionally, Fig. 4.17(a)-(d) show the E-field
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Fig. 4.25: Schematic of bipolar PD testing circuit for busbar PD characterization.

distribution when airgap is constant at 50 um while changing PET-layer thickness. It is seen a
decreased E-field magnitude in the air gap as PET-layer is thicker. This is because the thicker PET
withstands more voltage drop, reducing the voltage drop in airgap. Thus, the E-field in the air gap
is reduced. To quantify such a phenomenon, the peak E-field magnitudes at different distances
of delamination and PET-layer thicknesses are drawn as Fig. 4.18. The E-field curve of tpg7 at
175um is marginally smaller than Epp; at 0.2 atm. Therefore, the minimum thickness of each
PET-layer is 175 yum to achieve PD free.

By combining the impacts of voids and delamination, the critical thickness of each PET
layer can be derived as Eq. 4.5, where 7,474/ min 1s the minimum thickness of each PET layer
to achieve PD free. ,qra1,min,void a4 tparal min,delamin are the minimum PD-free thickness by only
considering the impacts of void and delamination, respectively. 7,441, min can be derived as 175 um
based on the above analysis. Considering the insulation paper is constructed by two PET layers
and three 35um epoxy-glue layers as Fig. 4.5, the corresponding insulation paper should be 455

um to achieve PD-free in parallel-insulation structure.
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Fig. 4.26: Testing waveform of the unipolar test at 1.95 kV, 0.2 atm, with PD captured.

tparal,min = MAX (tparal,min,voidatparal,min,delami) (45)

4.4.4 insulation design for bent structure

Bent structure is commonly used in laminated busbar to enhance design flexibility and
improve converter performance [30, 31]. However, it inevitably introduces the air gap because of
the difference in bending radius, such as Fig. 4.6. Consequently, the E-field is concentrated in the
bending-introduced airgap, causing PD if an improper insulation design.

While voids and delamination can also happen in a bent structure. To understand the im-

pacts of them, electrostatic simulations are performed as Fig. 4.19, which includes normal condi-
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Fig. 4.27: Testing waveform of the unipolar test at 1.5 kV, 0.2 atm, without PD.
tion, scenarios which voids in the middle epoxy-glue layer, and scenario that epoxy glue is delam-
inated from top copper. By sweeping PET-layer thickness, the E-field curves in bent structure with
different scenarios are drawn as Fig. 4.20.

The voids and delamination in bent structure can attenuate E-field in airgap. This is oppo-
site to their influences at parallel insulation pattern, which was the root of causing PD and threaten
the insulation. On the contrary, the voids in bent structure attenuate the E-field at the location
where it is right above the void, causing a small dip of in E-field curves, as seen in Fig. 4.20.
Moreover, when delamination happens, its corresponding E-field curve is dragged down.

This phenomenon can be explained by an equivalent model of a voltage divider. During the

voltage transient, the magnitude of voltage drop on each layer is decided by its equivalent parasitic
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capacitance, as noted in Fig. 4.19. As a lower dielectric constant, the airgap has less capacitance
than the insulation paper (PET layer with epoxy-glue layer). Thus the airgap withstands the ma-
jority of voltage drop and causes higher E-fields in it. Compared to the non-defect case as Fig.
4.21(a), both delamination and voids introduce another air gap, helping mitigate the voltage drop
and E-field on the original airgap.

Through quantitatively analyzing both the parallel insulation pattern and bent insulation
pattern, the minimum PET-layer thickness, 7pg7,min can be derived as Eq. 4.6. Where t4¢,1 min 18
the minimum insulation of a bent structure without void and delamination. For the busbar in this
paper, tper.min is 175 um. Accordingly, the minimum thickness of the insulation paper is 355um,

which considers that there are two 175 um PET layers and three 35 pum layers in one insulation
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Fig. 4.29: Test setup of stray-inductance measurement by using ZA.

paper, as it was shown in Fig.4.5.

IPET min = MAX (tparal,min: tbent,min) (46)

4.5 Trade-off between insulation margin and stray inductance

The lower limit of insulation thickness is discussed from the previous by warranting PD-
free at the worst scenario. But design strictly at its lower limit is not necessarily an optional choice
as the thicker insulation provides extra robustness.

One of the higher limits of insulation thickness is the stray inductance. Such a limit is
mainly a critical factor for the wide bandgap devices due to the higher di/dt and overshoots. Given

an example of CCL shown in Fig. 4.21, the total busbar stray inductance is contributed by self-
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Fig. 4.30: Impedance response of busbar measured by ZA.

inductance from spacers (Lgpgcersel f), busbar layers (Ljayerserr), and mutual-inductance between
layers (Mjqyer1—2), as Eq. 4.7 and Eq. 4.8. The mutual inductance is a negative value as different

current directions between layers.

Lbusbar,total = ZLspacerfn,self + Llayer.,total (47)

n

Llayer,total = Llayerl Jself + Llayer2,self + 2Allayerl -2 (4.8)

Two aspects contribute to a positive correlation between insulation thickness and busbar
stray inductance. First, the self-inductance from the spacer is enlarged as the thicker insulation.
This is because the height of the spacer is extended to match the distance between top-side busbar
layer and bottom-side power module, as seen in Fig. 4.21. Such extension prolongs the length of

the current path, raising self-inductance, Lpacerserr- Second, the thicker insulation decreases the
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magnitude of layer-to-layer mutual inductance, Mqyer1-2. AS Mjgyper1—2 18 @ negative value, the
smaller magnitude of it increases total busbar inductance.

The above statement is demonstrated through performing electromagnetic simulations on
the busbar at different PET-layer thicknesses. As seen in Fig. 4.22(a), higher PET-layer thickness
causes higher stray inductance, where the inductance value is doubled when the thickness changes
from 50 um to 1 mm. The simulation results in Fig. 4.22(b) aligns with the above analysis: the
thicker PET-layer is, the smaller value of mutual inductance is, and the higher self-inductance of
the spacer is.

This paper utilizes 250 um thickness for each PET layers, as shown in Fig. 4.22(a), which
is 142.9% higher than the minimum thickness. Considering the structure of insulation paper in
Fig. 4.5, the total thickness per insulation paper is 605 um. The design can guarantee PD-free at
decompressed condition, while its inductance is lower than published literature about 3L convert-

ers. As seen in later, such low inductance enabled accelerated driving speed and switching-loss
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Fig. 4.32: Current measurement setup by using Rogowski coil inserted between module and bus-
bar.

reduction within acceptable voltage overshoots.

4.6 Experiment Evaluation

4.6.1 Partial-discharge test

The PD test platform is present in Fig. 4.23. It consists of a high-voltage power source,
high-voltage power switch, DC-link capacitors, DSP with fiber transmitters/receivers for gating
signals, auxiliary power supply, vacuum chamber, air pressure indicator, gas pump, PD monitors,
oscilloscopes.

The busbar is placed into a vacuum chamber with sufficient distance to the chamber surface.
Terminals of busbar are connected to a half-bridge circuit, as Fig. 4.24. Such a setup can provide

square-pulse with the amplitude changing from 0 V to the DC-link voltage. Another possible setup
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Fig. 4.33: Equivalent circuit of DPT and its corresponding two stage.

is the bi-polar setup, as in Fig. 4.25, which allows square-wave voltage changing from —Vpcyink/2
to —Vpciink/2-

When PD happens, it generates noises with ultra-wideband frequency[13]. Thus, three
sensing methods are used to monitor PD at extended frequency covering range. Pearson 4100
current transformer (CT) is placed as Fig. 4.24. It monitors the current on the cable, which flows
through it. The bandwidth of such CT ranges from 140 Hz to 350 MHz. Both the E-field an-
tenna and H-field probe are placed on the lid of the chamber for near-field radiation measurement.
H-field probe, Tekbox TBPS01 connecting to a wideband amplifier, Tekbox TBWAI, enables mea-
surement range between 1 MHz to 2GHz. And the E-field probe, DEEPACE UWB-4, bandwidth
between 1.8 GHz to 9 GHz, is used for high-frequency radiation measurement. Because of the lim-
ited bandwidth of scope (2GHz), the output of the E-field probe is connected to the signal mixer to
move down the frequency band by the designed value in the mixer.

The frequency range of PD is extensive, containing the entire measurement range, as afore-
mentioned [13]. Therefore, all three methods should capture the PD simultaneously during the

tests, which eliminate PD false detection because of noise picked up from a single sensor. Testing
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Fig. 4.34: Measured waveforms of DPT at 1 kV, 360 A.

waveforms at 1.95 kV 0.2 atm by using the platform is shown in Fig. 4.26. It is observed that
different sensors capture PD at different frequency range. While the testing at 1.5 kV 0.2 atm is
shown as Fig. 4.27, where no PD happens.

Ten independent PD tests are performed at each level of air pressure. By combining the
50 testing results, the partial-discharge inception voltage (PDIV) can be drawn as Fig. 4.28. The
testing result aligns with Paschen’s law, showing that PD happens easier at lower air pressure. At
0.2 atm, the lowest PDIV is 1430V, which is 43% higher than the voltage rating of the converter, 1

kV.
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4.6.2 Stray inductance characterization

Though the busbar stray inductance can be estimated through electromagnetic simulation,
it may deviate after fabrication because of manufacturing accuracy. Impedance characterization is
necessary for post-fabrication evaluation.

Four-wire based characterization method is used in this paper. The measurement is con-
ducted by using an impedance analyzer (ZA), Keysight E4990A as Fig. 4.29. To form the CCL, the
ports of the busbar which connect to capacitors and power modules are shorted by coppers. Such
shorting coppers may introduce additional inductance counted into the busbar. Thus, multilayer
PCBs with wide and thick coppers are utilized for shorting purposes.

The measured frequency response of the busbar is shown in Fig. 4.30. At 10 MHz, the
measured inductance is 12.817 nH, which is 6.7% higher than electromagnetic simulation. The

extra inductance comes from the shorting coppers and potential manufacture error.

4.6.3 Double-pulse tests

The double-pulse test (DPT) setup is shown in Fig. 4.31. The high-voltage active probes,
200 MHz, Tektronix THDP0200, are used to measure both gate-source voltage and drain-source
voltage of Ty, T3, and Ty, respectively. The current is measured by 30 MHz Rogowski coil, PEM
CWT MiniHF 3, by connecting the probe between busbar and the module as Fig. 4.32. A 131 uH
air-core inductor is used to accumulate current.

Configure the circuit as Fig. 4.33, and use only 1 Q of R,. The DPT waveforms are

captured at 1 kV 360A when the circuit changes from stage I to II, as shown in Fig. 4.34.
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4.7 Conclusion and Future Work

This paper proposed a comprehensive insulation design method for the laminated busbar
under decompressed air-pressure conditions. It can find the minimum insulation requirements un-
der the worst scenario considering different insulation patterns and defects. The paper explicitly
explained and modeled inductance-and-insulation trade-off, helping designers choose the insula-
tion in the range between lower and higher limits.

The proposed method is verified by designing the insulation of a busbar for a 450 kVA
3L motor drive. PD tests are performed under different levels of air pressure, demonstrated the
effectiveness of the insulation design method. The proposed insulation design also helps converter
reaching lower stray inductance, enabling switching loss reduction of 66.7% at 1kV, 350A, with

limited switching voltage overshoots.
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5  Design of A 1.2 kV, 300 A, High-performance Power Module for MEA Applications

This paper has been submitted to IEEE APEC 2021. The paper is under the review during
the period of dissertation composition.
List of author’s name, Yuan, Z., Emon, A.l.,, Huang, S., Wang, Z., Wang, Y., Whitt, R.,

Fang, L, and Huitink, D.

5.1 Abstract

Three-level T-type neutral-point-clamped converters (3L-TNPC) are widely used in mo-
tor drive and PV applications because of the higher efficiency, improved output THD, and lower
common-mode noise. However, such topology suffers from high stray inductance because of the
complicated power loop structure. Its power-module current density is less than the two-level (2L)
converter as the increased switch counts. This paper proposes a SIC-MOSFET based 3L-TNPC
power module with a hybrid packaging method to improve module performance. The module has
a printed circuit board (PCB) directly soldered on the top of direct bounding copper (DBC), with
bare dies soldered on DBC and connecting to PCB by bonding wires. Such a structure allows
the power loop on both DBC and PCB. This reduces stray inductance through enhanced mutual-
inductance cancellation. The introduced PCB can provide extra space and flexibility in gate-loop
optimization, improved power density, and synchronous gate drive between parallel dies. The heat
from dies can also be directly dissipated through DBC and the proposed direct-soldered coldplate,
enhancing thermal conductivity because of thermal-paste elimination and thermal-couple reduc-

tion. A 1.2 kV, 300 A SiC 3L-TNPC module is fabricated with measured loop inductance of
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Fig. 5.1: Topology of 3L-TNPC with current commutation loop (CCL; and CCL;) noted.

2.5 nH. Faster driving speed by using 0.33 € gate resistance is enabled to reduce switching loss.
Eventually, the module is thoroughly evaluated from electromagnetic simulation, lamina-flow-and-
thermal simulation, double-pulse tests up to 800 V' / 450 A, continuous tests up to 800 V/ 230 A,

and thermal image monitoring.

5.2 Introduction

The three-level t-type neutral point-clamped (3L-TNPC) converters, as seen in Fig. 5.1,
have been demonstrated with superior efficiency[1-3], THD[4,5], and EMI performance [6] at
voltage ranges between 400 V to 1200 V. It has been widely used in applications such as motor
drive [7,8], UPS systems, and PV inverter.

Various 3L-TNPC modules have been announced by semiconductor company such as Infi-

neon, On Semiconductor, Vincotech, Semikron, Fuji Electric, and Mitsubishi. While Infineon ap-
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Fig. 5.2: Shoulder-by-shoulder comparison of power modules from Infineon, Vincotech,
Semikron, Fuji Electric and this paper [20-26].

plied high-speed IGBT for such an application, enabling significant switching loss reduction. Fuji
Electric utilized a novel reverse-blocking IGBT (RB-IGBT) as a clamping leg. Its bi-directional
controllable feature helps to reduce switch count in 3L-TNPC [9]. The modules from Vincotech
achieve lower stray inductance than their competitors through the multi-stage capacitor-decoupling
strategy. The design embeds internal capacitors into the Vincotech module for closest loop decou-
pling, while it also places film capacitors externally right next to the terminal for the second-stage
decoupling. Such configuration effectively suppresses turn-off voltage overshoots and mitigates
voltage oscillation [10]. The key parameters of the recent modules are summarized as Fig. 5.2,
such as stray inductance, thermal impedance, and current density.

Through the product survey, it is seen that most 3L-TNPC modules still suffer from higher
stray inductance (>15 nH), which can cause higher voltage overshoots during switching transients,
and it will also limit the switching speed. Minimizing such inductance is becoming crucial, espe-
cially when wide bandgap devices are used.

Module inductance reduction can be performed through optimizing wire-bounder induc-
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Fig. 5.3: Top view of the fabricated power module, with lid covered on top.

tance and substrate inductance, respectively. Novel wire-bounding methods can reduce its self-
inductance through larger bonding conductors. For example, Mitsubishi direct-lead bounding
technology enables interconnection between the top-surface of power bare die and power lead.
Consequently, the designed module can reduce the internal inductance by 43% [11]. The SKiN
structure proposed by Semikron replaces conventional wire bounds by flex printed circuit boards,
which is demonstrated to save stray inductance by 10%[12]. Other methods are also reported with
stray inductance reduction, such as metal post [13], fuzzy button [14], and planar copper intercon-

nect [15]. Nevertheless, most of the novel top-side interconnection method requires remetalization
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Fig. 5.4: Top view of the fabricated power module, without lid covered on top.

of power chip, increasing fabrication complexity.

Reducing the substrate-layer inductance is also essential. The conventional substrate struc-
ture has substantial limitations on power-loop optimization. Because the self-inductance is domi-
nated in those structures, and it is correlated to the loop length. Those packaged modules typically
have stray inductance over 15 nH, and it can be increased as a higher power rating. To solve the
problem, W. Ruxi and C. Zhen from the Center for Power Electronics Systems (CPES), Virginia
Polytechnic Institute and State University proposed a PCB + DBC hybrid structure in 2010 and

2013 [16, 17]. The structure can significantly shrink the length current commutation loop, achiev-
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ing 3.8 nH stray inductance for their 1200 V, 10 A phase-leg power module. In 2017, an improved
hybrid structure was announced by Huazhong University of Science and Technology (HUST) [18].
The design is the first time to design the module by relying on the impacts of the mutual-inductance
cancellation. Their design of a 1200 V 24 A phase-leg module can achieve stray inductance as low
as 0.9055 nH. Compared to the CPES design, which focuses on self-inductance minimization,
the HUST design intentionally enhances the mutual inductance through introducing an additional
current path on PCB, with the opposite current direction on DBC.

Nevertheless, the design has to allow the major current flowing through the PCB, whose
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Fig. 5.6: The pattern of designed DBC for the 3L-TNPC power module. Left: top side; Right:
bottom side.

copper is much thinner (3.47 um to 10.41 um) than the copper on DBC (300 um). Thus the
proposed structure could be limited in high current applications. Moreover, all the technologies
mentioned above are restricted in 2L converters. While adopting the technology into a 3L-converter
application is crucial and necessary. Limited power density is another challenge of 3L-TNPC. This
can be quantified by defining the current density of a power module as Eq. 5.1, where I gpoc is the

rated continuous current at the case-temperature of 80 °C.

I 80°C
w X[

J, module — (5 d )

As shown in Fig. 5.2, most of the power module has a current density of less than 3.5

A/cm?, which is typically smaller than the 2L. For example, at the same standard housing, same
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Fig. 5.7: The pattern of designed PCB for the 3L-TNPC power module. Left: top side; Right:
bottom side.

voltage rating, and the same semiconductor technology, the 3L-TNPC module (Infineon F3L400-
R12PT4P_B26) has a current rating of 400 A, while the 2L configuration (Infineon FS200R12PT4P)
is rated at 600A. This is because that 3L converters have more switch counts compared to the 2L.
Thus it requires more bare die area at the same current rating [19].

To further optimize stray inductance, improving the power density of the power module,
this paper designed a high-performance hybrid-structure-based power module for a 3L-TNPC con-
verter. Compared to the existent design, this paper has contributions as follows,

(1) First time to use an improved PCB + DBC hybrid structure to the 3L topology. Through
custom PCB design, achieved power loop inductance of 2.5 nH.

(2) Solved issues that PCB is carrying primary current by the proposed current splitter
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Fig. 5.8: The gate terminal pins used in 3L-TNPC power module.

structure. It allows PCB only to provide transient-support current during switching. The steady-
state current only flows through the DBC and PCB vias. Thus the design can be extended to 300
A current rating.

(3) Utilizes PCB for gate loop design and damping of oscillation. Saved space for gate and
kelvin source island on DBC, improved power density.

(4) Comprehensively evaluated the design through the double-pulse test, continuous test,

and thermal imaging.
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Fig. 5.9: The screw and power tabs designed for 3L-TNPC power module.

5.3 Design of High-performance 3L-TNPC Power Module

5.3.1 Stray inductance in 3L-TNPC converter

One of the phase of the 3L-TNPC topology is as shown Fig. 5.1. The three level converter
stands for the three states of output, P-state, O-state, and N-state. They are defined with corre-
sponding switching states as Table 5.1. Compared to two-level (2L) converters, the three output
levels of phase-neutral voltage Vo pu—m, i.e., +Vdc/2, 0, and =Vdc/2 can improve current THD
and reduce dv/dt during switching. Therefore, it can reduce the size of passives during such as
common-mode filters and output filters. Besides, there are two current commutation loops (CCL;,
CCLy) in a 3L-TNPC phase leg noted in Fig. 5.1.

The target of power-loop optimization is to reduce total inductance in CCL; and CCL;,
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which are expressed as Eq. 5.2 and Eq. 5.3, respectively. Where Lyl ccL,» and Liotal ccL, are the
total stray inductance of CCL; and CCL, respectively. Lp 7, Lp.1,, Lp 1, are the stray inductance
from drain terminal of 71, 7>, and Ty, respectively. Lg 7,, Ls 1, are the source-terminal inductance

of 71, and Ty, respectively. Lg 7,7, is the stray inductance between 75 source terminal and 73 source

terminal.

Liotat ccL, = Lp,7, +Ls, +Lp1y, +Ls s + Lo (5.2)
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TABLE 5.1: Switching states of 3L-TNPC

State  Vyy S \Y) S3 Sy

+Vpc/2 ON ON OFF OFF

0 OFF ON ON OFF
N —Vpc/2 OFF OFF ON ON
Liotal ccL, = Ls;r, +Lp1, +Lp,; +Ls 13 +Lp 13 (5.3)

5.3.2 Structure of the proposed power module

The power module is fabricated as Fig.5.3. For better understanding the structure, the
module without lid covered is shown as Fig.5.4. And the exploded view of power module is shown
as Fig. 5.5. The module is consisting of aluminum nitride (AIN) direct bounding copper (DBC), as
shown in Fig. 5.6, PCB, as shown in Fig. 5.7, SiC power bare die, Polylactic acid (PLA) based, 3D-
printed housing, customized copper-tube based coldplate, and gate terminal pins (assembled pins
and disassembled pins) as shown in Fig. 5.8, and power tabs and their matching screw terminals
as shown in Fig. 5.9. Detailed component model numbers, essential parameters, and soldering,
bounding materials are listed in table II.

Different types of direct bounding copper are available to choose. For example, most of
the commercial IGBT modules used aluminum oxide (Al/,03) based direct bounding copper, be-
cause of the cheaper price and good mechanical strength. While, aluminum nitride based direct
bounding copper shows advantages in thermal conductivity. However, its mechanical strength is
less compared to the aluminum oxide direct bounding copper. Beryllium oxide ceramic based

direct bounding copper shows even better thermal conductivity. However, it is toxic to human

119



1.5

0.5

0
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health. And the vapor of beryllium oxide can be easily generated during packaging processing,
endangering operators life.

Recently, silicon nitride (Si3N4) active metal brazing (AMB) copper shows the improved
performance in terms of both mechanical strength and thermal conductivity. Because of the strong
mechanical strength, the silicon nitride based active metal brazing board can be used at the thick-
ness about the half of traditional aluminum nitride direct bounding copper. The thinner layer fur-
ther reduces the thermal resistance, facilitating the thermal conductivity, while keep the mechanical
strength similar to the thicker aluminum oxide direct bounding copper board.

Another consideration comes from the coefficient of thermal expansion (CTE). To improve

the reliability, it is required that the CTE of substrate closed to the CTE of power bare dies. The
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CTE of silicon wafer is 2.6 x 10~% °C~!, and the silicon carbide wafer is 3.7 10~ °C~!. And the
CTE of aluminum oxide direct bounding copper, aluminum nitride direct bounding copper, beryl-
lium oxide direct bounding copper, silicon nitride active metal brazing board are 7.2« 1076 °C~1,
4.6+%107%°C~1,,9.0%107%°C! and 2.8x 1076 °C1, respectively. Therefore, silicon nitride ac-
tive metal brazing board and aluminum nitride direct bounding copper match to the CTE of silicon
carbide wafer the most, which improve the reliability of the power module.
To achieve the optimal performance, the module chooses Wolfspeed third-generation silicon-

carbide (SiC) metal oxide silicon field effect transistor (MOSFET) chips, CPM-1200-0013A. Such
chip offers lower on-state resistance, which is helpful to reduce the conduction loss on the module.

By taking the advantage of wide band-gap device, its switching loss is reduced as well.

121



Fig. 5.13: Picture of fabrication process. step I (left), paste screen print on coldplate; and step II
(right).DBC placement.

Consequently, the total semiconductor loss can be dropped significantly. As a result, the
temperature raise inside the module can be reduced. Moreover, compared to the second-generation
device, the third-generation SiC MOSFET improved gate-oxide reliability, and eliminated the ag-
ing issue during third-quadrant conduction, when current flows to the body diode. Therefore,
Schottky diode can be avoid, which further reduced the design complexity and improve the power

density of the power module.

5.3.3 Power-loop optimization

Current commutation loops, CCL; and CCL, are denoted as Fig. 5.10, where PCB is set as
50% transparency for a better explanation. Embedding the PCB inside the power module also helps

with gate loop, including gate-loop inductance minimization through flexible layout, introducing
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TABLE 5.2: Components and the material used in packaging the module

Part Specifications
MOSFET Wolfspeed CPM3-1200-0013A
Chips 1.2kV 13m&, Die size 4.37 x 7.26 mm?
PCB 1 mm FR4, 1 oz copper, ENIG
Solder 1 100 um SAC305: Sngg sAg3.0Cug 5
Bonding Wire Aluminum, diameter 5 mil

Substrate AIN, 48x56.5 mm?, ENIG, 0.3mm/0.62mm/0.3mm

100 /mum PbgzSns7, liquidus/solidus points

Solder 2
183°C/151°C
Housing PLA, 3D printing, 80 x 54 x 13 mm?>
SEMICOSIL 915 HT, 20 mL, plus
Encapsulation
ELASTOSIL CAT PT 2 mL
Coldplate Custom, copper, 70mm x 90mm x 8mm

kelvin resistors to enhance synchronous gate driving, and eliminate quasi-source circulating current
for parallel die [27].

The power loop optimization relies on the mutual-inductance cancellation to reduce the
module total stray inductance in both CCL; and CCL;. As it can be seen from Fig. 5.10, the
design purposely guide the current on PCB with the different direction to the current on DBC. As
a result, the mutual inductance is a negative value, which leads to the reduction of total inductance.
Meanwhile, since the PCB is closely laminated with DBC, the negative-valued mutual inductance
can be magnified.

By performing the power loop optimization, the total stray inductance of CCL; and CCL,
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Fig. 5.14: Picture of fabrication process. step III (left), paste screen print on DBC; and the fixture
for screen printing in step III. step IV(right) ,PCB placement.

are about 2.47 nH and 2.48 nH based on electromagnetic simulation performed on ANSYS Q3D.
Because the symmetric design of power loops in CCL; and CCL,, the stray inductance of the both

loops are very similar.

5.3.4 Thermal and flow rate simulation

Comsol multi-physics simulations are performed to evaluate module thermal performance.
Because the module is directly soldered with coldplate, the laminar-flow model is used for cal-
culating coolant velocity. The static thermal model is coupled with the fluid-flow model for the
estimation of junction temperature. The simulation assumes that the flow rate of the cold plate
significantly influence the temperature distribution of the power module, while the impact from

power-module temperature to the flow rate of coldplate is ignored.
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Fig. 5.15: Picture of fabrication process. step IV (left), PCB placement. step V (right), power bare
die placement.

The simulation assumes inverter running continuously at 800 V / 400 A with a power factor
of 0.8. Under such conditions, the total loss for 77 and Ty positions, 7; and 73 positions are 147
W per die, and 108 W per die, respectively. By setting the flow pressure of 1.5 psi, inlet coolant
temperature of 40 °C, the thermal conductivity of solder pastes as 57 W /mK, the coolant velocity
map is shown as Fig. 5.11. And the temperature map is as Fig. 5.12.

It is seen the coolant velocity are evenly distributed inside the cold plate. Because of
the direct soldered colplate, which eliminates the additional thermal resistance introduced from
thermal interface material (TIM), the thermal coupling between dies are well controlled. The peak
junction temperature is less than 120 °C for 800V / 400 A continuous running, leaving 60 °C
margins to the max working temperature of SIC-MOSFET. Based on the simulation, the junction-

to-coolant thermal resistance is 0.27 °C/W.
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Fig. 5.16: Picture of fabrication process. step VII (left), wire bounding. IX (right): terminal, screw,
gate resistor, and multi-layer ceramic capacitor placement.

5.4 Module Fabrication Process

The fabrication procedures are summarized from Fig. 5.13 to Fig. 5.18. The fabrication is
using a bottom-to-top sequence. Therefore, step I is to place the coldplate on graphite fixture. And
screen print paste on top of the coldplate. Then the direct bounding copper is placed on top of the
coldplate in step II, as seen in Fig. 5.13.

Step III is to put the patterned screen print on direct bounding copper, by using the de-
signed screen printer as shown in Fig. 5.14. Then the printed circuit board is placed on top of the
direct bounding copper during step IV. And the power bare dies are placed on their corresponding

positions in step V, as shown in Fig. 5.15.
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Fig. 5.17: Picture of fabrication process. Step XI (left), housing attachment, terminal installation.
Step XII (right), encapsulation.

During step I to step V, all the components are kept aligned at the right position by using
the designed graphite fixture. And the coldplate, DBC, printed circuit board and power bare dies
are soldered together through reflow oven in step VI. It is necessary to put components on top of
the PCB to ensure are well solder.

SAC305 is used as the solder paste for this reflow process. SAC is the abbreviation of
Sn/Ag/Cu. Therefore, it is the alloy that contains 96.5 % of tin, 3 % of silver and 0.5 % of copper.
Thus, SAC305 is a lead-free alloy and has less harm to human health compared to the soldering
material contains lead. Meanwhile, the SAC305 has good fluidity, ensuring solder pasted evenly
on the junction. And SAC305 is relatively cheaper compared to other solder materials. Moreover,
the solidus temperature of SAC305 is 217°C, which is above the maximum junction temperature of
SiC MOSFETs. And the liquidus temperature of SAC305 is 220 °C, which is lower than maximum

allowable processing temperature of SiC MOSFET. In a conclusion, SAC 305 is a proper soldering
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Fig. 5.18: Picture of fabrication process. Step XII, lid placement

material for SiC MOSFET based power module packaging.

Step VIl is to place wire bound between power bare die and PCB. The 8 mil aluminum wire
bound is used in this application. As seen in Fig. 5.16, typically 6 — 10 wire bounds are placed
to connect from PCB to power bare die. After the wire bounding, multi-layer ceramic capacitors,
gate resistors, gate terminals and screw nut for power terminals are placed on the corresponding
position.

Step VIII is to reflow the multi-layer ceramic capacitor, power screws, gate terminals, gate
resistors and printed circuit board on direct bounding coppers. In this step, the solder material
is selected as the SngzPbs7. The selected solder material should have liquidus temperature higher

than maximum junction temperature of SiC MOSFETSs. Moreover, the liquidus temperature should
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Fig. 5.19: DPT test setup.

be lower than the liquidus temperature of SAC305 to ensure the previous solder paste not melting
again. As the SngzPbs; has solidus temperature of 183 °C and liquidus temperature of 210 °C, it is
proper for this choice.

Step IV is to attach housing on the well soldered materials by using the epoxy glue. And
then the busbar tabs are screwed on the power module. M3-sized screws are used to connect the
power module, as shown in Fig. 5.17. And typically, the module should be set at least 24 hours
for the epoxy glue getting cured. Thereafter, the encapsulation can be pulled intothe module, as
shown in Fig. 5.17.

During encapsulation process, air and oxygen can be mixed into the encapsulation, which

may degrade the performance of encapsulation. Therefore, pressure chamber is used during encap-
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Fig. 5.20: Test waveform captured from DPT at 800V/450A.

sulation. The power module is placed into the pressure chamber and the air bubbles can be pushed
out under the decompressed air pressure condition. Lastly, the lid is placed on top of the module,

as shown in Fig. 5.18. And the module fabrication process is completed.

5.5 Experiment and Evaluation

The double pulse test (DPT) setup is shown as Fig. 5.19. The drain-to-source voltage
of SiC MOSFET, Vpg, and gate-to-source voltage of SiC MOSFET, Vg, are measured by high
frequency Tektronix high-voltage differential probe, THDP0200. The probes enabled up to 1500 V
measurement range, and 200 MHz bandwidth. The inductor current is measured by high-frequency

rogowski coil, PEM CWT Mini HF 3.
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The measured waveform are present as Fig. 5.20. Because of the optimized power loop,
gate resistance of 0.33 Q is used to drive the module. Consequently, the dv/dt is 71V /ns. Based
on LT-spice simulation, the switching loss can be reduced by over 71%.

The continuous tests are performed at 800 V/ 230 A with waveform captured as Fig.5.21.
The case temperature of the power module is captured by the IR camera during the tests, as shown
in Fig. 5.22. Efficiency is measured by the temperature difference between inlet and outlet and

flow rate, which is estimated as 99.6%.

5.6 Conclusion

The contribution of this paper is summarized as the following. (A) It provides a novel
packaging structure for 3L-TNPC power module. (B) Such a structure can effectively solve the

major challenge in 3L-TNPC application, which is high stray inductance. (C) The design also
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Coolant
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connector

Fig. 5.22: Thermal map captured by IR camera during 800V/230A continuous tests.

provides additional flexibility of power-loop optimization inside the power module. (D) Direct
solderable coldplate is used to enhance thermal conductivity by eliminating thermal grease. (E)
The module is comprehensively tested and evaluated through double pulse tests up to 800 V / 450 A
with voltage overshoot less than 10% of DC-link voltage, continuous tests up to 800 V / 230 A with

thermal images captured.
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6 Conclusion and Future Work

6.1 Conclusion

This dissertation discussed the hardware design and optimization of the motor drive for
more-electric aircraft applications. To improve the converter performance, the dissertation utilized
a model-based design method for an optimal paper design of the power converters. Based on the
paper design, this dissertation investigates the method to choose optimal power semiconductors
by discussing the impacts of such parameters at the converter level. The dissertation explicitly
explains the method of busbar design. Because of the complicated structure of the busbar, the
dissertation splits the busbar design into two chapters, focusing on conduction layer design and
insulation structure design, respectively.

Spending many efforts on busbar optimization gains a lot, such as lower stray inductance
than the published paper for busbar in three-level converters. The lower stray inductance enabled
faster-switching speed, resulting in much lower switching loss. Besides, careful design of the
busbar insulation structure helps the system avoid partial discharge during high-altitude and low
air-pressure conditions.

The dissertation is also expressing one of the design philosophies: optimize the converter at
the power-module level. The author of this dissertation has noticed the significant performance im-
provement through design the converter at the power-module level. For example, five-fold reduced
stray inductance, much higher power density, and notably improved thermal conductivity.

Chapter 2 of this dissertation introduced the design procedure of power converter for more-

electric aircraft applications. The chapter explained the method of model-based converter design in
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order to deliver the optimal paper design of the converter. Such paper design is the fundamental and
basis of the hardware design. The remaining design steps are illustrated to provide a comprehensive
and high-level understanding of converter design. The overall structure of the 450 kVA motor drive
is introduced in this chapter as well.

Chapter 3 provided the design guidance for the conduction layer of the laminated busbar.
This is step-by-step design guidance, which targets on minimizing the stray inductance of busbar,
limiting the temperature difference between parallel power switch through improving the dynamic
current sharing among them. The guidance utilizes a three-level t-type neutral-point-clamped con-
verter as a design instance. Furthermore, the guidance is comprehensively examined and evaluated
through electromagnetic simulations, circuit-level simulations, double-pulse tests, and continuous
tests with thermal imaging.

Chapter 4 focused on the insulation structure design of the laminated busbar. It is known
that partial discharge can shorten the converter lifetime, reduce converter reliability, and cause
converter malfunction through insulation break down. This paper provided a comprehensive struc-
tural analysis of the busbar and found the most-stress insulation condition by considering the non-
defects busbar and the busbar with defects such as voids and delamination. The insulation design
is based on the most-stress condition to guarantee partial-discharge free under such circumstances.
Meanwhile, the inductance-and-insulation trade-off is modeled quantitatively to help the designer
choose the proper insulation thickness

Finally, chapter 5 introduced a design of a 1200 V, 300A power module for three-level
t-type neutral-point-clamped topology. The power module utilizes a printed-circuit-board plus
direct-bounding copper structure, which achieves the low stray inductance through magnetic can-

cellation. The directly soldered coldplate also helps improve thermal conductivity by reducing
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thermal interface material and mitigates thermal coupling.

6.2 Future Work

This dissertation has investigated converter design from several aspects and revealed the
trade-off between the insulation and stray inductance, between stray inductance and thermal resis-
tance. However, there are additional design trade-offs that should be considered and modeled. For
example,

1. The trade-off between common-mode noise and thermal conductivity;

2. The trade-off between stray inductance and parasitic capacitance;

3. The trade-off between the insulation and parasitic capacitance.

The optimal hardware design can be achieved by understanding all the design trade-offs
and purposely choose a design space with a proper balance of such trade-offs.

In chapter 5, the dissertation focuses on the electrical performance of the designed module.
The reliability of the power module should be further investigated before moving the design to the
market.

In the end, all the researches are motivated by pursuing the optimal performance of con-
verters. The research has not included the consideration such as costs, marketing factors such as
marketing demands. The proposed method may eventually increase the product cost by increasing
product development time and introducing additional components, such as a printed circuit board
in the power module. Nevertheless, those costs can be mitigated and averaged through massive
production. In comparison, the overall saving can be predicted because of improved efficiency and

power density.
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7  Appendix

This appendix shows the testing equipment’s used to measuring the waveform and perfor-

mance characterization

1. Oscilloscope: Tektronix, MSOS58 series and MSO 56 series

2. Probes used in the tests:
a. High-voltage differential probe: THDPO0100.
b. Rogowski coil: CWT MiniHF 3, CWT Ultra-mini 1, and CWT 3.
c. Current transformer: Pearson 4100.
d. High-voltage single-ended probe: TPP0850.

3. Impedance characterization:
a. Impedance analyzer: KEYSIGHT E4990A.

b. Vector network analyzer: KEYSIGHT E5061B.
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