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Abstract

Silicon Carbide (SiC) power devices become popular in electric/hybrid vehicles,
energy storage power converters, high power industrial converters, locomotive traction
drives and electric aircrafts. Compared with its silicon counterparts, SiC metal oxide
semiconductor field effect transistors (MOSFETS) feature higher blocking voltage, higher
operating temperature, higher thermal conductivity, faster switching speed, and lower
switching loss. This dissertation studies the medium voltage SiC power switch design,
packaging, reliability testing and protection, aiming to achieve high power density low cost
design with improved reliability.

This work first investigates medium voltage SiC MOSFET short circuit capability and
degradation under short circuit events. Lower short circuit energy is an effective approach
to protect the medium voltage SiC MOSFET from catastrophic failure and slow down the
device degradation under repeated over-current conditions. To ensure high efficiency
operation under normal conditions and effective protection under short circuit condition, a
three-step short circuit protection method is proposed. With ultra-fast detection, the
protection scheme can quickly respond to the short circuit events and actively lower the
device gate voltage to enhance its short circuit capability. Eventually, the conventional
desaturation protection circuits confirm the faulty condition and softly turns off the device.
Based on the 3300 V SiC MOSFET characteristic and circuit parameters, the protection

circuit design guideline is provided.



The exploration on the medium voltage SiC MOSFET packaging follows. To further
increase the power density, the medium voltage SiC device packaging becomes a multi-
disciplinary subject involving electrical, thermal, and mechanical design. Multi-functional
package components are desired to deal with more than one concerns in the application.
The relationship between electrical, thermal, and mechanical properties needs to be
understood and carefully designed to achieve a fully integrated high-performance power
module. The adoption of ceramic baseplate is assessed in the aspects of the insulation
design, the thermal design, the power loop layout, the electromagnetic interference
considerations, respectively. Mathematical models, simulations, and experimental results
are presented to verify the analysis.

The adoption of the medium voltage SiC MOSFETS in the various application is slowed
by its unclear long-term reliability and high cost. The reliability issue can be mitigated by
the aforementioned three-step protection method. An economic alternative for medium
voltage power switch is the super-cascode structure. The super-cascode structure is
composed of series connected low voltage MOSFET and normally-on junction gate field-
effect transistors (JFETs). The voltage balancing among series connected devices is
realized by the added capacitors and diodes. Circuit models during the switching transients
are built. Based on the developed models, a method to optimize the voltage balancing
circuit parameters is proposed. The analysis and optimization method are verified by the
experimental results. Sensitivity analysis is conducted to see the impact of the capacitance

tolerance.



Conclusions and recommendations for future work are presented at the end of this

dissertation.
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Chapter 1.  Introduction

1.1. State of Medium Voltage Silicon Carbide Device Technology

Compared with silicon (Si), silicon carbide (SiC) material has about three times energy
gap, six times breakdown electric field strength and three times thermal conductivity.
Silicon carbide power electronic semiconductor have emerged and commercialized with
the advantages for high voltage, high frequency, and high temperature applications. Early
demonstration of kilo watt-level megahertz frequency operated bipolar junction power
transistors is reported in [1]. By continuously solving and improving the manufacturing
issues and defects, the SiC power semiconductors are in various research and early mass
production. The commercialized SiC power devices include, but not limited to, PiN diodes,
Schottky barrier diodes, metal-oxide-semiconductor field effect transistors (MOSFETS),
junction gate field effect transistors (JFETS), and super junction transistors (SJT). At the
same time, the research community starts to look at the next generation semiconductor
structure and materials, including but not limited to 6.5 kV super cascode SiC JEFT, 10 kV
SiC junction barrier Schottky diodes [2], 10 kV and above SiC MOSFET [3]-[6], 10 kV
and above SiC IGBT [6]-[7], and 15 kV SiC emitter turn-off transistor (ETO) [8]-[9], 15
kV SiC gate turn-off transistor (GTO) [10], and the next generation ultra-wide bandgap
(UWBG) materials based devices. The UWBG materials have bandgaps significantly
wider than that of 3.26 eV SiC and 3.44 GaN eV. For example, quasi-vertical AIN/AIGaN
based heterostructure have been demonstrated in recent years with superior performance

in certain aspects [11].



Compared to Si power devices, SiC power devices exhibit superior advantages at the
following four major aspects. First, intrinsic carrier concentration for Si material is about
1.4x10° /cm? at room temperature. The intrinsic carrier concentration of SiC material is
2.5x101% /cm?®, which is 10% times lower than the Si material. Low intrinsic carrier
concentration, as well as the high energy bandgap, allow for high temperature operation
since the leakage current is much lower at elevated temperature. Secondly, the critical
electric field of SiC material is about 6.6 times of that of Si material over a wide range of
doping concentration. Higher critical electric field leads to higher blocking voltage of the
packaged device, and higher blocking voltages can simplify converter circuit design with
a smaller number of series connected devices, less gate drive circuits, less isolated power
supply circuits. The design, testing, manufacturing, installment, and maintenance benefit
from simpler converter design. Thirdly, higher electron saturation velocity leads to higher
switching speed. This characteristic not only reduces the device switching loss, but also
make high frequency converter operation possible. With higher operation frequency, the
passive components, capacitors and inductors, could have smaller volume and weight. The
converter power density can be further improved. The fourth advantage is the high thermal
conductivity. Higher thermal conductivity enhances the heat spreading and benefit thermal
management of the packaged device.

SiC devices are now competing with Si IGBTs and MOSFETSs in high voltage high
power applications with device voltage ratings higher or equal to 1,200 V. In general, SiC

devices are changing the landscape of power electronic industry with accelerated speed.



Their merits create new application as well as renovate the existing solutions. In the coming
decade, SiC based power transistors will take a huge portion of the market.
1.2. State of Medium Voltage Device Package

The medium voltage SiC devices has demonstrated superior performance of the high
voltage blocking capability, high switching speed, and high temperature operation.
Researchers and designers are exploring new packaging materials and package designs to
fully utilize the superior property of the SiC devices.

The device packages of the 1200 V SiC MOSFET power modules have been improved
to accommaodate to the characteristic of the SiC MOSFETs. Wolfspeed has demonstrated
two generations of the low inductance light weight power module package, specially
designed for SiC MOSFETSs. In Figure 1.1, the external look and internal layout of the high
performance 62 mm package are shown. To realize high switching speed, wide copper
plates which are directly attached to the substrate are used as power terminals to reduce the
introduced parasitic inductance. Also, this package enables 175 °C continuous operation
with the silicon nitride (SisN4) power substrate and aluminum silicon carbide (AISiC)
baseplate. The SisNs substrate and AISIC baseplate have close coefficient of thermal
expansion to SiC and good mechanical robustness under extreme operation conditions.

The next generation high performance package XM3 series also adopts SisN4
substrates for robust high temperature operation. In this package, the power loop area is
further reduced with positive and negative DC terminals arranged on the same side. The
power loop parasitic inductance is reduced with smaller power loop area, optimized dc

busbar design and proper dc link capacitor selection. Another improvement in this package
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design is the barrier design around the gate-Kelvin source connection and NTC connection.
The barrier increases the creepage distance between the dc positive terminal and gate-
Kelvin source terminals. This design will help prevent partial discharge and enhance the

high voltage insulation capability in various operation conditions.

(a) External package (b) Internal layout [12]

Figure 1.1 Wolfspeed high performance 62 mm low inductance light weight package

. /.— Desat

NTCA1
NTC2

(a) External package and pinout (b) Internal layout
Figure 1.2 Wolfspeed XM3 series low inductance package
For 3.3 kV and 6.5 kV SiC power module packaging, conventional packages for 3.3
kV and 6.5 kV IBGT power modules are utilized. Wolfspeed [13], Mitsubishi [14],
GeneSiC [15] and Fuji Electric [16] have reported their effort on the SiC power module

development. The conventional packages contain a single switch with multiple paralleled
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semiconductor chips. Neither chopper nor half-bridge structure has been reported. In
Figure 1.3, a typical single device power module package is shown. On the surface of the
6.5 kV and 10 kV housing, special patterns to increase the creepage distance between the
device drain/collector terminal and the source/emitter terminal, between the device
drain/collector terminal and the gate terminal, between the device drain/collector terminal
and the baseplate are designed. Copper is the common baseplate material. No information
on the internal structure has been found. The conventional packages could meet the

isolation requirements, but they are not optimized for high switching speed operation.

(a) GeneSiC 3.3 kV (b) Mitsubishi 6.5 kV (c) Mitsubishi 10 kV
Figure 1.3 Typical commercial single switch power module package.

In engineering samples, the half-bridge structure for 10 kV and 15 kV SiC devices are
reported in [13], as shown in Figure 1.4. Similarly, the top surface of the housing is
specially designed to increase the creepage distance between terminals with high voltage
difference. The gate terminals are designed close to the device source/emitter terminals,
which are of similar voltage potentials. On the side of the housing, special structures are
not designed to increase the creepage distance between the high voltage terminals to the
baseplate. For the 10 kV and 15 kV power module, aluminum nitride (AIN) substrate is
used for the high voltage isolation. Single layer substrate is used for the insulation, which

leads to around 2 A leakage current during normal operation. These packages might be
5



able to provide enough isolation for the 10 kV and above SiC devices, but they are neither

optimized for high switching speed operation and high power operation.

High Temperature Lid

(a) (b)

Figure 1.4 Engineering sample package for half-bridge power module (a) 10 kV SiC
MOSFET (b) 15 kV 80 A SiC IGBT

The quick prototype package for semiconductor die lab characterization are shown in
Figure 1.5. In the first three packages, the package bottom is connected to the high voltage
potential. Additional insulation needs to be inserted to install these packages to the cooling
system. Meanwhile, compared to the semiconductor chip size and the area per die in
commercial power module, this package is bulky. The parasitic capacitance and inductance
from these packages are relatively large, which would limit the operation switching speed
of the devices. The creepage distance is not carefully designed for this package either.

To improve power module power density, the thermal dissipation capability is critical.
The SiC device can operate under higher current with excellent cooling. Generally liquid
cooling has smaller junction to coolant thermal resistance. Multiple efforts have been taken
to increase cooling area, increase heat transfer coefficient, and reduce the distance between
heat source and coolant. In the commercial products, Infineon [17]-[18], Wolfspeed [19]
and Mitsubishi [20] have designed power module with wave fin and pin fin baseplate for

high power direct liquid cooling application. These modules can be assemblied directly to
6



the cooling sink, getting rid of the thermal interface material layer, and increasing the

effective cooling area. The design is shown in Figure 1.6.

(a) (b) (c) (d)
Figure 1.5 Package for quick prototype package for medium voltage SiC power devices

(a) 10 KV SiC MOSFET [4] (b) 15 KV MOSFET [4] (c) 15 kV ETO [6] (d) 15 kV
IGBT [5]

(@) (b) (c) (d)

Figure 1.6 Baseplate with wave fin and pin fin design (a) Infineon wave fin baseplate
design with ribbon bonding (b) Infineon pin fin baseplate design (c) Wolfspeed pin fin
baseplate design (d) Mitsubishi pin fin baseplate design

In academic area, multiple advance cooling approaches have been reported. Power
module design with double side cooling capability have been proposed. Figure 1.7(a)
shows a pin-fin integrated, double-side cooled, SiC module design from ORNL [21],which
achieves a 40% reduction in thermal resistance. Figure 1.7(b) shows another SiC power

module design with double side cooling capability.



€) (b)

Figure 1.7 Bond-wireless SiC power module design with double side cooling capability
(a) ORNL pin fin integrated double side cooling power module (b) A*STAR Singapore
double side cooling power module

The Army research laboratory also propose to ultilize the power module parts for
multi-functions [22]. A pin fin structure is designed to work as the electrical connection to
gate/drain/source terminals of the SiC MOSFETS, as well as a pin fin for heat dissipation
purpose. Insulated coolant is used to flow through the pin fins, taking away the power loss
in high power operation.

When applying the aforementioned cooling method to the medium voltage SiC
MOSFET packaging, electric insulation become a concern. The jet impingement cooling
is adopted in the 10 kV SiC MOSFET packaging [23]. Internal coolant channels are
carefully designed so that the coolant can be impinged directly to the DBC bottom layer
right underneath the semiconductor chips. The prototype for the integrated jet-
impingement cooled power module is shown in Figure 1.8. This method has high
requirements on the insulation capability of the coolant. After long time running,

conductive impurities in the coolant might cause short circuit in the energized circuits.



Integrated
Direct-Substrate,
Jet-Impingement Cocler

Figure 1.8 Integrated jet-impingement cooling in the SiC device packaging

From the review above, the package for the SiC device with 3.3 kV and above voltage
rating is not optimized for the SiC device high speed high voltage high power operation.
There are still potential issues and opportunities in the medium voltage SiC device
packaging design.
1.3.  Motivations of This Work

The development of the SiC power transistors enable the next generation power
conversion systems design. The huge market of motor drive inverter, locomotive traction
drive, and grid-tie inverter[24]-[26] has an increasing interest in SiC based solutions.

Simply replacing the Si MOSFETSs/IGBTs with SiC devices cannot extract the full
benefits from medium voltage SiC devices. Each part of the system needs to be carefully
inspected and designed. On the packaging level, the following aspects need to be
investigated. 1) The power loop layout. In the high switching speed operation, the device
drain to source overshoot voltage induced by the power loop parasitic inductance needs to
be reduced. A high overshoot voltage will limit the voltage level the SiC devices can work
with. The overshoot voltage also causes extra the switching loss and reduce the system
efficiency. The power loop layout could be improved to reduce the power loop parasitic

inductance. As a result, the overshoot voltage can be reduced accordingly. 2) The insulation



designs. In the insulation design is divided into two categories. The electric field strength
control under dc or low frequency ac voltage stress, and the electromagnetic interference
(EMI) shielding. The electric field control is to prevent severe insulation breakdown,
surface flashover or partial discharge (PD). Inside the power module, there are electric field
concentration at certain locations, and the high electric field strength lead to PD before
actual insulation breakdown. When PD happens, the insulation part will be eroded
gradually and breaks down much earlier. The approach to limit the maximum electric field
strength needs to be investigated. On the other hand, the high switching speed of the SiC
devices leads to higher leakage current and EMI shielding challenge. The principle to
reduce the interference is to reduce the noise source, add bypass path for the noise, and
increase the impedance along the noise traveling path. The design to enable medium
voltage device high speed switching needs to be explored. 3) The cooling designs. Cooling
is an unavoidable topic for in the medium voltage power module design. With powerful
cooling, the device can deal with more power conversion, simplifying the overall system,
and reducing the cost and maintenance of the system. Light weight high power density
power module designs are desirable in the electric vehicle and aircraft applications. Light
weight high power density design will help extend the mile range. Increasing power density
while maintaining good insulation brings more challenges in the power module design. The
medium voltage SiC device package design becomes a multi-disciplinary topic with the
various concerns from electrical, thermal, and mechanical side. The utilization of the multi-
function parts becomes a trend in the package design. More possibilities in the package are

expected to be explored.
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On the circuit level, the current gate drive circuit cannot satisfy the requirements of
the SiC devices in terms of short circuit protection. The high switching speed and high
blocking voltage of the medium voltage SiC MOSFET raise higher requirements on the
driving current, CMTI, and protection. Also, the cost of the medium voltage SiC power
modules can be reduced with simple circuit design and lower voltage rating devices.
Simple gate drive circuits and power circuits are discussed to improve the medium voltage
device reliability.

To answer these questions, this work starts with the commercial medium voltage SiC
device characterizations, expands with the device packaging discussion, and end up with
circuit level realization and optimization to demonstrate a feasible design approach for next
generation medium voltage high power density SiC power module design.

1.4. Chapter Review

This dissertation is to illustrate the methodology for medium voltage power switch
design with SiC MOSFETs. Chapter 2 focuses on the SiC MOSFET reliability evaluation
and solutions to enhance the medium voltage SiC MOSFET short circuit capability with
improved gate drive circuit design. A commercial discrete 3300 V SiC MOSFET is
evaluated for its short circuit withstand time under various gate voltages. Correspondingly,
a design guideline is provided for the proposed medium voltage SiC MOSFET gate drive
design with improved short circuit protection capability. In Chapter 3 and 4, the application
of ceramic materials as the baseplate or heatsink in the medium voltage power module
package is assessed in various perspectives. The excellent electrical insulation capability,

relatively low material density, and good thermal conductivity of the ceramic material
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bring multiple potential benefits in the medium voltage SiC MOSFET power module
design. Both simulation model and experimental testing are used to verify and quantify the
improvements. An economic approach to realize medium voltage power switches, super-
cascode structure, is discussed in Chapter 5. This chapter is to investigate the impact of the
major components in the super-cascode structure and improve the power switch dynamic
performance by optimizing circuit parameters. An analysis model of the super-cascode
structure during the switching transients is built and used for the parameter optimization.
Experimental results are provided to verify the analysis. Chapter 6 summarizes the
contribution of the work and recommends future works for further improvements. This

dissertation reports work collaborated with Mr. Diang Xing in Chapter 1.
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Chapter 2. Medium Voltage SiC MOSFET Short Circuit Evaluation and
Protection

Medium voltage semiconductor switches have been widely used in traction drives and
high-power industrial converters. Medium voltage SiC MOSFETSs benefit from absence of
tail current and reverse recovery and demonstrate higher switching speed and lower
switching loss than the Si IGBT counterparts. Researchers from academia and industry
have been improving the design and manufacturing process of the medium voltage SiC
MOSFETs. Compared to Si devices, the medium voltage SiC MOSFET short circuit
withstand time is shorter and degrade fast under short circuit conditions. For large scale
application, the device reliability needs to be further improved. The drive circuits and
protection circuits also need to be reconsidered to adapt to the device characteristics and
effectively protect the medium voltage SiC devices.
2.1. Review of Medium Voltage SiC MOSFET Short Circuit Capability

At low doping concentration, electron mobility of SiC is smaller than that of Si. To
compensate for the lower electron mobility, SIC MOSFET uses shorter channel length.
Also, the breakdown electric field strength of SiC is about 8 times of Si, so for the same
voltage rating, SiC semiconductor mass is smaller than that of the Si devices. Under short
circuit event, Joule heating cannot be dissipated through the baseplate and the cooling
structure. The generated heat is absorbed by the semiconductor mass. Smaller mass and
shorter channel length make it more challenging for SiC device to survive through short

circuit events.

13



Limited short circuit capability of the SiC MOSFETSs with rating voltage 3300 V and
above have been reported in the literature [27]-[30]. In Figure 2.1, the reported short circuit
withstand time of the 3300 V SiC discrete devices are summarized. In the figure, the device
designs A - B [30] and J [28] are tested under 1800 V dc bus voltage, while device designs
C-H[27] and I [28] are under 1500 V dc bus voltage. In literature [27], the device design
parameters are tuned to balance the on-resistance and short circuit capability on the same
die area. Larger on-resistance will help reduce the short circuit energy and enhance the
device short circuit capability. But during normal operation, lower on-resistance will
improve converter system efficiency. Tradeoff has to be made to balance the performance
under normal operation and short circuit condition. Usually, to reduce the on-resistance
under normal operation, the manufacture recommended gate to source turn-on voltage is
usually at 20 V or 18 V. all the reported case cannot survive 10 us short circuit events.
Device design D, E, and F successfully turns off under short circuit condition, but fails
several microseconds after turn-off. Under lower gate voltage (15 V), the short circuit
withstand time increases, but still cannot survive the 10 us short circuit events.

The short circuit failure causes have been investigated and reported [27], [30]-[35].
During short circuit events, the device enters saturation region, withstanding high current
and high voltage simultaneously. Several Joules of short circuit energy is generated in
nanosecond-level. The heat increases the die junction temperature, and the die could be
damaged by the high temperature. Increased gate leakage current has been observed after
repeated short circuit events [30]. Gate oxide degradation due to high junction temperature

under short circuit condition is believed to be critical to the device short circuit capability
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[30]-[36]. Also, the aluminum bonding wire melting is also observed via SEM
investigation. During short circuit test, the die source surface temperature exceeds the
aluminum bonded wire melting point. The molten aluminum penetrates the p-base/n-drift

junction, leading to device drain to source short circuit [36].
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Figure 2.1 3300 V SiC MOSFET short circuit withstand time.

The medium voltage SiC MOSFETSs degrade fast under short circuit conditions. In
literature [37], the 10 kV SiC MOSFET degradation under short circuit events is reported.
As the short circuit pulse width increases, the device sees obvious degradation, showing
increasing threshold voltage, larger channel resistance and visible boding wire melting.
Short circuit condition is an extreme situation, indicating the performance of the SiC
MOSFET under long-term thermal stress or repeated over-current conditions.

The gate drive circuits can also be improved to accommodate the characteristics of the
medium voltage SiC MOSFETSs. In this chapter, a three-step short circuit protection

solution is described, featuring ultra-fast short circuit detection, quick gate drive voltage
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response, and double confirmation. The proposed solution can effectively reduce the short
circuit energy and protect the device under test from catastrophic damage. At the same
time, the converter efficiency during normal operation is not compromised.

2.2. Three-Step Short Circuit Protection for Medium Voltage SiC MOSFET

The proposed short circuit protection method for the medium voltage SiC MOSFET
consists of three stages: a high-pass filter based ultra-fast detection unit, an active gate
voltage clamping circuit, and a desaturation based soft turn-off circuit. The diagram of the
protection circuit is shown in Figure 2.2, which is described in detail below. The flow chart
for the protection scheme is shown in Figure 2.3.

Step 1): Ultra-fast detection. For a typical bridge based circuit, this short circuit
detection is based on the phase-leg voltage, which is the voltage across the upper device
drain and the lower device source. The detection position is illustrated in Figure 2.4, the
phase-leg voltage (Vpiv) is monitored. The Vpiv waveforms under normal operation and
short circuit condition are compared in Figure 2.5. In normal operation, Vpv is the dc bus
voltage, plus small switching noises. Under the short circuit condition, Vpiv will show a
sudden dip due to the parasitic inductance in the power loop and a high di/dt. When the
sudden voltage dip is detected, the fault trigger flag will be set. The response time of the
detection circuit can be within tens of nanoseconds. The detailed detection circuit design
will be discussed in Section 2.3.

Step 2): Active gate voltage clamping. Once the voltage dip is detected, Vgs will be
reduced to enhance the device short circuit capability. In Figure 2.2, a low voltage

clamping switch in series with a resistor, Rciamp, IS connected to the device gate terminal.
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Rciamp and the device gate resistor form a voltage divider which will reduce the device drive

voltage to a lower voltage, e.g. 14 V, for a predetermined period. The gate voltage clamping

time can be adjusted by changing the pulse generator control parameters.
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Figure 2.2 Diagram of the proposed three-step short circuit protection circuit.
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Figure 2.3 Flow chart of the proposed three-step short circuit protection method.

17



\/plv D /"I—strayl I—strayz I—stray3
LYY Y\

_ ae L
I

mln

DY [~

— Cdecap CDC-Link
G |l-<

—

2"

Figure 2.4 Three-step short circuit protection detection position.

Vplv [V] .‘l
Vdc
0 >
t [ps]
(a)

Figure 2.5 Three-step short circuit protection detection signal (a) under normal operation
(b) under short circuit condition.

Step 3): Desaturation based soft turn-off. A conventional desaturation detection circuit
is deployed to confirm the short circuit fault and slowly turns off the device. If the fault
condition is sustained, the desaturation circuit will detect excessive on-state drain to source
voltage and turn off the device slowly. If the detected short circuit event is a false signal,
the device gate voltage will return to its normal value in the next switching period, and the

converter’s operation will not be interrupted.
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2.3. Design of the Ultra-Fast Short Circuit Detection Circuit
2.3.1. Impact of the Power Loop Parasitic Parameters

A highly sensitive and responsive detection circuit is the key to successful protection.
As shown in Figure 2.2, the input signal to the detection circuit is the phase-leg voltage
Vpiv. This voltage under short circuit condition differs from that under normal and heavy
load conditions.

Because of the ultra-fast response time of the detection circuit, the parasitic parameters
of the circuit have high impact on the proposed method. A SPICE based simulation is
performed to investigate the influence of parasitic parameters on the amplitude of the
phase-leg voltage change

The circuit diagram is shown in Figure 2.4.

Lstray1 represents the stray inductance of the loop formed by the decoupling capacitors
and the SiC MOSFET phase leg. The current conduction loop is represented by the solid
line shown in Figure 2.4. Lswray1 incorporates the stray inductance from device package,
PCB traces, and the equivalent series inductance of the decoupling capacitors.

Lstray2 represents the stray inductance of the loop formed by the dc-link capacitor and
decoupling capacitor. The loop is represented by the dashed line in Figure 2.4.

Cuecap represents the decoupling capacitors.

Coc-Link represents the dc-link capacitor bank.
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Figure 2.6 Relationship between Lstray1 and the target voltage dip amplitude.

During a short circuit fault, the phase-leg voltage first experiences a quick voltage dip
and then oscillates. As a result, it can be used as an ultra-fast indicator for the short circuit
detection.

The relationship between Lstray1 and the amplitude of the target voltage dip is simulated
and plotted in Figure 2.6. The higher the value of Lsiray1, the larger the amplitude of the
voltage dip. When Lstraya is as low as 1.7 nH, which is quite optimized for the switching
overshoot voltage reduction, it still can cause more than 30 V voltage dip during a short
circuit event.

2.3.2. Detection Circuit Design Process

The guidance for the detection circuit design is explained below. Besides simulations,
initial short circuit test and heavy load test are also carried out to determine the input signal
of the detection circuit. Test results show that under normal switching with a 45 A inductive

load current, the monitored phase-leg voltage Vpiv has lower than 3% ripple voltage. The
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voltage dip at short circuit is a high dv/dt signal which occurs right after the device turns

on.
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Figure 2.7 Detection circuit design: FFT analysis of Vpiv for detection circuit filter design.

An FFT analysis of Vpiv under heavy load switching and short circuit fault is shown in
Figure 2.7. Generally, the amplitude of the phase-leg voltage under fault condition is
higher than that under heavy load switching. Specifically, there is noticeable amplitude
difference between these two voltages at the frequency band between 3 MHz and 50 MHz.
Thus, a high pass filter is designed to detect the high frequency voltage dip during the short
circuit event. The schematic of the proposed high pass filter is shown in Figure 2.2. 1tis
composed of Cr, Rr1, and Rre. To protect the comparator after the filter, a Zener diode is
also included. The junction capacitance of the Zener diode, Cj, forms an intrinsic low pass
filter with Rri. To maximize usage of the 3 MHz to 50 MHz band, Cj should be kept low.

Combining all these components, the transfer function of the detection circuit is
derived as Eq. (1).
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H(S): S'szcf (1)
s°-Ri;R;,C,C; +5+(R,C; +R;,C; +R;,C;)+1

The parameters of the high pass filter were decided as follows.

C, =300pF, R,, =100 Q, R,, =1kQ

A5V Zener diode with 225 pF junction capacitance is selected.

More discussions on the influence of the filter component parameters can be found in
[38].
2.4. Experimental Verification of the Three-Step Protection

A test platform was built to verify the proposed three-step short circuit protection
method. The test board is shown in Figure 2.8. The detection and protection circuit of the
Device Under Test (DUT) is on the right side. Under normal operation, the gate voltage is
18 V (ON) and -4 V (OFF). Under short circuit condition, the gate voltage is clamped at
14 V before soft turn-off. The gate drive board is designed with the three-step protection

function. In the short circuit test, the protection function can be disabled.

DUT: 3.3 kV engineering samples, T0-268

)

DC link caps

Figure 2.8 3300 V SiC MOSFET short circuit protection evaluation board
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2.4.1. Experimental Results of the 3300 V SiC MOSFET Short Circuit Performance

The DUT is GeneSiC 3300 V 450 mQ discreet SiC MOSFET in TO-268 package. The
device short circuit performance is evaluated under 2000 V dc bus voltage and 18 V gate
voltage. The pulse width is increased by 1 ps step until the DUT fails. After each pulse, the
dc voltage is reduced gradually to 0 V, and there is 10-minute interval time between pulses
for device cooling down. The test results are shown in Figure 2.9. The DUT drain current
peak value reaches around 95 A. When the pulse width increases to 5 ps, the DUT cannot
fully turns off. Several Amperes of current remains. After 0.5 s, the drain current increases

dramatically. A burnt spot on the package is observed after the DUT fails.
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Figure 2.9 3300 V SiC MOSFET short circuit withstand time
From previous analysis, lower gate voltages can reduce the peak short circuit current,
reduce short circuit energy, and extend DUT short circuit withstand time. The short circuit
capability under various gate voltages are also tested. The dc bus voltage is 2,000 V. As
shown in Figure 2.10, compared with the maximum drain current with 18 V gate voltage

(Vgs), the current with 14 V Vs is reduced by 36.8%, and the current with 10 V Vs is
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reduced by 76.8%. For this specific type of 3,300 V SiC MOSFET, gate voltage reduction

under short circuit condition can effectively reduce the short circuit energy.
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Figure 2.10 Short circuit current under different gate voltages.
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Figure 2.11 3300 V SiC MOSFET I-V curve
The proposed protection method will clamp the gate voltage once the ultra-fast
detection circuit is triggered. The clamping gate voltage shall not push the DUT to the
saturation region. The device I-V curve is extracted, as shown in Figure 2.11. The DUT is

rated at 5 A. With 10 V Vs, the device enters saturation region with 5 A load current, and
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the DUT drain to source voltage will trigger the desaturation detection under normal
operation. Thus, the clamping gate voltage is selected as 14 V.
2.4.2. Experimental Results of the Three-Step Short Circuit Protection

The experiment to verify the proposed three-step short circuit protection method is
conducted under 2,000 V dc bus voltage. The test waveforms are shown in Figure 2.12.
Each step in the proposed protection method is clearly annotated in the figure. Channel
(CH) 1 is the short circuit fault flag signal. CH2 is the DUT gate to source voltage. CH3 is
the dc bus voltage, which is measured at the upper device drain. CH4 represents the DUT
drain to source current. The short circuit fault is detected around 80 ns, and the short circuit
fault signal is set simultaneously, as in Figure 2.12. Then the DUT gate to source voltage
is clamped to 14 V and the circuit waits for the confirmation from the desaturation detection
circuit. In this stage, the increase of the device saturation current slows down and gradually
saturates at around 85 A. After 2.2 ps, the desaturation circuit confirms the fault, and then
softly turns off the device. During step 1 period, the di/dt of the short circuit current induces
the voltage drop across the stray inductance in the power loop. As the device drain current
quickly increases, the voltage dip can be easily seen in the figure and detected by the
protection circuit. As soon as the short circuit fault signal is set, the DUT gate to source
voltage is clamped to 14 V.

With 14 V clamping voltage, the short circuit current can be reduced effectively. The
short circuit energy under 1 us pulse width is reduced by 32% with the ultra-fast detection

and gate voltage clamping.
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Figure 2.12 3300 V SiC MOSFET three-step protection waveform
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Figure 2.13 Short circuit current comparison with and without gate clamping
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The proposed protection method is implemented in a phase-leg design. To realize the
gate voltage clamping of the high side device, an isolated gate driver is needed to pass the
signal from the detection circuit to the high side gate drive circuit, and control the clamping
switch. For both high side and low side switches, the manufacture recommended drive
voltage is adopted under the normal operation. For the gate loop PCB layout, small gate
loop is preferred to reduce gate voltage noise and prevent false turn-on during the switching
transients. Also, there should be no trace overlap between the primary side and secondary
side. For the high side switch gate drive, the CMTI of the power supply, isolator and
isolated gate driver needs to be at least 100 V/ns. The barrier capacitance is preferred to be
in few pico-farads.

2.4.3. Noise Immunity Capability of the Three-Step Protection Method

Since the added detection circuit is highly sensitive, the noise immunity capability of
the detection circuit is critical. Thus, an inductive load test is implemented to verify the
noise immunity of the proposed protection method. The DUT is rated at 3,300 V 5 A.
During the test, the DUT switches at 2,000 V dc bus, with load current up to 8 A. The
experimental results are shown in Figure 2.14. CHL1 is the fault flag signal, which shows
whether the protection circuit is triggered or not during the operation. CH2 is the device
gate to source voltage, CH3 is the switching node of the phase-leg, and CH4 is the load
current. As the DUT switches under higher load current, the noise on the short circuit fault
flag signal does not have obvious increase. Even at 8 A of load current for a 5 A rated
device, the protection circuit is never mis-triggered. This verifies the noise immunity

capability of the proposed three-step short circuit protection method.
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Figure 2.14 Noise immunity test under different load current.

2.5. Summary

In this chapter, a three-step short circuit protection method with ultra-fast detection
and protection circuit is analyzed and verified. The voltage dip on the phase-leg voltage is
a clear and quick fault indicator during short circuit events. The detection circuit and the
gate voltage clamping circuit together are used to limit the 3300 V SiC MOSFET short
circuit energy and protect the devices through short circuit events. Experimental results
verify that the short circuit condition can be detected within 100 ns. As soon as the short
circuit fault is detected, the device gate voltage is successfully clamped to 14 V. After 2.2
us the desaturation circuit confirms the fault condition and then soft turns off the device.
The detection and protection circuit have good noise immunity, and are not mis-triggered
under heavy load operations. The proposed protection method successfully extends the

short circuit capability of 3,300 V SiC MOSFET without sacrificing the efficiency of the
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circuit during normal operation. The test results show that it is an effective and reliable

way to protect the medium voltage SiC MOSFETS.
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Chapter 3.  Low Inductance Medium Voltage SiC MOSFET Power Module
Design

To further increase the power density, the medium voltage SiC device packaging
becomes a multi-disciplinary subject involving electrical, thermal, and mechanical design.
Multi-functional package components are desired to deal with more than one concerns in
the application. The relationship between electrical, thermal, and mechanical properties
needs to be understood and carefully designed to achieve a fully integrated high-
performance power module. New materials and new technologies are explored to further
improve the device performance under harsh operating conditions.

The switching speed of the SiC MOSFET can be ten times higher than the Si devices.
Under high speed switching, the requirement for the power loop stray inductance becomes
strict, since the power loop stray inductance introduces voltage overshoot during switching
transients. In this chapter, the proposed vertical power loop design or half-bridge structure
is analyzed. A case study for 3300 V / 160 A power module is conducted in this chapter
and Chapter 4. The power loop layout, current distribution, electrical insulation, EMI
performance, and thermal performance are discussed in detail.

3.1. Half-Bridge Power Loop Design with Low Parasitic Inductance
3.1.1. Review of the State-of-the-Art Half-Bridge Power Module Design

The power loop inductance reduction is critical for SIC MOSFET power module to
lower device voltage stress under peak power operation. Using laminated bus bar is a
simple but effective way to reduce the loop inductance outside the power modules [39][40].

Adding decoupling capacitors on PCB or inside the power module is another widely known
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method. In paper [41] and [42], decoupling capacitors are integrated into the power module
for 800 V dc application. In paper [43], integrated symmetrical ceramic capacitor
placement realizes a more balanced power loop inductance for paralleled SiC MOSFET
dies. In papers [44] and [45], sandwiched power modules with islanded substrates and
integrated ceramic capacitors are fabricated and tested. These previous works prove the
effectiveness of the reduction of the overshoot voltage by reducing the power loop
inductance. However, the design becomes difficult when more MOSFET dies need to be
paralleled. In this section, a power module with low loop inductance DBC layout and the
AIN baseplate is introduced and analyzed. The design can be easily scaled to higher current
rating power module design.
3.1.2. Proposed Half-Bridge Power Module Design

The proposed vertical power loop design is shown in Figure 3.1. It is a half-bridge
structure with integrated decoupling capacitors. The bottom Cu layer of the substrate is
utilized to form a complete current commutation loop. Cu filled vias work as the
interconnection between the top and bottom Cu layers. Compared to the lateral layout of
the power loop [41]-[43], this vertical loop design further reduces the power loop area,
requires smaller substrate size, and ensures symmetrical loop inductance in the multi-chip
layout.

For SiC MOSFET with 3,300 V and higher voltage rating, the design in Figure 3.2 is
recommended. The dc bus is split by two series connected dc link capacitors. The direct
bond copper (DBC) bottom Cu layer works as the middle dc voltage rail. The integrated

decoupling capacitor is recommended to be 100 times larger than the MOSFET output
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capacitance. When splitting the dc bus voltage, capacitors with lower voltage rating can be
selected. With lower voltage rating, the capacitance can be much higher. Another benefit
to split the dc bus voltage is the electric field control under differential mode voltage. This
part will be discussed in Section 4.3.
I L5 \'“' b DC- I)t"‘\ \t'-r\ DC- Cufilled
_\\ 7 S N vias
I \ R L\_ 47;?;“'1":
_‘_L'L:T'-.\nn.ig“
v , n\ I\ baseplate
o MM
(@)

(b)

DC-

Figure 3.1 Half-bridge power module design with the vertical power loop layout (a) the
top view of DBC layout (b) the side view of the power module structure.

DC/2 DC+‘I\ AC GI\ DC-___DC/2

DC/2
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Figure 3.2 Half-bridge power module design with the vertical power loop layout (a)
equivalent circuit (b) the side view of the power module structure.

The DBC thickness is selected to be around 1 mm according to the analysis in Chapter
3. The AIN layer is 0.025 inch and the top and bottom Cu layer thickness is 0.008 inch.
Considering the die size, the DBC layout for 1,200 V SiC MOSFET and 3,300 V SiC
MOSFET are shown as in Figure 3.3. Cu filled vias are used as the top-bottom
interconnection. In the 3,300 V DBC layout, resistors are connected in parallel with the
capacitors, to balance the voltage distribution between the series connected resistors.
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Figure 3.3 DBC vertical power loop layout (a) 1200 V SiC MOSFET (b) 3300 V SiC
MOSFET.

In the following sections, details in the DBC design are discussed, in terms of
electric field strength control, power loop parasitic inductance reduction, and current
density control.

3.2. DBC electrical insulation design

To ensure good electrical insulation of the DBC top layer energized circuit, enough
clearance or creepage distance need to be reserved. Otherwise, partial discharge or even
breakdown will happen at lower applied voltage. In literature [46]-[47], the partial
discharge behaviors under high dv/dt switching are investigated. DBC samples with
varying trench distances and chamfer radius are prepared, and the partial discharge
inception voltage (PDIV) under repetitive square-wave voltages are measured. The DBC
sample design is shown in Figure 3.4. The DBC insulation layer is AIN, with 0.15 inch
thickness. On the top layer, there are two Cu pads, working as the two electrodes
connecting to ground and high dv/dt square-wave voltage. The trench distance between the

two Cu pads is designed at 0.3 mm, 0.5 mm, and 0.7 mm. The chamfer radius of the pads
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are 0.3 mm, 0.5 mm, 0.7 mm and 0 mm (right angle). The DBC samples are covered with
encapsulation gel. The breakdown dielectric strength is 16 kV/mm. In the PDIV test,
photomultiplier tube (PMT) and a 200 MHz bandwidth high frequency current transformer
based PD measurement equipment are used to indicate the happening of PD. The test

results are illustrated in Figure 3.5.
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Figure 3.4 DBC sample design illustration
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Figure 3.5 The relationship between PDIV, trench distance d and chamfer radius r
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Larger trench distance and larger chamfer radius, higher PDIV. In the 3,300 V power
module design, the trench distance is designed larger than 0.7 mm, and the chamfer radius
is between 0.5 mm and 0.7 mm. So two test points are used for the electric field strength
simulation, trench distance 0.7 mm chamfer radius 0.7 mm case and trench distance 0.7
mm chamfer radius 0.5 mm case. For each case, the minimum PDIV is selected. 3.8 kV
and 3.35 kV respectively.

3D models are built in Ansys Electronic Desktop, and the static electric field
distribution is simulated. The worse case is shown in Figure 3.6, with 0.7 mm trench
distance and 0.7 mm chamfer radius. The electric field concentrates at the triple joint of Cu
pad, AIN insulation and encapsulation gel. The maximum electric field strength along the
high voltage Cu pad is around 38 kV/mm. In the proposed 3,300 V power module DBC

design, 38 kV/mm is the upper limit of the electric field stress for PD free design.

E [¥/m]

4. DBOBE+D7
3. 7580E+07
3. 5000E+07
3. 2500E+07
3. 0OBOE+A7
2. 7508E+a7
2. S000E+07
2, 2500E+07
2. DOBOE+A7
1.7500E+@7
1, 5000E+07
1. 2500E+07
1.0000E+A7
7.5082E+86
5.0082E+06
2, S5B02E+06

Side View 2. BBOBE+D2

Figure 3.6 Electric field distribution of the DBC sample with 3.8 kV voltage excitation
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Based on the simulated electric field strength, the clearance in the 3,300 V power
module DBC is designed as shown in Figure 3.7. The clearance between device drain pad
and gate trace is critical, since these two Cu pads see the largest voltage difference inside
the power module. In this design, 1.2 mm is reserved for the clearance. 1 mm chamfer

radius is designed for the larger Cu pads, and 0.5 mm chamfer radius is used for thinner

Cu traces.
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Figure 3.7 3,300 V power module DBC clearance design

3D models are built in the Ansys Electronic Desktop. The positive DC voltage
excitation is set at 3,300 V. The gate trace voltage potential is -5 V. The bottom Cu layer
is assigned with half dc bus voltage, 1,650 V. The source trace is grounded. 832FX
encapsulation gel is also included with its dielectric constant 3.06. The electric field stress
distribution is shown in Figure 3.8. The electric field also concentrates at the triple joint
around the drain pad and the gate trace. The electric field stress distribution along four lines
are plotted in Figure 3.9. The position and direction of the four lines are shown in Figure
3.8. The electric field stress is relatively lower in the middle of the clearance distance, and

higher at the location closer to the Cu pad edges. The maximum electric field stress happens
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at the tip of the gate pad, where R_edge line starts, 14.8 k\VV/mm. Compared to the electric
field strength under PDIV stress (38 kV/mm), 58% margin is reserved for the electric

insulation design.
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Figure 3.8 3,300 V power module DBC electric field stress distribution
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3.3. Power Loop Parasitic Inductance Extraction

Ansys Q3D is used to extract the parasitic power loop inductance of the proposed
designs. In the 1,200 V model, bonding wires are also modeled to complete the power loop,
as shown in Figure 3.10. In this design, 15 mil wide ribbon bonding is used. The extra
power loop area introduced by the bonding needs to be included in the parasitic inductance
extraction. The height of the bonding is 2.5 mm. In the 3,300 V model, similar ribbon
bonding is used to complete the power loop. Also, one capacitor position is shorted to
simplify the simulation model and result matrix. The SiC MOSFET switching time is
around 70 ns, which is equivalent to 5 MHz signal. The 1,200 V power loop inductance is

3.9817 nH at 5 MHz, and the 3,300 V power loop inductance is 4.4571 nH at 5 MHz.

Figure 3.10 Power Loop Parasitic Inductance Extraction Model
3.4. Current Distribution of the DBC Layout
The current distribution based on the DBC layout is simulated with Ansys. In the 3D
model, the Cu thickness is 0.2 mm. The interconnection via diameter is 0.635 mm, which
is the maximum via diameter of 0.635 mm thick AIN insulation layer. 75 A dc current is
assigned to the capacitor terminal, total 150 A dc current is assigned to the whole power

module. Across the top Cu pads, the current is concentrated near the bonding area, the
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average current density is 35 A/mm?. In the interconnection vias, the current concentrates
on the active circuit side, the average current density is about 25 A/mm?.

Larger via radius and fewer via number are preferred if the manufacturability allows.
The via cross-section area is proportional to the square of the via radius. The current density
can be easier to reduce with larger via radius. A single layer via design is recommended.
If two layers of interconnection vias are used, the vias on the external layer are shielded by

the internal layer and will not help sharing the current.

(@) (b)

Figure 3.11 Current Distribution (a) across the Cu Trace (b) through Interconnection Vias
3.5. Experimental Results

The proposed liquid cooled power module structure is fabricated and shown in Figure
3.12. The SiC MOSFET dies are CPM2-1200-0040B from Wolfspeed. Two dies are
paralleled per switch position, creating a 1,200 V / 126 A rated SiC power module. The

decoupling capacitors are 1,000 V rated 0.15 yF ceramic capacitors.
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Figure 3.12 Proposed vertical loop based power module assembly with ceramic baseplate
and liquid cool housing.

The power loop inductance is measured as 1.1 nH by impedance analyzer. The
switching performance is examined with inductive load test. The bottom switch gate
voltage and drain to source voltage are observed. Load current is measured as an indicator
of the switching current. In Figure 3.13, the turn-on and turn-off transients at 700 VV/ 25 A
inductive load switching are presented. During the turn-off transient, 30V drain to source
overshoot voltage is observed at 22.33 V/ns switching. The overshoot voltage is only 4.3%

of the dc operation voltage.
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Figure 3.13 Switching performance of the vertical loop based power module at 700 V dc
and 25 A load current, room temperature (a) turn-off transient, (b) turn-on transient.

3.6.  Summary

The vertical loop structure is proposed for the medium voltage SiC MOSFET featuring
low power loop inductance. Two vertical loop designs for 1,200 V 224 A power module
and 3,300 V 160 A power module respectively are illustrated. Detailed DBC designs are
discussed in the aspects of the electric insulation design, the power loop inductance
reduction, the current design reduction. In the 1,200 V power module prototype, the
manufactured DBC realizes 1.1 nH power loop inductance. Experimental results show

4.3% voltage overshoot during the 700 V 25 A turn-off transient.
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Chapter 4.  Lightweight Power Module Design with Ceramic Baseplates

The proposed vertical loop layout of the half-bridge structure shows low power loop
inductance. Since the DBC bottom copper layer is utilized as part of the energized power
loop, an electric insulation layer needs to be inserted between the energized circuits and
the cooling system. In this chapter, the adoption of the ceramic baseplate is assessed in the
aspects of the power density, the insulation design, and the thermal design. Section 4.1
discusses the challenges of increasing medium voltage SiC MOSFET power density, and
reviews potential solutions to be used in the ultra high power density medium voltage SiC
MOSFET packaging. In Section 4.2, a case study is shown to discuss the thermal design
of ceramic baseplates. Section 4.3 and 4.4 discuss additional benefits on the
electromagnetic interference (EMI) and electric field control. Section 4.5 provides the

design guideline and summarizes the chapter.

4.1. Investigation of Light-Weight Material Utilization in Semiconductor Packaging
4.1.1. Exploration of Baseplate Material for Medium Voltage SiC MOSFET Packaging

The conventional power device package is shown in Figure 4.1. Generally, a power
module includes the semiconductor dies, the die attachment, the substrate or the direct bond
copper (DBC), the DBC attachment and the baseplate. The power module is mounted to
the heatsink or cooling structure with screws. Thermal interface material (TIM) is applied
to fill the air void and to enhance the thermal dissipation capability of the assembly. In
some ultra high power rated device, there is specially designed fins on the baseplate,
eliminating the additional TIM and heatsink. The thermal dissipation capability can be
further enhanced by direct liquid cooling.
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In the conventional package, the electrical insulation between the active power circuit
and the cooling structure is provided by the ceramic layer in the direct bond copper (DBC)
[48]. The baseplate layer is for heat-spreading and mechanical support, and its material is
metal or metal alloy. Copper alloy (Cu) is used as the baseplate when enhanced cooling is
required and the system is less sensitive to weight. Aluminum alloy (Al-6061) is widely
used in automotive industry as the baseplate material, thanks to its good thermal
conductivity and light weight. Aluminum silicon carbide (AISIiC), a metal matrix
composite material, becomes popular for high power insulated gate bipolar transistors
(IGBTs) due to its compatibility with the thermal expansion value of the substrate inside
the package. The AISiC thermal conductivity and material density is a little higher than Al-
6061. All these materials are electrically conductive.

The medium voltage SiC MOSFET has lower switching loss than the IGBTS, so its
thermal dissipation is not demanding. At the same time, SiC MOSFET switching speed is
higher, the parasitic parameters of the DBC have larger impact on the device dynamic
performance and electromagnetic interference (EMI) performance.

Another important consideration is the insulation requirement of the medium voltage
package. According to the IEC standard, the common mode voltage blocking capability is
around twice the device operating voltage. With the conventional package structure, the
DBC ceramic layer solely withstands the required common mode voltage. For the device

with 3,300 V and higher blocking capability, the insulation layer design becomes tricky.
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Figure 4.1 The Conventional Power Module Structure

A light-weight baseplate with good thermal conductivity and insulation capability is
necessary for a high power-density medium voltage power module design. The thermal
dissipation capability and material density of multiple baseplate materials are summarized
in Table 4.1. The material thermal conductivity is from the datasheet of certain heatsink
product, which value is lower than the pure material. In this chapter, Cu and Al are used to
refer to the copper alloy and aluminum alloy heatsink material. Here, the term specific
thermal conductivity is used, indicating the thermal dissipation capability per unit mass of
the material. Cu, Al and AISIC are electrically conductive materials, and AISiC shows the
highest specific thermal conductivity. The rest in Table 4.1 are insulated ceramic materials.
BeO has higher thermal conductivity than Al and AISIC, and the specific thermal
conductivity is 1.35 times of AISiC. The thermal conductivity of AIN is similar to Al, and
the specific thermal conductivity of AIN is between Cu and Al. AIN could provide
acceptable thermal dissipation capability of the baseplate. The comparison in Table 4.1
shows that AIN and BeO ceramic materials have similar or higher specific thermal
conductivity than Cu, Al and AISIC. Furthermore, the ceramic material can also provide

electrical insulation between the power module internal electrical circuitry and the cooling

44



system. Since BeO powder may cause health issues to human body, AIN material is

selected for this work.

Table 4.1 Comparison of Baseplate Material Property

Thermal Density Specific Thermal
Material Conductivity [o/cm?] Conductivity
[W/mK] [(W/mK)/(g/cm?)]
Cu [10] 398 8.96 44.42
Al-6061 [14] 167 2.70 61.85
AISiC-9 [13] 200 3.01 66.45
Al>03(96%) [15] 24 3.95 6.07
SizN4 [15] 90 3.17 28.39
AIN [15] 170 3.26 52.14
BeO [10] 270 3.00 90

4.1.2. Power Density Comparison of Different Power Module Structures

In this section, the thermal performance and the power density of different power
module structures with Al-6061 and AIN baseplates are evaluated and compared. In the
comparison, the DBC and baseplate dimensions of different structures are identical. The
baseplate is designed for direct liquid cool, and there is a pin fin structure on the bottom
side of the baseplate. The dimension of the baseplate is 50 mm (L) by 34 mm (W) by 12

mm (H). The pin fin diameter is 2 mm and height 9 mm, as shown in the Figure 4.2.

50 mm

[}

I g

L

Figure 4.2 Dimensions of the pin fin baseplate
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AIN baseplates provide additional insulation between the DBC and the cooling system.
The electric circuit layout on the DBC layer becomes flexible, and the DBC bottom copper
can be utilized for electric conduction. To keep the same flexibility in the DBC layout, an
insulation layer between DBC and the Al baseplate is inserted.

Figure 4.3 shows four power module structures. In all the four structures, the DBC
ceramic layer is 0.0125-inch AIN. The top and bottom Cu layer is 0.008 inch. The SiC
MOSFET die is 6.44 mm long, 4.04 mm wide, and 0.18 mm thick. The die attachment
layer is Sn63/Pb37 solder, 0.08 mm thick. Figure 4.3 (a) is the structure with an Al
baseplate, the dark blue layer is an electrically insulated thermal interface material. The
TIM thickness is 0.3 mm with 2 W/mK thermal conductivity. Figure 4.3 (b) is the structure
with an Al baseplate. Additional DBC layer is inserted to provide electrical insulation. The
attachment between DBCs and between DBC and baseplate is Sn63/Pb37 solder, 0.2 mm
thick. Figure 4.3 (c) is the structure using an AIN baseplate with 0.01 mm copper
metallization layer on the top flat surface. DBC is soldered to the metalized AIN baseplate,
with the solder thickness 0.2 mm. Figure 4.3 (d) is the structure with an AIN baseplate. The
TIM between DBC and the baseplate is graphic sheet, with in-plane thermal conductivity
1300 W/mK and through-plane thermal conductivity 20 W/mK. The total weight of the

four structures is summarized in Table 4.2.
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Figure 4.3 Four Power Module Structures with Al and AIN pin fin baseplates
The thermal performance of the four structures is evaluated with finite element
analysis simulation, Ansys Icepak. Simulation models are built based on the four power
module structures. In each simulation model, four semiconductor dies work as the heat
source. 70 W loss is assigned to each die. The coolant is water with 10 L/min flow rate.
The coolant temperature is set at 55 °C. With the same simulation conditions, the maximum
junction temperatures of the four structures are extracted and summarized in Table 4.2.

Table 4.2 Thermal Performance Comparison of Different Power Module Structures

Power Module Structure Ma_>|<_imum Junction Power Module
emperature Weight

(a) DBC + TIM (Insulated) + Al baseplate 140.47 °C 25.73 g

(b) DBC + DBC + Al baseplate 114.16 °C 31.69¢

(c) DBC + Solder + AIN baseplate 112.85°C 31.37¢g

(d) DBC + Graphite + AIN baseplate 109.65 °C 30.52¢g
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The insulated TIM layer is the bottleneck in the thermal dissipation of structure (a), it
sees the highest junction temperature among the four structures. Structure (a) could be used
in the less thermal demanding weight sensitive applications. Among the other three
designs, the structure with AIN baseplate provide better thermal dissipation capability as
well as higher power density in terms of weight.

From the analysis above, the AIN baseplate could provide equivalent or better thermal
dissipation capability and weight-wise power density than conventional metal based
baseplate. Besides, the excellent insulation capability of the ceramic material makes the
DBC design to be flexible.

4.2. Thermal Performance Improvement with Ceramic Design

The impacts of the DBC thickness and baseplate fin type on the thermal performance
are discussed in this section.

4.2.1. Impact of the insulation layer thickness on the cooling capability

The cooling performance and the DBC thickness under the same simulation condition
is not linearly related. A thinner DBC selection does not mean better cooling. A simulation
model is built in Icepak to investigate the relationship. The model is shown in Figure 4.4.
Four dies are simulated, with 70 W power loss per die. The DBC copper layer is 0.2 mm.
The baseplate dimension is the same as that in Section 3.3.

The die attachment and DBC attachment can be either soldering or sintering. For
different attachment combinations, the junction to baseplate thermal resistance are
different. In the simulation, the attachment layers are not modeled, but are indirectly

represented by different equivalent thermal resistance of the DBC insulation layer. In the
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simulation, the DBC insulation layer thickness and equivalent thermal conductivity are the
variables. The DBC insulation layer is selected as AIN, whose thermal conductivity is 170
W/mK. The solder thermal conductivity is around 65 W/mK, and silver sintering around
200 W/mK. So the equivalent thermal conductivity is selected as 150 W/mK and 200
W/mK. The thickness of the AIN layer are the common thickness of commercial DBCs,

0.01 inch, 0.025 inch, 0.04 inch, and 0.08 inch.

Ix

Figure 4.4 Thermal Simulation Model for DBC Thickness Impact

In the simulation, the coolant is water with 10 L/min flow rate, and the temperature is
set at 55 °C. The maximum junction temperature is selected to present the cooling
performance under each variable. The results shown in Figure 4.5. In the figure, the x-axis
is the total thickness of the AIN layer and top/bottom copper layer. That is, when the AIN
layer is 0.025 inch, the thickness in the figure is 1.035 mm. To better show the trend, two
more points are added, 0.5 mm and 1.5 mm thick. As shown in Figure 4.5, thinner DBC
layer leads to higher maximum junction temperature. When the DBC total thickness is
around 1 mm, the structure has the best cooling performance. Higher equivalent thermal
conductivity leads to lower overall temperature. Use silver sintering as the die attachment
and DBC attachment could help enhance the power module cooling capability. Also, for

this specific case, 1 mm DBC total thickness gives best cooling performance.
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Figure 4.5 Relationship Between Maximum Junction Temperature and DBC thickness

4.2.2. Impact of the ceramic baseplate fin type on the cooling capability

The cooling capability can be further enhanced with advance fin design. From
literature [56], the cone-shaped pins show the best cooling performance. In this part, the
impact of the baseplate fin type on the overall cooling performance are investigated. With
advanced ceramic 3D printing technology, complex fin types can be realized. AIN 3D
printing is still quite challenging. On the other hand, less complex ceramic baseplate can
be shaped with molds and fired. When this work is on-going, the ceramic manufacturing
approaches are limited. The vendors could only be able to mill the AIN block to straight
fin type or waveshape fin type. In this section, the following three types of baseplate fins
are assessed. As shown in Figure 4.6 (a) and (d), the fins are cone shaped. The radius of
the round side is 1 mm. The tail length is 2 mm. The distance between adjacent fins are
3.96 mm. In Figure 4.6 (b) and (e), the radius of the round pin fin is 1 mm, and the distance
between adjacent fins are 3.96 mm. In Figure 4.6 (c) and (f), waveshape fins are used, the
fin thickness and the channel width are 3 mm. In all the three designs, the base thickness

is 3 mm, and the fin height is 9 mm. The maximum junction temperatures are summarized
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in Table 4.3. As expected, the machinable waveshape fin baseplate gives the highest
junction temperature. The maximum junction temperature is below 150 °C under the

assigned power loss. The design can meet the system cooling requirement.

© C©

(d) (e) ()
Figure 4.6 Ceramic baseplate designs for comparison

Table 4.3 Comparison of Baseplate Fin Design

Baseplate Fin Type Maximum Junction Temperature
(a) Cone shaped pin fin 105.05°C
(b) Round pin fin 112.04 °C
(c) Waveshape fin 140.56 °C

4.3. Advantages in Electric Field Control

With insulated baseplates, the electric field for common mode voltage and differential
mode voltage can be decoupled. This will reduce the difficulty in the medium voltage
power module insulation design.

High electric field strength causes partial discharge or even insulation breakdown

inside the power module. The electric field distribution comparison under both differential
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mode (DM) voltage excitation and common mode (CM) voltage excitation are investigated
in this section.

Simplified Maxwell electrostatic 2D models with metal and ceramic baseplates are
built. The substrate thickness is 0.635 mm, and the copper thickness is 0.2 mm. The
baseplate total height is 12 mm, and the pin height is 9 mm. The distance between the
substrate top Cu traces is 1 mm. The module is designed for 1200 V SiC MOSFETS, so the
DM excitation voltage is selected as 900 V. And the CM excitation voltage is 2,400 V
according to standard IEC 60950.

Figure 4.7to Figure 4.10 illustrate the electric field distribution for conventional power
module structure and the proposed 1200 V power module structure with ceramic
baseplates. In both structures the electric field concentrates at the triple point where copper,
ceramic and encapsulation gel join, and at the location inside the substrate ceramic layer
near the triple point. In these figures, the critical points are labeled as P1 and P2. P1 is
inside the encapsulation gel, 50 um away from the adjacent edges of the Cu trace and the
substrate insulation layer. P2 is inside the substrate insulation layer, right beneath the Cu
trace edge and 50 um away from insulation layer edge. The corresponding electric field
strength at those critical points are summarized in Table 4.4.

The simulation results in Figure 4.7 and Figure 4.8 show that in the conventional power
module structure, both DM and CM voltage isolations are provided by the substrate
insulation layer. As shown in Table 4.4, the electric field strength under CM voltage is
three times of that under DM voltage, so the substrate insulation layer thickness is

determined by the maximum electric field strength under CM voltage.
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The simulation results in Figure 4.9 and Figure 4.10 show that in the proposed power
module structure, the DM voltage isolation is provided by the substrate insulation layer.
The CM voltage is sustained by the ceramic baseplate. The decoupling of these two factors
brings benefits and simplicity of the power module design. Lower insulation voltage
requirement on the substrate leads to cost-effective choices of the substrate. In the proposed
structure, the substrate insulation layer thickness is determined by the maximum electric
field strength under DM voltage, which is about 50% of the value required in the
conventional structure. Furthermore, thanks to the larger thickness of the ceramic baseplate
than that of the substrate, CM electric field strength is largely reduced and easily controlled

in the proposed structure.
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Figure 4.7 Conventional power module structure DM electric field distribution under 900
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Figure 4.8 Conventional power module structure CM electric field distribution under
2,400 V.
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Figure 4.9 Vertical loop power module structure DM electric field distribution under 900
V.
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Figure 4.10 Vertical loop power module structure with the ceramic baseplate CM electric
field distribution under 2,400 V.

Table 4.4 Comparison of Electric Field Strength for Both Structures

Structure and Excitation P1 [KV/mm] P2 [kKV/mm]
Conventional, DM 900 V 1.55 1.38
Conventional, CM 2400 V 5.31 5.68
Proposed, DM 900 V 2.53 2.44
Proposed, CM 2400 V 1.59 1.50

This benefit is very attractive to the 3,300 V and higher rated SiC MOSFET package.
With the vertical loop layout proposed in Figure 3.2, the bottom copper layer is connected
to the half dc bus voltage potential. The electric field distribution under DM and CM
voltage stress are simulated and shown in Figure 4.11to Figure 4.14. In the DM electric
field simulation, the voltage excitation is the device rated voltage, 3300 V for both cases.
The applied CM voltage is 7,600 V. The electric field stress under the four conditions is
summarized in Table 4.5.

With the split dc bus design, under the DM voltage excitation, mid dc voltage return
trace help reduce the electric field strength across the DBC insulation layer. The simulated

electric field strength is identical to that of the conventional structure. The CM electric
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field strength of the 3,300 V power module is shown in Figure 4.14. Due to relatively large
size of the ceramic baseplate, the electric field strength is largely reduced. In the area where

the base and fin joins, the electric field strength is larger, around 4.6 kV/mm.
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Figure 4.11 Conventional power module structure DM electric field distribution under
3,300 V.
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Figure 4.13 Vertical loop power module structure with AIN baseplate DM electric field
distribution under 3,300 V.
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Figure 4.14 Vertical loop power module structure with AIN baseplate CM electric field
distribution under 7,600 V.

Table 4.5 Comparison of Electric Field Strength for 3300 VV Power Module Design

Structure and Excitation P1 [kV/mm] P2 [kV/mm]
Conventional, DM 3300 V 5.46 4.85
Conventional, CM 7600 V 17.83 19.27
Proposed, DM 3300 V 5.46 4.85
Proposed, CM 7600 V 2.28 4.6

4.4. Advantages in Leakage Current Reduction
The parasitic capacitance between substrate top surface electric circuitry and earth
ground provides a path for the CM current. Reducing this parasitic capacitance can reduce

the common current during converter operation.
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Power module designs in [44]-[45] and [49] include an additional layer as integrated
electromagnetic interference (EMI) shielding. Between the shielding layer and conductive
heatsink, another insulation layer has been added. The electric field distribution and the
common mode noise improvement using these three designs are discussed. However,
detailed modeling of parasitic capacitance and the analysis on their influence are not
available.

In conventional power modules, the baseplate and heatsink are metal, and the TIM
layer are typically electrically conductive for better thermal conductivity. Since the
heatsink and baseplate are grounded to earth, the parasitic capacitances are distributed
between the substrate top copper pads and bottom copper pad, as shown in Figure 4.15 (a).
The corresponding CM equivalent circuit of this structure is shown in Figure 4.15 (c).

In the proposed vertical loop structure with the ceramic baseplate, the ceramic
baseplate is insulated. This additional insulation layer forms the serial connected
capacitance between the substrate bottom copper pad and the earth ground. Besides, the
parasitic capacitance between substrate top DC negative Cu trace and substrate bottom Cu

trace is eliminated. The CM equivalent circuit of this structure is shown in Figure 4.15 (d).
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Figure 4.15 Package parasitic capacitance distribution and CM equivalent circuits (a) the
parasitic capacitance in the conventional structure (b) the parasitic capacitance in the
proposed structure (c) the CM equivalent circuit of the conventional structure (d) the CM
equivalent circuit of the proposed structure

To reduce the parasitic capacitance, thicker insulation layers are preferred. FEA
models of both the conventional power module structure and the proposed structure are
imported into the Maxwell Q3D to extract the parasitic capacitance values. The dimensions
of substrate Cu pads are shown in Figure 4.16. The traces for gate connections are not
included. The conventional substrate layout is circled with the dashed lines. In the proposed
structure, an extra DC negative trace (25 mm by 6.5 mm) is added to form the vertical loop.
Based on the CM equivalent circuit in Figure 4.15, the relationship between the CM
leakage current (icm) and the insulation layer thickness is derived and plotted in Figure 4.17.
When calculating the CM leakage current, the thickness of the ceramic baseplate is
adjusted, and the parasitic capacitance changes correspondingly. A CM voltage source with
1 V amplitude and 35 MHz frequency is used. The impedance of the line impedance

stabilization network (LISN) refers to the IEC standard CISPER 25.
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Figure 4.16 Dimensions of the substrate layout

In Figure 4.17, the dashed line is the leakage current of the conventional structure. In
the proposed structure, the thicker the insulation layer, the smaller parasitic capacitance,
and the smaller leakage current. The insertion of the insulation layer does not necessarily
reduce the CM leakage current. There is a minimum thickness of the insulation layer to
achieve leakage current reduction for a specific material. Additionally, the insulation
material with smaller dielectric constant (&) requires thinner insulation layer for leakage
current reduction.

Then, the CM leakage current is investigated across the frequency range of 150 kHz
to 108 MHz. The dimension of the AIN baseplate is 50 mm long, 34 mm width, 12 mm
high. The heatsink in the conventional structure is identical to the ceramic baseplate in the
proposed structure. The substrate insulation material is also AIN. The extracted parasitic

capacitance of both structures is summarized in Table 4.6.
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Figure 4.17 Comparison of the CM leakage current with different insulation materials
under varying insulation layer thicknesses.

Table 4.6 Summary of the Package Parasitic Capacitance

CONVENTIONAL Proposed
Cec [pF] 26.68 Cen [pF] 27.35
Coc [pF] 29.81 Con [pF] 30.48
Cne [pF] 17.25 Cne [pF] 6.22

Shown in Table 4.6, with the AIN baseplate, the parasitic capacitance between CM

noise source to earth ground, Cog, is reduced by 89.5%. The CM leakage current across

150 kHz to 108 MHz of both structures is shown in Figure 4.18. At higher frequency, the

leakage current increases. In the range of 3.5 MHz to 35 MHz, At least 47.3 % CM leakage

current reduction is observed in the proposed structure. Thus, the utilization of ceramic

baseplate is an effective way to reduce the CM leakage current.
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Figure 4.18 Comparison of the CM leakage current under varying frequency.

4.5. Power Module Liquid Cool Assembly Design

To achieve low weight high power density design, the power module with the AIN
baseplate adopts direct liquid cooling. The liquid cooling housing is also integrated with
the power module. Steel and Al are the common sink material for liquid cool system. To
reduce the weight of the cooling housing, high temperature plastic materials are reviewed.
To expedite the design process, the housing is 3D printed. Among the common 3D printer
filament, Nylon melt temperature is around 200 °C. During the test, the semiconductor die
junction temperature is controlled below 150 °C, so Nylon can meet the temperature
requirement. Also, the material density of Nylon is only 43% of Al, which provides smaller
total weight of the whole assembly. During 3D printing, a relatively high percentage fill is
recommended for waterproof design. Coolant will penetrate through the walls with less
than 40 % fill.

The power module assembly is shown in Figure 4.19, including the dedicated gate
drive board, the power stage, the layer of liquid metal based thermal interface material

(TIM), the graphite layer, the AIN baseplate, and the integrated liquid cooling housing.
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Figure 4.20 shows the integrated gate drive board design. On this gate drive board,
isolated dc-dc power supply and isolated gate drive IC are integrated. The common mode
transient immunity is 100 V/ns, which can cover most medium voltage SiC MOSFET high
speed operation. To power up the designed half-bridge power module, only a 5 V power
supply is needed. The PWM control signals can be directly connected to the low voltage
controller. This design could simply the power supply structure and signal isolation of the

whole converter system.
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Figure 4.19 Liquid cooled power module assembly design.
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Figure 4.20 Integrated gate drive board design.

4.6. Summary

In this chapter, the ceramic material is assessed to be used as the baseplate in the power
module design. As the integrated baseplate, AIN and BeO can provide equivalent or better
thermal performance than the widely used aluminum alloy. At the same time, ceramic
baseplate can provide electrical insulation, making the DBC layout to be flexible.
Simulation results show that the utilization of the ceramic baseplate reduces the maximum
electric field strength, simplifies the power module internal isolation design, and mitigates
the CM leakage current. The impact of DBC thickness and baseplate fin type are discussed
with simulation results. For this specific case, 1 mm AIN DBC gives the best cooling
performance. To achieve low weight high power density power module design, direct
liquid cooling is also integrated. The liquid cooling housing material selection is also

discussed. The final power module assembly is shown at the end of this chapter. This
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proposed design is a simple and beneficial package method for medium voltage SiC

MOSFETs.
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Chapter 5.  Super-Cascode Structure Circuit Analysis and Dynamic Voltage
Balancing

The medium voltage SiC discrete MOSFETs and power modules have drawn more
and more attention to various medium voltage and high voltage application. The design
and manufacture process need to be improved to enhance devices’ reliability under harsh
operation conditions. However, the adoption of the medium voltage SiC power devices has
been impeded by its high cost. An economic alternative for medium voltage power switch
is the super-cascode structure. The super-cascode structure is composed of series connected
low voltage MOSFET and normally-on junction gate field-effect transistors (JFETS). The
voltage balancing among series connected devices is realized by the added capacitors and
diodes. Circuit models during the switching transients are built. Based on the developed
models, a method to optimize the voltage balancing circuit parameters is proposed. The
analysis and optimization method are verified by the experimental results. Sensitivity
analysis is conducted to see the impact of the capacitance tolerance.
5.1. Review of Cascode Structure

The super-cascode structure was first proposed in 2008 [60]. To improve switching
speed, a structure with active gate voltage control circuit for all the series-connected
discrete package JFETs was proposed and demonstrated [63]-[64]. To reduce static
leakage current under high blocking voltage, an improved structure is proposed [65]. Even
though more attention is typically drawn to the super-cascode structure, the investigation

of voltage distribution across series connected JFETs remains incomplete.
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This chapter focuses on voltage balancing of JFETs inside super-cascode switches,
which has not been sufficiently addressed in earlier publications. The necessity and
function of the voltage balancing circuit was first discussed in [63], but the method for
voltage balancing capacitance selection is not discussed in detail. Even though
mathematical models of the single cascode structure are explained in [68] for the super-
cascode structure, the process presents complicated mathematical expression and
tremendous calculation efforts, preventing the model’s use for the voltage balancing
capacitance selection.

The typical SCPS voltage balancing circuit is composed of clamping diodes, current
limiting resistors and voltage balancing capacitors, as shown in Figure 5.1. Within each,
the voltage balancing capacitors determine the voltage distribution among internal JFETS,
affecting the switching loss during switching transients. Correct capacitance selection can
also reduce the avalanche loss of the diodes in the balancing circuits and the JFET voltage
overshoot. Thus, it is critical to have an analytical model to enable the optimization of the

capacitance.
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Figure 5.1 The super-cascode structure
Section 5.2 of this chapter explains the turn-off process of the SCPS, and the impact
of the voltage balancing capacitors. The Section 5.3 explains the turn-on process of the
SCPS and the potential top JFET overvoltage issue. Section 5.4 proposes the SCPS voltage
balancing capacitor selection method and discusses the impact of the capacitance variation
on the voltage distribution. In Section 5.5, the test results demonstrate the effectiveness of
the proposed capacitance optimization method. The last section summarizes the work.
5.2. Super-Cascode Power Switch Dynamic Voltage Distribution
The typical 5-stage super-cascode structure contains series-connected normally-on SiC
JFETS, J1 to J5, is shown in Figure 5.1. The bottom device in the structure is a low voltage
silicon MOSFET. The clamping diodes D1 to D4 limit the JFET drain to source voltage
to the diode’s avalanche voltage Vava. C1 to C4 are connected between JFETS’ gate

terminals, and the source of the MOSFET through resistors Rci1, Rc2, Res and Rea.
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5.2.1. Super-Cascode Power Switch Turn-off Process

The turn-off process of the SCPS is divided into two stages:

Stage I: This stage starts when Vgs scps is below its threshold voltage. The MOSFET
turns off and starts to block the voltage applied to the SCPS. The voltage across the
MOSFET becomes negative bias between the gate and source of J1. J1 turns off, and Vs i1
increases. C1 is then charged through Ciss_s2, reducing Vgs_s2. The charging path is shown
as red solid line in Figure 5.2 (a). Meanwhile, since J2 to J5 are still on, C2 to C4 are
charged through D2 to D4. The capacitor charging paths are shown as blue dashed lines
in Figure 5.2 (a). When Vgs_j2 starts to increase, this stage ends.

Stage Il: This stage begins when Vs 2 starts to increase, charging C1 through the
reverse transfer capacitance of J2, Crss 32. C1 voltage follows Vas_s1, thus the drain to source
voltage ratio of J1 and J2 is determined by C1. C2 is charged through Ciss s3, reducing
Vgs 53. The charging path is shown as red solid lines in Figure 5.2 (b). Since J3 to J5 are
still on, C3 and C4 are charged through D3 and D4. The capacitor charging paths are
shown as blue dashed lines in Figure 5.2 (b). When Vgs 53 drops beneath the threshold

voltage, Vs js starts to increase. The same process repeats until J5 fully turns off.
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Figure 5.2 The voltage balancing capacitor charging path (a) Stage I, MOSFET and J1
turns off (b) Stage Il, J2 to J5 turns off.

5.2.2. Modeling of Dynamic Voltage Distribution During Turn-off Transients
The voltage balancing capacitors have significant impact on the JFET voltage
distribution. In this section, a mathematical model is proposed to quantify the effect of the
voltage balancing capacitors. As shown in Figure 5.2, the added voltage balancing
capacitor C1 and clamping diode junction capacitance Cp1 are in series with J2’s input
capacitor, Ciss 32. The change of J1’s drain to source voltage and the change of J2’s gate to

source voltage is expressed as:

(AVds_]u + AVgs_]Z) X (C1 + Cpl) = —AVys_j2 X Ciss_2 (5-1)
AVgs_jz = Vgs_on - Vgs_miller (5-2)
AVy4s 41 1 1s the Ju drain to source voltage change during Stage |, before Vas_s2 starts to

increase. Vgs on is the JFET gate to source voltage during the on state. Vgs mitier is the JFET

miller plateau voltage. Since AV , is much smaller than AVy, 4 4, the equation (5-1) can

be rewritten as
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—AVgs j2%XCiss_J2 (5_3)
C1+CD1

AVds_]1_1 =

Thus, before Vus s starts to increase, AV, ;4 is determined by C1 capacitance.
In Stage Il, the charging current of C1 and Cp:1 flows through J2’s reverse transfer
capacitor Crss_32. Omitting the voltage increase of the low voltage MOSFET, the voltage

increase on C1 is the same as the voltage increase on J1. Thus, the drain to source voltage

change of J1 and the drain to source voltage change of J2 is expressed as:

AVds_]l_II _ Crss_]z (5_4)
AVas g1 C1+Cpy

AV 1 17 is J1 drain to source voltage change during Stage Il, as Vus 2 increases.
AVy4s 12 11 18 J2 drain to source voltage change during Stage 1. Thus, knowing JFET reverse
transfer capacitor, the ratio between J1 and J2 drain to source voltage change can be
adjusted by properly selecting C1.

Similarly, as Vus J2 increases, J3’s input capacitance is charged. In a N-stage super-

cascode structure, before Vas_si increases, the relationship between AV, ;; and AV ;-1)

is expressed as:

k=i—1
Vs, X Cissyy = Cony X Z Mys, + By,
k=1
+ CD(i—l) X (AVdSJ(i—l) + AVgSJi) (5'5)

AVgs_]i = I(gs_on - Vgs_miller (5-6)

During the time when Vs ji increases, AVy; ;; can be expressed by equation (5-7).

Crss ji X AVys ji = Cimry X TRZT AVas i + Cpio1y X AVis jii-1y (5-7)
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By omitting the junction capacitance of the clamping diode, the voltage range ratio

between adjacent JFETs can be calculated with

AV, i Cei— C i—
ds_Ji — (i-1) X ( rss_J(i—1) + 1) (5'8)
AVias jii-1)  Crssji C(i-2)

The total blocking voltage of the super-cascode module is the summary of the voltage
increase of all JFETs during all the stages. Therefore, the voltage distribution of the
internal JFETS is effectively adjusted by the voltage balancing capacitors.

5.3. Super-Cascode Power Switch Overvoltage Issue During Turn-on Transients

So further improve the converter efficiency and to extend the life time of those higher
cost power
5.3.1. Super-Cascode Power Switch Turn-on Process and Overvoltage Issue

Without proper voltage balancing circuit design, the top JFET can be damaged by
overvoltage during the SCPS turn-on transient. The overvoltage issue is illustrated in this
part by explaining and modeling the turn-on process.

The turn-on of the JFETS is also a sequential process, which is described next.

Stage I: this stage begins when Vgs_scps is above its threshold voltage and ends when
Vgs 32 IS above its threshold voltage. During this stage, J2 to J5 remain off. AS Vs a1
decreases, the discharging current of C1 and Cpa flows through Cgs_s2. Vias_s2, Vds_i3, Vds_s4,
and Vus_js increase to compensate the decrease of Vas_s1 before SCPS drain to source voltage
decreases.

Stage II: this stage begins when Vgs g2 is above the threshold voltage. During this stage,

Vs 32 starts to decrease, and Vs 3, Vds 4, and Vs 35 increase to compensate the decrease
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of Vs 32 and Vas s1. J3 source voltage decreases and C2 and Cp2 discharge through Cgs 33,
increasing Vgs 3. A similar turn-on process repeats for J3 to J5.

During Stage |1, whether the diode avalanches or not determines the effectiveness of
voltage balancing capacitors. Taking the example of the turn-on process of J2, there are
two possible scenarios:

Scenario 1): When Vgs_ 12 is below the threshold voltage, Vs 32 increases to the avalanche
voltage of the clamping diode. With D2 avalanching, as Vds 51 and Vas 52 decrease, the
discharging current of C2 flows through D2, and Cgs_s3 is not charged, as shown in Figure
5.3 (a). Until Vus_s2 decreases below J3’s gate threshold voltage, J3 starts to turn on. Thus,
there is a long delay between the turn-on of J2 and J3.

Scenario 2): Vs 52 stays below the avalanche voltage of the clamping diode. When
Vs a2 is above the threshold voltage, Vs iz starts to decrease, and C2 and Cp2 discharging
current flows through Cgs 33 and increases Vgs s3, as shown in Figure 5.3 (b). In this
scenario, the voltage balancing capacitor accelerates the JFET turn-on. If the clamping
diodes do not avalanche, a similar turn-on process occurs with J4 and J5. C3 and C4 then
help to charge Vgs_s4 and Vgs_ss, respectively, and accelerate the turn-on of J4 and J5. With
the assistance of voltage balancing capacitors, the delay between JFETs during the

sequential turn-on process is reduced, leading to a shorter total turn-on time of the SCPS.
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Figure 5.3 Voltage balancing capacitor discharging current path (a) Scenario 1, D2

avalanches (b) Scenario 2, D2 does not avalanche.

The overvoltage issue happens when D4 avalanches during the turn-on process. J5 stay
off until Vas 34 decreases below J5’s gate threshold voltage. J5 has to withstand a large
portion of the blocking voltage as the drain to source voltage of J1 to J4 decreases. The
overvoltage on J5 can be eliminated by simply paralleling an avalanche diode with J5.
However, under Scenario 1, the added diode may experience long avalanche time, which
can lead to high thermal stress and early degradation of the clamping diode. To reduce
thermal stress and ensure reliable operation of the SCPS, it is necessary for Vas 5 to fall
below its rated voltage during the turn-on process.

The simulation results in Figure 5.4 show the comparison between Scenario 1 and 2.
Here, the SCPS switches at 4,250 V dc bus voltage and 30 A load current. The upper plot
is the SCPS module’s overall drain to source voltage, and the lower plot contains the drain
to source voltages of J1 to J5. As Vs a1 decreases, upper JFETSs drain to source voltages
increase and reach the avalanche voltage of the clamping diodes. Vs s5 stays above 1200

V for more than 250 ns in every turn-on transient. Figure 5.4 (b) represents Scenario 2 with

optimized voltage balancing capacitors. When none of the clamping diodes avalanches,
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the voltage balancing capacitors help increase JFET gate to source voltage, and the voltage

on all JFETs decreases simultaneously. This greatly reduces the turn-on delay between

JFETSs. The SCPS total drain to source voltage fall-time is shortened to 1/3 of the fall time

under avalanche condition.
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Figure 5.4 Simulated SCPS and JFET drain to source voltage during the turn-on transient

5.3.2. Analytical Modeling of the Dynamic Voltage Change During Turn-on Transients

Based on the circuit diagram shown in Figure 5.1 and Figure 5.3 (b), when the SCPS

turns on, Vs 35 increases, the relationship between voltage changes of Vs 55 and Vgs s5 is

found based on capacitance charge balance.

(Crss_]S + C4) X (AVds_]S

The voltage change of Vgs s5 is calculated as

AVgs_]S = AVdS_]S X

— AV j5) = Cgs_ g5 X AV g5 (5-9)

Crss_]5+c4 (5_10)

Ciss_js+Cs

From Equation (5-10), it reveals a larger C4 can lead to quicker Vgs 5 change, meaning

earlier turn-on of J5.
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Meanwhile, the equivalent circuit to quantify the voltage change ratio between Vs J5
and Vps is shown in Figure 5.5 (a). When the JFETS are under high blocking voltage, Cgs
is above 10 times of Crss, and Crss is above 10 times of Cas. The equivalent circuit in Figure
5.5 (a) is simplified to the circuit in Figure 5.5 (b). Compared to AVys ;5, AVys ;5 and
AVys ;4 are neglected, and AVp, equals AVyg 14 The relationship between AV ;5 and
AVp, are expressed as:

AVpy X Crgg ja = (Crss_]S + C4) X AVys s (5-11)

When J5 starts to turn on, D4 voltage is below its avalanche voltage, and Vas_ss is below
1,200 V. The initial voltage of D4 is the voltage during off state.

Similarly, the gate to source voltage of Ji, AV ;;, and the drain to source voltage change,

AVys j(i-1), are also derived as:

Crss 1i+Ciz
AV i = AV, o X ISST2GED 5-12
gsJt AT g it Ciicn) ( )
_ Crss_]i+c(i—1)
AVgs jii-1) = AVys ji X s (5-13)

For a SCPS with N JFETS, in equations (12) and (13), index i is between 2 and N.

fJ J_j- Crss 15 T Crss 15
e ‘ Cgs 15
C4 ‘“DJ -=C..._|4
Crss 14 e

@ (b)

Figure 5.5 Current path during turn-on transient (a) in equivalent circuit (b) in simplified

equivalent circuit.
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5.4. Super-Cascode Power Switch Balancing Circuit Parameter Optimization

This part proposes the SCPS balancing circuit parameter optimization method and
analyzes the influence of capacitor tolerance on the dynamic voltage distribution.

5.4.1. Super-Cascode Power Switch Balancing Circuit Parameter Optimization Method

The purpose of the optimization is to realize internal voltage balance during the turn-
off transient and avoid overvoltage on the top JFET during the turn-on transient. Thus, the
optimization constraint is the voltage increase on J5 during the turn-on process. The
optimization cost function is the summation of differences between JFETS’ blocking
voltage and the diodes’ avalanche voltage. The optimization inputs are the SCPS rated
voltage, diode avalanche voltage, and JFET gate threshold voltage.

The first step in the optimization procedure is to calculate the voltage distribution
during the turn-off transient with an initial set of the voltage balancing capacitance. With
Equation (5-5) and (5-6) and the threshold voltage, the on/off status of each JFET is
decided. Based on the on/off state of the JFET, the voltage change on each JFETS can be
calculated one by one.

The second step is to calculate the J5 gate to source voltage increase and the J2 to J4
drain to source voltage increase during the turn-on process with equation (5-3) and (5-4).

If the calculated Vus_ss is above the JFET rated voltage during the turn-on transient, or
Vba is above avalanche voltage, the capacitance set is discarded. If not, the capacitance set

is recorded, and the cost function defined below is calculated.

- 2
COSt(CZ' L) Cn—l) = ZE?(Vds_]i - Vaval) (14)
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The cost function makes sure the difference between the voltage stress on the JFETs
and the avalanche voltage of the clamping diodes is minimized, ensuring uniform voltage
distribution in the SCPS.

With the optimization program and parameters of 1200 V 38 A rated JFETS, the
calculated capacitance of C1 to C4 respectively are 263 pF, 146 pF, 108 pF and 89 pF.
5.4.2. Sensitivity Analysis of the Capacitance Tolerance on the Voltage Distribution

When selecting the voltage balancing capacitors, the impact of the capacitance
tolerance to the voltage distribution is considered. For off-the-shelf ceramic capacitors, +
20% tolerance is common. Thus, the impact of + 20% capacitance tolerance is first
simulated, with the SCPS switching at 4,250 V with a current of 30 A. The voltage
distribution with optimal voltage balancing capacitors then becomes the comparison base.
With 20% capacitance tolerance, Vs 51 to Vs _ss in the off-state are recorded and shown in
Figure 5.6. Here the capacitance variance of C1 and C2 is less critical to the voltage
distribution, and do not cause overvoltage on J5. The C3 and C4 capacitance tolerance
have higher impact. With 20% capacitance decrease of C3 or C4, overvoltage on J5

happens during the turn-on transient.
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Figure 5.6 Voltage distribution change due to 20 % capacitance change of the voltage
balancing capacitors during off state.

After simulation iterations, to avoid J5 overvoltage, the tolerance of C1 to C4 are
selected as 10%, 5%, 5% and 2%, respectively. The profile of the switching waveforms of
both the SCPS and JFETS’ drain to source voltages within selected tolerance are shown in
Figure 5.7. The voltage distribution among JFETSs during the off state is similar, and no
overvoltage happens on J5 during the turn-on transient. The final selection of C1 to C4 for
the prototype shown in the next section are 275 pF, 150 pF, 112 pF and 87.7 pF. The Class
I ceramic capacitors, with low temperature coefficients, low voltage coefficients and low

aging rates, are preferred in the SCPS design.
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Figure 5.7 Switching waveforms under selected voltage balancing capacitor tolerance.
5.4.3. Considerations on the Avalanche Diodes

The diodes D1 to D4 avalanches when its parallel connected JFET drain to source
voltage exceeds the diode avalanche voltage. The diode avalanche voltage limits the total
power switch blocking voltage. The matching between the JFET blocking voltage and the
diode avalanche voltage is preferred to maximize the performance of the whole power
switch. The JFET blocking voltage is 1,200 V. To protect the JFET from overvoltage, the
diode avalanche voltage is selected to be between 850 V and 1,200 V.

The junction capacitance of the diodes will change the effective capacitance of the
voltage balancing capacitors C1 to C4, and eventually affect the dynamic voltage
distribution. A smaller junction capacitance is preferred. It is recommended that the diode
junction capacitance is 10 times smaller than the minimum capacitance of the voltage
balancing capacitors.

The third precaution is the target blocking voltage. In the optimization cost function,
the average voltage can be selected a little lower than the diode avalanche voltage. When
the JFETSs reach the average voltage, there are still some voltage margin before the diodes

avalanche.
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Based on these considerations, the avalanche diodes could help the super-cascode
power switch to have a good static and dynamic performance with less thermal concerns.
5.5. Experimental Results

Two 4,500 V rated 5-stage super-cascode power switch prototypes are built to verify
the proposed voltage balancing circuit design. Both prototypes utilize 1200 V / 38 A
commercial JFETs in TO-247 package [70]. Prototype | is constructed without voltage
balancing capacitors, and Prototype Il contains the optimized balancing circuit. The 4,500
V prototype and the inductive load switching test setup are shown in Figure 5.8. The high
voltage isolation design and safety clearance consideration in the test platform follow the

design guidance specified in [71].

Gate drive circuit

Figure 5.8 The 4,500 V super-cascode power switch double pulse test setup.

The turn-off waveforms of Prototype I are shown in Figure 5.9. Figure 5.9 (a) shows
the SCPS drain to source voltage and load current. When the SCPS blocking voltage
increases to about 1,200 V, there are glitches on both voltage and current waveforms. This
is due to the clamping diode avalanching and J2 starting to turn off. As shown in Figure
5.9 (b), J2 starts to turn off when Vus 1 is above 1,200 V. J3 starts to turn off when Vs 2

is above 1,100 V. The avalanche diode takes several hundreds of nanoseconds to clamp
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JFET drain to source voltage close to its avalanche voltage. Without the voltage balancing
capacitors, the devices inside the SCPS suffer from high voltage stress and high thermal
stress during the turn off transient.
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Figure 5.9 Experiment turn-off waveforms of the prototype without voltage balancing
capacitors at 2,100 V dc voltage and 15 A load. (a) SCPS drain to source voltage and
drain current. (b) drain to source voltage of inner JFETSs.

The turn-off waveforms of Prototype Il are shown in Figure 5.10. In Figure 5.10 (a),
the turn-off time is reduced to 71 ns from 105 ns in Figure 5.9 (a). The glitches on the
SCPS drain to source voltage disappear. The drain current decreases smoothly, and J2
starts to turn off when Vs _J1 is around 300 V during the turn-off transient. With optimized
capacitors, the charging current of the voltage balancing capacitors decreases JFET gate to
source voltage and let the upper JFETSs turn off earlier. In Figure 5.10 (b), Vs 31 to Vs 35
increase simultaneously with no overvoltage on any JFET. J3 withstands higher voltage
than that without capacitors.
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Figure 5.10 Experiment turn-off waveforms of the prototype with optimized voltage
balancing capacitors at 2,100 V dc voltage and 15 A load. (a) SCPS drain to source
voltage and drain current. (b) drain to source voltage of inner JFETS.

The turn-on waveforms of Prototype | are shown in Figure 5.11. Figure 5.11 (a) shows
the SCPS drain to source voltage and the device drain current. The SCPS drain current
fluctuates during the turn-on process. Figure 5.11 (b) shows the drain to source voltages
of J1 to J5. As the drain current increases, Vs s1 t0 Vas g5 first increase one by one,
maintaining a constant SCPS drain to source voltage. During this process, Vs 35 increases
as Vas_s3 decreases, and stays above 1200 V until Vas_sa drops near 0 V. This asynchronized
switching leads to long turn-on time, high switching loss, and overvoltage on J5, limiting

the operation of Prototype | to 2,100 V.
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Figure 5.11 Experiment turn-on waveforms of the prototype without voltage balancing
capacitors at 2,100 V dc voltage and 15 A load. (a) SCPS drain to source voltage and
drain current. (b) drain to source voltage of inner JFETS.

The turn-on waveforms of Prototype 11 are shown in Figure 5.12, with Figure 5.12 (a)
displaying the turn-on time reduction to 60 ns from 518 ns in Figure 5.11 (a). The drain
current increases quickly and smoothly during the turn-on transient. In Figure 5.12 (b),
Vs a1 t0 Vas_ss do not block total dc voltage in turn, but decrease together. As explained in

Section 5.3, when the J5 source voltage drops, the C4 charging current increases Vgs s and
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let J5 turn on earlier. Vas_ss keeps below 1200 V during the turn-on process. With the

optimized voltage balancing capacitors, the overvoltage issue on J5 is eliminated.

1000 2500 25
800 512000 —volage 59
2. 600 21500 15 —
= = <
= 400 2 1000 0=
S 200 2 500 5 =
= - -5' -

0 Z 0 0
200 -500 -5
0 50 100 150 200 0 50 100 150 200
Time [ns] Time [ns]
(@) (b)

Figure 5.12 Experiment turn-on waveforms of the prototype with optimized voltage
balancing capacitors at 2,100 V dc voltage and 15 A load. (a) SCPS drain to source
voltage and drain current. (b) drain to source voltage of inner JFETS.

Switching time and switching loss at 2,100 V, 15 A condition are compared between
the two cases, which are concluded in Table 5.1. With optimized voltage balancing
capacitors, the turn-on time is reduced by 88%, and the turn-off time reduced by 32%. The

turn-on loss is reduced from 11.3 mJ to 1 mJ, and the turn-off loss is reduced from 1.9 mJ

t0 0.92 mJ.
Table 5.1 Switching Time and Loss Comparison
Turn-on Turn-on Turn-off Turn-off
. . Total loss
Time loss time loss
Without 518 ns 11.3mJ 105 ns 1.9mJ 13.2mJ
capacitors
Optimized 60 ns 1 mJ 71ns 092mJ | 1.92mJ
capacitors

In most of the applications, 40 % voltage headroom is reserved for the semiconductor

device. Due to the voltage overshoot, which may occur across the device drain and source

84



terminals under heavy load conditions, voltage headroom is especially needed for SiC and
GaN devices. In this cascode structure, the loop inductance is even higher due to the larger
switch size. For this 4,500 V rated device, 3,000 V is the recommended maximum
operation voltage. To verify the voltage stress across all JFET drain to source terminals, a
DPT test under 4,200 V condition is performed, leaving 10% headroom for the device
rating. The test results are shown below.

As shown in Figure 5.13 and Figure 5.14, under 4,200 V / 15 A switching, the turn-on
time is 64 ns, and turn-off time 84 ns. The drain to source voltage of all JFETs are below
1200 V during switching transients. With proper selection of the voltage balancing
capacitor selection, the overvoltage issue of the internal JFETs during switching transients

is eliminated.
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Figure 5.13 Experiment turn-on waveforms of the prototype with optimized voltage
balancing capacitors at 4,200 V dc voltage and 15 A load. (a) super-cascode power
switch drain to source voltage and current. (b) drain to source voltage of inner JFETS.
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Figure 5.14 Experiment turn-off waveforms of the prototype with optimized voltage
balancing capacitors at 4,200 V dc voltage and 15 A load. (a) super-cascode power
switch drain to source voltage and current. (b) drain to source voltage of inner JFETS.

5.6. Summary

In this chapter, the feasibility to reduce the medium voltage SiC power switch is
investigated. The super-cascode structure are reviewed as an alternative solution for
medium voltage device with low voltage rating devices. The function of the voltage
balancing circuit of high voltage SCPS is thoroughly reviewed. A circuit modeling method
is proposed to study the optimization of the voltage distribution among series-connected
JFETS, and to avoid overvoltage on the top JFET. Based on the optimization results, a SiC
JFET based 4,500 V super-cascode power switch is built. Experimental results verify the
analysis. The overvoltage on the top JFET is also eliminated. The turn-on loss is reduced
to 8.85%, and the turn-off loss drops to 48.4%. With simple gate drive circuit design, the

SCPS prototype achieves high speed switching under 4,200 V dc bus voltage.
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Chapter 6.  Conclusions and Future Work

6.1. Conclusions

This dissertation studies medium voltage SiC device reliability, packaging, and circuit
realization, aiming to achieve high power density and high reliability power module design.

This work first reviewed the short circuit capability and the degradation under short
circuit events of the medium voltage SIC MOSFETSs. Based on the device short circuit
characteristics, a three-step short circuit protection method with ultra-fast detection and
protection circuit is analyzed and verified. The voltage dip on the phase-leg voltage is a
clear and quick fault indicator during short circuit events. The detection circuit and the
gate voltage clamping circuit together are used to limit the 3300 V SiC MOSFET short
circuit energy and protect the devices through short circuit events. Experimental results
verify that the short circuit condition can be detected within 100 ns. As soon as the short
circuit fault is detected, the device gate voltage is successfully clamped to 14 V. After 2.2
us the desaturation circuit confirms the fault condition and then soft turns off the device.
The detection and protection circuit have good noise immunity, and are not mis-triggered
under heavy load operations. The proposed protection method successfully extends the
short circuit capability of 3,300 V SiC MOSFET without sacrificing the efficiency of the
circuit during normal operation. The test results show that it is an effective and reliable
way to protect the medium voltage SiC MOSFETS.

The exploration on the medium voltage SiC MOSFET packaging follows. To further
increase the power density, the medium voltage SiC device packaging becomes a multi-

disciplinary subject involving electrical, thermal, and mechanical design. Multi-functional
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package components are desired to deal with more than one concerns in the application.
The relationship between electrical, thermal, and mechanical properties needs to be
understood and carefully designed to achieve a fully integrated high-performance power
module. To maximize the advantages of the SiC MOSFET, high voltage blocking
capability and high switching speed, the DBC design and overall power module structure
are reconsidered. Vertical power loop and the possibility and advantages of ceramic
material utilization as the baseplate material in the medium voltage SiC device package are
discussed. The adoption of ceramic baseplate is assessed in the aspects of the insulation
design, the thermal design, the power loop layout, the electromagnetic interference
considerations, respectively. Mathematical models, simulations, and experimental results
are presented to verify the analysis.

As the integrated baseplate, AIN and BeO can provide equivalent or better thermal
performance than the widely used aluminum alloy. At the same time, ceramic baseplate
can provide electrical insulation, making the DBC layout to be flexible. The impact of DBC
thickness and baseplate fin type are discussed with simulation results. For this specific
case, 1 mm AIN DBC gives the best cooling performance. To achieve low weight high
power density power module design, direct liquid cooling is also integrated. The liquid
cooling housing material selection is also discussed.

Two case studies for the 1,200 V DBC layout and 3,300 V DBC layout are conducted.
In the 1,200 V prototype, the vertical loop structure realizes 1.1 nH power loop inductance.
Experimental results show 4.3% voltage overshoot during the 700 V 25 A turn-off

transient. Simulation results show that the utilization of the ceramic baseplate reduces the
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maximum electric field strength, simplifies the power module internal isolation design, and
mitigates the CM leakage current. This proposed power module structure is a simple and
beneficial package method for medium voltage SiC MOSFETS.

The effort to reduce the cost of the medium voltage and even high voltage SiC device
are made by investigating the circuit design with series-connected low voltage rating
devices. The super-cascode structure features simple gate drive design by eliminating the
isolation design in the gate drive circuit of the series connected devices. The super-cascode
structure can benefit the medium voltage device area in two perspectives. First, medium
voltage devices can be fabricated with low voltage rating devices, which will reduce the
device cost and get more semiconductor manufactures involved in the medium voltage
market. Secondly, higher voltage SiC devices can be built with lower cost, and the potential
application areas of the medium voltage devices are widened. In this work, the function of
the voltage balancing circuit of high voltage SCPS is thoroughly reviewed. A circuit
modeling method is proposed to study the optimization of the voltage distribution among
series-connected JFETs, and to avoid overvoltage on the top JFET. Based on the
optimization results, a SiC JFET based 4,500 V super-cascode power switch is built.
Experimental results verify the analysis. The overvoltage on the top JFET is also
eliminated. The turn-on loss is reduced to 8.85%, and the turn-off loss drops to 48.4%.
6.1. Recommendations for Future Work

The SiC devices are attractive to the growing medium voltage market with its high
blocking voltage, the high operation temperature, and high switching speed. There are still

challenges in the development and wide adoption of medium voltage SiC devices. In the
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harsh operation environment, effective protection strategy for the medium voltage SiC
devices is necessary. The package for high voltage high temperature and high speed
operation needs to be further investigated to highlight the superior performance of the SiC
devices. Also, the cost for the medium voltage device needs to be more competitive in the
medium voltage market. Reliable high efficiency high power density economic power
electronic converter designs will help accelerate the transition of the current power system
to a smart and green configuration.

The three major barriers have been attacked and solutions have been proposed and
experimentally verified. About the medium voltage protection, a reliable ultra-fast
protection strategy is proposed and verified. In the field applications, the status monitoring
and life-span indication of the medium voltage devices will be helpful in the equipment
status reporting and maintenance. To power up the control structure of the medium voltage
devices, laser or optical power supply could be further investigated thanks to its good
insulation capability, portability, and easiness to work with the electrical circuits.

About the medium voltage package, the vertical loop design and power module
structure with ceramic baseplates are proposed and discussed. Light weight high power
density design will be a challenging topic for a long period. Researchers need to continue
the exploration of new materials and new structures, which could provide multiple
conventional functions.

With the research progress on semiconductor device, packaging technology, system
integration technology, dc link capacitor technology, and reliability test standards. Mediu

voltage SiC devices will be finally accepted and widely adopted. Their inherently high
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efficiency and low volume/weight feature will let them replace the Si MOSFET and Si

IGBT based solutions in near future.
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