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Executive Summary

The goal of this project is to develop packaging technologies for making high-temperature, high-
density, and low-profile wide-bandgap (WBG) power electronics modules for electric drives. These
modules are aimed at enabling the DOE’s University Consortium to reach its 2025 inverter targets
of > 100 kW/L and < 2.7 $/kW. The specific objectives are to: design and fabricate SiC half-bridge
power modules with double-sided cooling and parasitic inductances < 5 nH, heat flux density > 400
W/cm?, and working junction temperature of 200°C; design, fabricate, and deliver a gate driver with
double-sided cooled modules for the construction of a 100 kW/L inverter at Oak Ridge National Lab;
and design and prototype intelligent gate drivers with integrated current sensor and a low-profile DC-
DC power supply with air-core transformer for testing power modules at 200°C junction temperature.

We followed an iterative technical approach of design, simulation, fabrication, and testing of various
versions of modules, current sensors, and power supply. The state-of-the-art silicon carbide devices
rated at 1.2 kV and 149 A were packaged by sintered-silver bonding on an aluminum nitride direct-
bond-copper substrate for high thermal conductivity, high working temperature, and high joint
reliability. Porous silver posts were used to interconnect the device’s source pads to the other direct-
bond-copper substrate for low mechanical stresses, ease of manufacturing, and double-sided cooling.
A current sensor based on package parasitic inductance was developed to measure switching current.
A dynamic feedback scheme was developed to compensate the effect of parasitic resistance and
temperature variation. A constant-current class-E dc-dc converter with air-core transformer was
developed. Air-core transformer was used due to the unavailability of magnetic core at high
temperatures. Gate driver and power supply were integrated with the double-side cooled, high
temperature SiC power modules for testing the modules at 200°C junction temperature. Double-pulse
and continuous testing of the integrated technologies validated the design and fabrication of the three
component technologies. Throughout the project, we overcame the challenge for design verification
caused by low prototyping yield, which then helped train the graduate students, the future workforce,
to learn the engineering know-how for low-cost manufacturing of reliable products. Below is a
summary of the major accomplishments of this project:

e development of a prototyping process for fabricating double-side cooled (1200 V, 149 A) SiC
phase-leg modules capable of working to 200°C Tj;

e simulation and experimental verification of the improvement of thermo-mechanical reliability
of the double-side cooled SiC phase-leg module by using rigid encapsulant;

e design and experimental validation of a current sensor based on package parasitic inductance
and a compensation solution for eliminating the effect of parasitic resistance;

e design and experimental validation of a low-profile power supply with six-output air-core
transformer for gate driver;

e functional demonstration of a SiC phase-leg module integrated with its gate driver, current
sensor, and an air-core power supply at 200°C Tjin a double-pulse switching test setup and Buck
converter continuous test setup;

e successful completion of six PhD and two MS students who are or will work at Apple Inc., Tesla
Inc., Wolfspeed Inc., Microchip Inc., Monolithic Power Systems Inc., and LG Magna Inc.




L ACTIVITIES AND ACCOMPLISHMENTS
1. Goal, Objectives, and Challenges

The goal of this project is to research, develop, and evaluate the integration and packaging
technologies for making high-temperature, high-density, and low-profile wide-bandgap (WBGQG)
power electronics modules. These modules are aimed at enabling the DOE VTO Electrification
Technologies’ University Consortium to reach its 2025 targets (listed below) for the cost, power
density, and system peak power rating of automotive electric drive systems.

Table I. Power Electronics Requirements

Parameters Measure
Cost ($/kW) <27
Power Density (kW/L) > 100
System Peak Power Rating (kW) 100

The overall objectives of this project are to:
e develop a low-cost sintered-silver interconnect technology for packaging power modules
and gate drivers capable of working at 200 °C junction temperature;

e develop designs and fabrication processes of 3D, planar power modules with parasitic
inductances < 5 nH, heat flux density > 400 W/cm?, and working junction temperature of
200 °C; and

e design and prototype intelligent gate drivers with integrated current sensor and protection
for the modules.

A schematic of the hardware to be developed in this project is shown in Fig. 1. Phase-leg modules
capable of working at 200 °C (Tj) are designed and fabricated. Six of the phase-leg modules are
assembled with a bus bar, gate-driver board, and a liquid-cooling manifold for double-sided cooling.
The gate driver boards have integrated current sensors, a class-E power supply, and other components
that can work at 70 °C ambient.
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Fig. 1: Schematic of the hardware to be developed in this project.

We followed an iterative approach for the design, simulation, fabrication, and testing of various
versions of modules, current sensors, and power supplies. This approach helped mitigate the
challenges faced during design verification due to low prototyping yield. Additionally, continuous
efforts to improve prototyping yield provided graduate students with valuable experience in
debugging various engineering problems and learning essential skills for low-cost manufacturing of
reliable products.




2. Project Activities and Accomplishments:
2.1.Prototyping of SiC Phase-Leg Modules for 100 kW/L Traction Inverter

2.1.1 Fabrication Approach and Delivery

The objective of this task is to package the 1.2kV, 149A 3rd Gen Cree SiC MOSFET devices in
double-side cooled phase-leg modules for ORNL’s 100 kW/L traction inverter. The fabrication
approach involved silver sintering for die attachment and porous silver inter-posts for source-pad
connection. Improvements on the fabrication process were developed to realize high yield and high
precision. DBC substrates were first singulated from a large mastercard by dicing and then etching.
An aluminum fixture was designed and machined to fix the power tabs and gate-driver pins during
soldering on the module’s DBC substrates. These process improvements increased the fabrication
yield to more than 90%, and as a result, six additional power modules, shown in Fig. 2, were
successfully fabricated for the project. Each of the modules was tested on a curve tracer, verifying
that each could block 1.2 kV and had an on-resistance less than 17 mQ, which is within the range
specified in the device datasheet.
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Fig. 2. Six additional double-side cooled SiC phase-leg modules for ORNL’s 100 kW/L traction
inverter.

V7 DPM-C3-1200-010

After module fabrication, all six were soldered on the motherboard of the gate-driver circuit. See
Fig. 3. Then, the assembly was screwed to a 3D-printed mockup busbar for delivery to ORNL team.

Fig. 3. Gate-driver motherboard with the six SiC phase-leg modules soldered on




Five additional phase-leg modules were fabricated to serve as redundant units to the original six
modules delivered for the traction inverter. These backup modules were identical to the prior six,
using the same sintered silver die attachment, porous silver interposers, and soldering fixtures during
fabrication. These were also tested on a curve tracer to ensure the ability to block up to 1.2 kV and
an on-resistance of under 17 mQ.

These initial modules were fabricated using Sn 10/Pb 88/Ag 2 solder paste to bond the gate-driver
pins and power tabs to the DBC substrates. This solder was chosen for its high melting point, ~300°C,
to prevent undesired reflow during subsequent high-temperature processing steps. However, testing
and observation showed that bonds within the modules formed with this solder contain significant
voids, which could lead to higher electrical resistance and reduced mechanical strength in the bonds.
Therefore, two alternative solder pastes, Sn 96.3/ Ag 3.7 and Sn 63/ Pb 37, were tested as candidates
to replace the Sn 10/Pb 88/Ag 2. The reflow temperatures of these alternatives is lower than
subsequent processing temperatures in module fabrication; therefore, a method of “pre-
encapsulation” of the soldered bonds was tested. LORD ME-531 (the same epoxy used to
encapsulate the module interior) was used to seal in the solder and hold the components in place
during final sintering.

To compare the relative quality of the bonds formed by each solder, two additional phase- leg
modules were fabricated, one for testing Sn 96.3/ Ag 3.7 solder and one for Sn 62/ Pb 27 solder.
These, along with several test samples and an existing backup module using the Sn 10/ Pb88/ Ag 2
solder, were inspected with transmission X-ray imaging. The images of the power tab bonds,
showing in Fig. 4, demonstrate moderate voiding in the Sn 10/ Pb88/ Ag2 bonds, substantial voiding
and beading in the Sn 96.3/ Ag 3.7 bonds, and good coverage with low voiding in the Sn 63/ Pb 27
bonds.

(a) (b) (c)
Fig. 4. Transmission X-ray images of test bonds using (a) Sn 10/Pb 88/ Ag2 (b) Sn 96.3/ Ag 3.7
and (c) Sn 63/ Pb 37. Lighter regions represent bonded areas, while darker regions represent
voids or unbonded areas.

For the gold-plated gate driver pins, X-ray transmission revealed poor-quality bonds on test
samples using any of the three solder pastes being evaluated (Sn 10/Pb 88/ Ag2, Sn 63/ Pb 37, and
Sn 96.3/ Ag 3.7). Therefore, tests were conducted to determine the practicality of bonding the pins
with nano-silver sinter paste. It was found that if the pins were sintered at 250° C under ~33 MPa of
pressure, the resulting bond was electrically sound and provided decent mechanical strength;
however, they were relatively brittle compared to the expected strength of solder bonds. To prevent
breakage during the fabrication steps following the pin attach, the bonds were reinforced with beads
of ME-531 underfill epoxy immediately after sintering, shown in Fig. 5.




Fig. 5. Pins bonded to a module substrate with nano-silver sinter
paste and reinforced with underfill epoxy.

To ensure reliable and even sintering pressure on the pins for module fabrication, a two-part
aluminum alignment fixture was designed. Trenches in the fixture hold the pins perpendicular to the
front edges of the two substrates, while a recessed block rests on the inner ends of the pins, slotting
into the fixture to provide even mechanical contact on all ten pins at once. During sintering, force is
applied to the center of the block from above, which is transferred equally across each pin bond; see
Fig. 6.

(b)
Fig. 6. (a) CAD illustration of pin attach fixture showing pressure block placement; and (b)
Aluminum pin attach fixture.

The initial set of phase-leg modules for this project were fabricated on direct-bonded copper
(DBC) substrates with either AI,O3 or AIN ceramic cores. Later, new active metal brazed (AMB)
substrates with Si3N4 cores were obtained for evaluation, including a set pre-patterned for a module
layout identical to those previously delivered to ORNL. A full set of six new modules built with these
substrates were fabricated for testing in ORNL’s segmented traction inverter, shown in Fig. 7(a).
Because the SizN4 layer of the AMB substrates is half the thickness of the ceramic in the DBC
substrates, spacers cut from sheet silver were sintered between the porous silver inter-posts and the
pads on the corresponding substrate, such that the new modules would retain the same overall
thickness as the previous iterations. An example is shown in Fig. 7(b).

(a) (b)
Fig. 7. (a) The completed set of SizN4 phase-leg modules; and (b) An AMB substrate with the 1.2
kV SiC MOSFET and sheet silver spacer sintered in place.




2.1.2  Improving Module Reliability by Using Rigid Encapsulant (Simulation and Experiment)

Parametric simulations were conducted to evaluate the accumulated irreversible deformation of
sintered silver bonds, in the form of plastic strain per cycle of the three bonds in modules with a
generic DSC module layout, described in Fig. 8. The simulation was done under JESD22-A104-B
temperature cycling conditions.

[ DBC |
L
. Sintered-Ag Sintered-Ag
SiC MOSFET Post/Spacer Bond
Die
1 |
[ DBC ]

Fig. 8. Cross-sectional schematic of module Layout 2.5.

Fig. 9 is a summary of the finite element analysis (FEA) simulations showcasing the plastic strain
per cycle for each bonded interface pair inside the module with different ranges of encapsulant
properties. The results suggest that for the chip bond, shown in Fig. 9(a), increasing the encapsulant’s
modulus reduces the plastic strain per cycle, but increasing its CTE increases the strain. Fig. 9 (b)
and Fig. 9(c) are the plots for the spacer-chip and spacer-substrate bond, respectively. For both
interfaces, the strain can be minimized by using an encapsulant with a CTE of around 20 ppm/°C,
and at this value, the higher its modulus, the lower the bond’s plastic strain. It was found that an
encapsulant with its CTE closely matched to the CTE of the metallic spacer or silver bond reduced
the accumulated plastic strain at the interface.

Plastic Plastic Plastic
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Fig. 9. Plot of the simulated plastic strain at the sintered-silver (a) chip bond, (b) spacer-chip bond,
(c) spacer-substrate bond per temperature cycle versus the encapsulants’ elastic modulus and
coefficient of thermal expansion.

Fig. 10 is a summary of the finite element analysis (FEA) simulations showcasing the SED per
cycle for each bonded interface pair with three different commercial encapsulants. These results
suggest that encapsulating the module with either of the two rigid encapsulants, ME-531 and EP-
2000, can reduce the accumulated deformation inside the bonds, with EP-2000 producing the lowest
deformation inside the bonded interfaces in the EDT module.
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Fig. 10. Plots of the simulated maximum von-misses stresses at the three bonded interfaces in
Module Layout 2.5 encapsulated in each of the three polymeric materials.

Following the simulations, a set of simplified DSC modules were fabricated for thermo-
mechanical reliability testing. The procedure consisted of three main fabrication steps: chip and
spacer-to-substrate silver-sintering, spacer-to-chip silver-sintering (half-piece stacking), and a final
power module encapsulation step, as shown in Fig. 11. To ensure the consistency of samples, fixtures
and alignment tools were designed and fabricated. The reliability modules were encapsulated with
either two different commercially available rigid encapsulants or one soft silicone gel encapsulant,
and the packaging lifetime of all three groups were tested and compared via experimental JESD22-
A104-B temperature cycling conditions.

Step 1: Chip & Spacer- Step 2: Spacer-to-chip

. " . Step 3: Power Module
to-substrate silver- silver-sintering (half- P

sintering piece stacking)

Encapsulation

'——* Alumina

N _
-Bond
o /\u

L ] Experlmental DSC Package Layout
Module Half-Piece

Fig. 11. Schematic of module fabrication procedure for temperature cycling reliability testing

Copper Post

Ten modules were made for each encapsulant. All modules were temperature-cycled between -
40°C and 125°C and tested periodically for elevated on-resistances of the connected diodes on a
curve tracer. In agreement with the simulations, experimental results indicated that the set of modules
encapsulated in EP-2000, the most rigid encapsulant, survived an average of 240 cycles, compared
to 150 cycles for ME-531 and 50 cycles for the silicone gel.

2.1.3  Fabrication and Testing of 200°C-T; Phase-Leg Modules

As required for Milestone M2.5, a 1.2 kV double-side cooled phase-leg module was fabricated
using a high-temperature encapsulant, EP-2000 from Lord, capable of supporting 200°C junction
temperature. Except the encapsulant, the module, as seen in Fig. 12, has the same layout and was
processed in the same way as the modules fabricated for the 100 kW/L inverter.
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Fig. 12. EP-2000 encapsulated double-side cooled SiC phase-leg module
capable of operating at 200°C junction temperature

Based on the thermo-mechanical simulations reported previously, the 200°C-module is expected
to be more thermomechanically reliable than those which were encapsulated in ME-531, especially
at junction temperatures above 175°C. The bond deformation in the EP-2000 encapsulated module
is estimated to be about 20% less than for ME-531.

The high-temperature module was tested for electrical performance at elevated temperatures with
a test setup as shown in Fig. 13(a) and Fig. 13(b). The module under test was clamped between two
copper plates. A resistive heater was inserted in the stack to heat one side of the module, the side that
has a thermistor to monitor the module temperature. Only the lower device in the phase-leg, i.e., the
one bonded to the same substrate as the thermistor, was tested.

Thermocouple  Thermistor

TIM [y . T,)
3\ T \ ( s

G :l'l
=
i t Y ]
/ \ A

/ L Lower MOSFET
Rubber Upper MOSFET Screws

(a) (b)
Fig. 13. (a) Schematic and (b) photo of the experimental setup for electrical testing of high-
temperature power module at elevated junction temperatures.

Because the test was performed on a curve tracer, minimal self-heating was assumed, and the
device junction temperature was assumed to be the same as the thermistor temperature. The on-
resistance and leakage current of the MOSFET were measured at 25°C, 75°C, 150°C, and 200°C.
The test data are shown in Fig. 14 (a) and Fig. 14. (b). Both the on-resistance and leakage current
increased with junction temperature, which are expected from device physics.

T Vesz 15V | 31.67  Vgs=-33V |
: 71 Vps=1200V !

On-Resistance [mQ]
\ .
\ ©
8\
Leakage Current [uA]

ﬂ : Tempe:rc:ture [OC]:50 . Temperature [°C]
(a) (b)
Fig. 14. (a) Measured on-resistance and (b) leakage current of the lower MOSFET in the phase-leg

module versus the junction temperature.
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2.2.Development of Current Sensor Based on Parasitic Inductance

High-bandwidth and high-accuracy sampling of device current is critical to the high-performance
converter, especially considering the high switching speed of wide-band-gap (WBG) devices. The
information of device current can be used for device characterization, short-circuit protection, and
load current reconstruction. The conventional shunt resistor produces extra loss, takes extra space
and increases the commutation loop inductance. Alternative current sensors like Rogowski coils and
current transducers have been proposed but much extra space is required. Also, the parasitic
capacitance of coil is the primary reason for the limited bandwidth of these two current sensors.

The parasitic in the power loop of converter is a potential tool to provide the current information
of power device with a high bandwidth, high density and low cost. Parasitic resistance and inductance
are inherent in all conductive components, including spacers, printed circuit board (PCB) traces, and
bonding wires within power devices. No more external current sensor needs to be placed in the
original power loops, which saves much cost and space, and the original power stage design is not
interfered by the application of current sensor.

Parasitic resistance in the bonding wire of power modules has been used for current reconstruction,
with the influence of parasitic inductance mitigated through RC low-pass filters. However, sensitivity
to temperature and frequency make the gain of these sensors unfixed over a wide operational range.

Contrastingly, parasitic inductance remains insensitive to temperature and frequency variations,
offering a stable gain for current sensors. An RC low-pass filter can capture high-frequency
components of device current when applied to the induced voltage across the parasitic inductance,
yet it fails to reconstruct low-frequency components, so this configuration is only used for short-
circuit protection. Even if the active integrators are employed, distortion persists in the low-
frequency component due to parasitic resistance, leaving a gap in the full picture of device current.
To eliminate the influence of the parasitic resistance, some circuits with extra components have been
proposed. However, the value of the parasitic resistance is difficult to obtain and is sensitive to
temperature, so the method proposed is not robust enough and the performance is still not satisfactory.
Therefore, two challenges must be solved in the utilization of the parasitic inductance for current
sensing. The first challenge is to propose an integrator circuit with the controllable compensation for
the parasitic resistance. The second challenge is to deal with the influence of the temperature on the
parasitic resistance and its compensation, guaranteeing the correct compensation for any cases and
operation conditions.

To address the first challenge, this project presents a novel integrator circuit featuring
programmable compensation for parasitic resistance. This programmable compensation effectively
eliminates the influence of parasitic resistance across the entire frequency spectrum. Regarding the
second challenge of variable resistance, a closed-loop adaptive algorithm that regulates the
compensation for parasitic resistance is proposed, accommodating variations in resistance over time.
This adaptive compensation eliminates the need to measure the value of parasitic resistance and
ensures accurate compensation under varying temperatures, enhancing the robustness of the current
Sensor.

With our proposed circuit and algorithm, the current sensor developed in this study stands as the
first reported sensor capable of real-time, high-accuracy, and high-bandwidth device current
reconstruction based on parasitic, while also equipped with robustness to the variable temperature.

2.2.1 Working Principle

The fundamental operation of the current sensor, relying on the parasitic inductance denoted as L,
is illustrated in Fig. 15(a). In this configuration, the voltage induced across the parasitic inductance
in series with device is integrated. The outcome of the integrator reflects the device current, as
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depicted in Fig. 15(b). This relationship is mathematically expressed in equation (1),

1,1 . L
Vi=re M T Roe (1)
where Vi is the voltage across the parasitic inductance, R; and C; are the resistance and capacitance

of the integrator, Vo is the sensor output. According to (1), the gain of the proposed sensor G is
shown in (2).

Vouw= sR,C,

L
~RC, ()
However, the presence of parasitic resistance R in the utilized trace introduces another proportional
part in the induced voltage V; across the trace, as shown in Fig. 15(c). The impact of this parasitic

resistance is illustrated in (3), representing the transfer function of the proposed sensor while
accounting for parasitic resistance.

G

V., _ i(R+sL L R \.
Vou = SR.C, ~ (sR,-CZ- : :(RiCi + sRZC)Z 3)

(3) reveals that the parasitic resistance causes a zero in the voltage across the trace and thus adds
one integral part to the sensor output compared to the ideal case in Fig. 15(a). As a result, a deviation
is noticeable following the rising edge of the device current, as demonstrated in Fig. 15(d). (3) shows
that the parasitic resistance causes a zero in the sensor output, therefore, a first-order circuit with one
pole should be adopted to cancel the effect the influence of parasitic resistance. An integrator circuit
with compensation for parasitic resistance is proposed as shown in Fig. 16(a), where a resistor R; is
added to cancel the influence of parasitic resistance R. The transfer gain of the sensor with
compensation is derived as (4). If the value of R; is selected as (5), (4) can be equivalized into (1),
where the influence of the parasitic resistance is eliminated, and the sensor works as an ideal
proportional amplifier. The bode plot of the current sensor with the proposed integrator circuit with

compensation for parasitic resistance is shown in Fig. 17, where the gain is constant within the full
frequency range.
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Fig. 15 The working principle of proposed current sensor (a) Circuit only considering parasitic
inductance (b) Waveforms only considering parasitic inductance (c) Circuit considering
parasitic resistance (d) Waveforms considering parasitic resistance
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(a) (b)
Fig. 16 The proposed integrator circuit with the compensation for parasitic resistance (a) With
fixed compensation (b) With programmable compensation
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Fig. 17 The bode plot of the proposed current sensor (a) Gain from device current to induced
voltage. (b) Gain of the integrator circuit. (¢) Gain from device current to sensor output

Although the influence of parasitic resistance can be canceled with the proposed circuit in Fig.
16(a), a variable and programmable R1 is preferred considering the variation of parasitic resistance
due to temperature change, thus the circuit in Fig. 16(b) is proposed to provide a programmable
compensation. In Fig. 16(b), a coefficient k is generated by a Field Programmable Gate Array
(FPGA) and Digital-to-Analog converter (DAC), which can work together with the compensation

resistor R2 to adjust the compensation. With R2 and k, (4) and (5) can be rewritten as (6) and (7),
respectively.

V..  sL+R
i RO+ (6)
T k2 RQ
R L
k= R, (7

2.2.2 Adaptive Compensation for Parasitic Rresistance

In practical applications, obtaining the precise value of parasitic resistance can be challenging, and
its sensitivity to temperature further complicates matters. Therefore, it is necessary to evaluate the
influence of incorrect compensation for parasitic resistance and to develop a close-loop adaptive
method for adjusting the compensation considering these uncertainties.

Assuming an error AR exists between the estimated parasitic resistance R. used for the
compensation and the real parasitic resistance R, as shown in (8).

AR=R—R, (8)
With the existence of AR, the transfer function of the sensor can be derived as shown in (9).
Vour L AR
i  RC, <H 8L+Rg> ©)

Thus, the error between the sensor output and the real device current can be expressed as (10).
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AR

lemor = (T4 R 1 (10)

In most pulse width modulation (PWM) converters, the device current is in the form of continuous
pulses, where the device is turned on at the time of ton, and turned off at the time of tofr. In the
frequency domain, the pulse current can be expressed as (11).

. I, _
i= g(e St — @ r), (11)

where I is the steady-state current. According to (8) and (10), the sensor output with the error AR can
be derived, as shown in (12). The first part of (12) is the correct output of the sensor and the second
part of (12) is the error caused by AR.

AR

G : I =8ty = Stor ﬂ = Ston __ = Stoss
Vaut:T(e —€ )+ s (e € 5L+Re (12)
Converting (12) to the time domain, the sensor output can be depicted as (13).
Vuut:GI[ (titun)i (tito )}

+ V011t7crror1 + letﬁorror? + I/onticrrorf}

where u(t) is the step function of unity magnitude. (13) can be broken into four parts. The first
part is the correct response of the sensor, as shown in (14). The other three parts listed in (15)-(17)
are the errors caused by the error of parasitic resistance AR. (15) is the error induced by the rising
edge of device current, which is in the exponential form. (16) is the steady-state error, which is
proportional to AR. (17) is the error corresponding to the falling edge of current.

Vour =G - I - [u(t —t,,) —u(t —t,)] (14)
Vit eonort = %e’%w“’u(t —t,) (15)
Vi crs = S [t = ) =t — 1) (16)
Vi conors = %e’%“"%(t o) (17)

Under-Compensation Correct Compensation Over-Compensation
e Sensor output s Device current Device current
‘ Device current ‘ Sensor output
0 b e s 0 e
ton togt ton 2%
IAR Sensor Error >0 Sensor Error =0 Sensor Error < 0
e m
0 0 0
“IAR| N\ /
R.
ton 23 ton 2

Fig. 18 The sensor output and output error with different polarities of AR.

According to (15)-(17), it can be observed that the sensor output error is positively related to the
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error AR and polarity of sensor output error identical to the polarity of AR. Therefore, three cases are
defined according to the polarity of AR: under-compensation (AR>0), correct compensation (AR=0),
and over-compensation (AR<0), as shown in Fig. 18. To control the sensor output error to be zero,
the output error should be sampled and then the close-loop control can be implemented.

After the device is turned off, the device current is zero and the output error is identical to the
sensor output, thus the output error can be detected by sampling the sensor output. A closed-loop
algorithm is proposed in this project to achieve automatic and accurate compensation. Fig. 19
provides a detailed illustration of the proposed adaptive compensation algorithm. Fig. 19(a) shows
the diagram of the sensor circuit and Fig. 19(b) shows the timing diagram of the proposed close-loop
compensation algorithm. The compensation coefficient, denoted as k, is dynamically adjusted by
monitoring the polarity of the sensor output after the device is turned off. A comparator is employed
to identify the polarity of the sensor output, with a FPGA responsible for modifying the compensation
by altering the coefficient k. Specifically, when the comparator output Ocomp 1S positive, indicating a
case of under-compensation (AR is positive), the coefficient k is increased. Conversely, when Ocomp
is negative, signifying over-compensation (AR is negative), the coefficient k is decreased. To
eliminate the accumulated error of the op-amp caused by the bias current and offset voltage, the
integrator should be reset some time after the device is turned off.

s [ [ [
n n ]

0

Device encrent

Sensor output |\ p— |
Q
Comparator output
O Jp Ocomy |0m»

oy 0 A A

(a) (b)
Fig. 19 The circuit and algorithm of current sensor with adaptive compensation for parasitic
resistance. (a) Circuit of the sensor with adaptive compensation (b) The timing diagram of
the adaptive compensation algorithm.

A current sensor based on the proposed circuit and algorithm is designed. A simulation using a
Buck converter is performed to validate both the proposed circuit and algorithm. For current
reconstruction, a stray inductance of 0.9 nH is incorporated in series with the lower switch S2, as
depicted in Fig. 20. The real parasitic resistance is 0.45 mQ and the corresponding coefficienct k
should be 1. The dynamic process of automatic compensation adjustment is illustrated in Fig. 21.
Initially, the coefficient k is set to 0.7, leading to a current sensor error due to under-compensation.
At time t;, the adaptive compensation mechanism is triggered. Subsequently, the compensation
converges gradually to the correct value, ultimately eliminating the error in the sensor output.

16



l4n Fixedk=0.7 ' Adaptive compensation is triggered

~A 8 08} ~"Coefficient k
| 00.7 +
0.6}
s1 T
80~ Sensor output

w0 e T T T S2 Device current

O o SO P
2 i
R 87
Sensor 0 | I 1l
L - . 1ms i b I
ensor' output Sensor outl;ut

S2 Device current| J'S—ZTewm;r_ex;L
Fig. 21 Waveforms in the simulation: dynamic
Fig. 20 Buck converter in simulation process of adaptive compensation

adjustment.

2.2.3  Experimental Results

The hardware implementation of the proposed current sensor based on parasitic inductance is
presented in Fig. 22. It comprises two stacked boards: an FPGA controller and an integrator with
compensation. The compact and low-profile design of this sensor contributes to an increased density
in the converter system. A SiC-based Buck converter is used to verify the performance of the
proposed current sensor. The test set-up is shown in Fig. 23(a).

The parasitic inductance of the trace in the PCB busbar is used to reconstruct the current of the
lower device S2. The commercial current probe TCPO030A with a bandwidth of 120 MHz is adopted
to measure the device current and provide a reference for the results. To fit the PCB trace into the
probe TCPO030A, a separated PCB trace of busbar is placed in series with the lower device S2, as
shown in Fig. 23(b), and the parasitic inductance of the separated PCB trace is only 0.9 nH. It should
be noted that the separated PCB trace is only for the convenience of measurement, and no extra trace
is needed for the current sensing in the real applications. The parasitic inductances of the existing
components or traces are enough for the proposed current sensor.

2, diha MR
QO P imu .~

(a) (b) () (d)
Fig. 22 Designed current sensor (a) Top view of integrator board (b) Bottom view of integrator
board (c) FPGA board (d) Assembled current sensor
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(b)
Fig. 23. The test set-up with a SiC-based Buck converter. (a) SiC-based Buck converter. (b)
Separated PCB trace of dc busbar (0.9 nH) and the commercial probe TCPO030A.

Fig. 24 (a) displays waveforms obtained with adaptive closed-loop compensation. The sensor
output closely aligns with the current measurements captured by a commercial current probe
TCPO030A, with a bandwidth of 120 MHz. Additionally, Fig. 24(b) and (c) demonstrate the
capability of the proposed current sensor to accurately capture even the high-frequency oscillations
during switching transients, which indicate that the proposed sensor features an ultra-high bandwidth.

arw| w0 [ 7] [=les 1o e | v o | v % | et v | s e | | s e v v (7 O [

Device current (3A/div)
Device current (3A/div)

e G = Device current (3A/div)

?} Comparator output A M D) MWW
Hs
v » { <>

<>
1 s 1us
(a) (b) (c)
Fig. 24 The waveforms of the current sensor (a) Sensor output in one switching cycle (b) Turn-on
transient (c) Turn-off transient.

2.3.Development of Planar Gate Driver Power Supply

To better integrate the power supply with the power module and for potential high-temperature
applications in the future, two planar power supplies with PCB based air-core transformers and
inductors are designed and tested. The first power supply integrates one primary winding and six
isolated secondary windings on a single PCB with 2 W maximum power delivered to each secondary
output. During the design process, two winding structures are compared to maximize the coupling
between the primary and secondary windings; physical dimensions are swept to minimize the
coupling capacitance and winding loss. The designed power supply is verified in its performance on
efficiency, thermal, output voltage accuracy and consistency, load transient, and under different
ambient temperatures. The second power supply integrates one primary winding and two isolated
secondary windings on a single PCB with 5 W maximum power delivered to each secondary output.
Similar design process was taken to maximize the efficiency. The design was verified by integrating
the power supply with gate driver and power module, and conducting a continuous buck test with
200°C junction temperature.

2.3.1 Design and Fabrication of the Air-Core Transformer

The three-phase inverter is composed of six devices in total. This requires the power supply to
provide six isolated outputs with the same output voltage. One option is to have six power supplies
with a single output. This requires a large footprint and six times the number of components. A better
solution is to redesign the power supply to have six secondary windings and one primary winding.
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Fig. 26 shows the schematics of the proposed power supply. Regarding the structure of the primary
winding, two configurations are compared. Fig. 26 shows the lay-up of the proposed transformer
structure. Fig. 27 shows the transformer structures with different primary winding configurations.
Two transformers were designed with 300-nH mutual inductance. The split-winding structure
achieved 45% less winding loss and a 70% reduction of the voltage stress on the primary windings.
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ﬁ: . |
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LY 06
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DZK DK _

Fig. 25. Schematics of the class-e power supply with six secondary windings.

Secondary

(@) (b)

Fig. 26. Lay-up of the Fig. 27. Two primary winding configurations. (a) Single
proposed transformer primary winding with large size. (b) Three small primary
structure. windings in series. Structure (b) achieved 45% less winding
loss and a 70% reduction of the voltage stress on the primary
windings.

The transformer in Fig. 27(b) was further improved by applying two-layer windings for the
primary and secondary. The double-layer winding structure enables wider windings for the
secondary with a 10% loss reduction. A smaller transformer size can be used under the minimum
trace-width requirement from the manufacture. Transformer size was then swept to study the loss
variation. Fig. 28 shows the loss and heat flux variation with different transformer outer radius. For
each transformer size, parameters in Fig. 27 (b) were swept to get the minimum loss. The isolation
capacitance decreases by 32% from 15 mm to 12 mm with a 25% loss increase.
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Fig. 28. Loss and heat flux variation with transformer size. (a) Loss variation. (b)
heat flux variation.

Fig. 29 shows the schematics and the hardware of the six-output power supply. Both the input
inductor and 6-output transformer are designed with PCB winding and without any magnetic core.
Power resistors are used as the load.

Part Value Manufacturer
57 mm S EPC2214 EPC
e Driver UCC27611 Tex. Ins.
Cyy 470 pF+220 pF. NPO Yageo
C; 470 pF+100 pF X2, NPO Yageo
C 220 pF+100 pF, NP0 Yageo
Oscillator | SIT8918AA-32-33E-6.780000 SiTime
Shunt TL431 Tex. Ins.
regulator
LDO TPS7B8733QDDARQ1 Tex. Ins.
AND Logic | MC74VHC1GT08DBVTI1G Onsemi
transformer [Photocouplerf RV1S9160ACCSP-100V Renesas

Fig. 29. Hardware and Bill of materials of the six-output power supply.

2.3.2 Measurement and Performance

Fig. 25 shows the inductances to be measured, including the input inductance, the self-
inductances, and mutual inductances of the transformer windings. An accurate inductance
measurement will ensure proper capacitor compensation. Table II summarizes the measurement

results compared with the Q3D simulation. It can be seen that the measured inductances match very
well with the simulation.

Table II. Inductance measurement results

Parameters Description Simulated Measured Error
Lin Input inductance 162 nH 163 nH 0.6%
L, Primary self-inductance 488 nH 532 nH 9%
Ly, Secondary self- 1.2 uH 1.286 uH 7.2%
inductance
M, Primary-Secondary 273 nH 303 nH 11%
mutual inductance
M, ., Secondary-Secondary 550 nH 601 nH 11%
mutual inductance
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2.3.2.1 Performance of the Power Supply with Load Resistor

The power supply was tested with the load resistor shown in Fig. 29. Fig. 30 shows the waveforms
with output voltage regulation at 12 W. The output voltage is 20 V. The load resistance is 200 Q for
each output. On-off control is used with an upper limit of 19.6 V and a lower limit of 19 V. The
average output voltages of the six outputs are shown in Table III. From the transient waveforms in
Fig. 30 (b), the transient time for each on period is about 8 switching cycles. ZVS is observed from
the steady-state waveforms. The ac component of V, shows the ripple is as expected.

Vee(10 V/div) m

= V(3 V/div)
V(10 V/div)

VU= s R il \ast,

SNUdiv) |1

Time scale:250 ns/div

W Vsl

Time scale:50 us/div
(a) (b) (c)
Fig. 30. Testing waveforms at 12 W output power. (a) Waveforms of Vs and V. (b) Vs
waveforms during on transient. (¢) AC component of the output voltage.

Table III. Summary of the output voltages and efficiency

Vol Vo2 Vo3 Vo4 Vo5 Vo6 Pin Efficie
ncy
19.3V 196V 19.3V 196V 196V 196V 13.6 84%
W

2.3.2.2 Performance of the Power Supply at Different Ambient Temperatures

The high-temperature testing was conducted by placing the PCB in the environment
chamber by Tenney. Fig. 31 shows the testing setup in the environment chamber. The
temperature in the chamber varied from 25C to 72C. Fig. 32 shows the efficiency at different
temperatures. Fig. 33 shows the waveforms at 72C. ZVS was maintained.

0.85
0.8 .—*.\.\.
50.75
2 07
£0.65
0.6
0.55
0.5
20 40 60 8
Ambient temperature/ C
Fig. 31. Test setup in the Fig. 32. Efficiency at different ~ Fig.  33.  Zoomed
environment chamber. ambient temperatures. waveforms of V

during steady state.

2.3.2.3 Performance of the Power Supply with Gate Driver and Power Module

The testing is to justify that the power supply provides the right voltage and enough power to
drive the power module. Fig. 34 shows the test setup. The six outputs are paralleled as a single output
and connected with the power input of the gate drivers on the daughter board. The power module is
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plugged under the motherboard. The PWM signals come from the function generator. The gate output
is measured with the oscilloscope. Fig. 35 shows the measured two gate waveforms at 40 kHz
switching frequency. The gate output voltage satisfies the requirement of the power module as
+15V/-4V. The output power for the two gates is 1.6 W. Therefore, the rated 12 W output of the
power supply is enough for six gate drivers.

Daughter-_ E

Power supply Vs
with 6 outputs

Power
| Module

Fig. 34. Hardware setup for the testing with gate driver and Fig. 35. Gate waveforms of
power module. one power module at 40 kHz.

2.3.2.4 Load Transient Performance of the Power Supply

Load transient of the power supply happens when the inverter switch between standby and normal
operation modes. Therefore, the purpose of the test is to evaluate the converter’s performance under
load step-up and step-down. The test setup is shown in Fig. 36.

2 kQ 2 kQ
T T Load step-up Load step-down
e i i 330 330
Mo — Paralleled 6 outputs

Power Subp]y
(Keithley 2230-30-1)

: Precision 8500)
Fig. 36. Test setup for load transient evaluation.

As Fig. 36 shows, the load step-up/down is performed with load resistance step-down/up with the
electronic load. Fig. 37(a) shows the whole process of load step-up. Fig. 37(b) shows the zoomed-in
waveforms of the first few pulses right after the load step-up. There’s no significant output voltage
undershoot. Steady-state vas waveforms start at the 8" pulse after the load step-up.
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(a)waveforms of the whole process (b) zoomed in waveforms for the transient
Fig. 37. Testing waveforms of load step-up from 2 kQ to 33 Q.

Fig. 38(a) shows the whole process of load step-down. No significant voltage overshoot is
observed. It takes about 2.5 ms until a normal on-period. Fig. 38(b) shows the zoomed-in waveforms
of the first few pulses of this period. Steady-state v4s waveforms start at the 9" pulse after the load
step-up.

AR VAFZ R 1.7 155 BT NS

Vgs(10 V/div)

Tilngi,_;_ﬁ 0 s/

(a)waveforms of the whole process (b) zoomed in waveforms for the transient
Fig. 38. Testing waveforms of load step-down from 33 Q to 2 kQ.

2.3.3 Design and Performance of the Dual-Output Power Supply

A two-output Class-E dc-dc converter was fabricated. Fig. 39 shows the schematics and the
hardware. Both the input inductor and two-output transformer are designed with PCB winding and
without any magnetic core.

300prPx  DPx + 46 mm
510 nH ® CF
_ rl e v,
Mrge2 . C,; R, !
360 nH v, O28PF [ 1430 1 %
ds -
- Lin z G 975 nH
Vil S11p L, LF D] + 44 mm
LA EPC2214  Mrrpo a r CP
2 = v,
S10nH Co R, ?
1.43 pH X &
D 2
“Fransformer...
(a) (b)

Fig. 39. The schematics and hardware of the two-output Class-E gate power supply.
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Table IV summarizes the measurement results of the inductances compared with the Q3D
simulation. It can be seen that the measured inductances match very well with the simulation.

Table IV. Inductance measurement results.

Parameters Description Simulated Measured Error
Lin Input inductance 360 nH 335nH 7%
L, Primary self-inductance 975 nH 1060 nH 9%
Ly, Secondary self- 1.43 uH 1.47 uH 3%
inductance
M, Primary-Secondary 510 nH 500 nH 2%
mutual inductance

The power supply was first tested with the load resistors to verify its function. Fig. 40 shows the
gate and vy waveforms at full load and light load. ZVS is achieved as shown in the zoomed-in
waveforms during the ON period. Fig. 5 shows the performance of the power supply. Full power
output is provided with V;, >12 V. Constant output voltage at 19.5 V is observed for all measured Vi,

1 1
1 1 !

p /A1
10ps/div et Olts/dingy

V(20 V/div)

V(20 V/div) 1
V.(1 o T m
Vg v

)
Fig. 40 (a)Waveforms of the Vg and Vg at 10 W output power. (b) Waveforms of the Vs and
Vs at 2 W output power. (¢) zoomed-in waveforms in the white dashed box in (b).

in Fig. 41(a). A 83% efficiency is measured at 10 W. Fig. 41(c) shows the thermal performance with
natural convection. The transformer as the hottest point has a 44°C temperature rise.

1.02

1 4 495 °C ® O 11x
1 o :
8'2(2 08 :,;ao;“
;0:94 % 0.6 o] Device: 50 C
0.92 5
P 09 & 04
0.88 =02
0.86 0
0.84
0 5 0 15 20 0 5 10
Vil V Power/W 7
(a) (b) (c)

Fig. 41. (a) Power output capability vs. Vin. (b) Efficiency at different output power for 12-V Vin. (c) Thermal
performance at 10 W.
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The power supply was tested to provide power for a 1.2 kV SiC phase leg gate driver for a
continuous buck test. Fig. 42(a) shows the test setup. Fig. 42(b) shows the top and bottom device
gate waveforms. Both gates have +15.3 V and -4 V output, indicating identical output voltages
among the power supply’s two outputs. Fig. 42(c) shows the vgy, vas, and inductor current during the
continuous test. The gate output maintains steady during the power switch’s switching transient.

B e

[N}

200ps/div

Fis )

Ons/div 4

O = - o o P = <

CE V200 V) -

(b) (©

Fig. 42. (a)Test setup with the power module. (b) Gate outputs of the phase leg. (¢) vgs, Vds, and
inductor current during continuous buck test.

In summary, planar power supply with PCB-based air-core transformers has been proven to be a
viable and cost-effective solution for the integration of the power supply to the power module. The
six-output power supply was first designed and verified on its efficiency, voltage accuracy, and
ability to work under 72°C. The load transient test proved the proposed control is effective in
maintaining the gate output when the gate driver switches between normal operation and standby
mode. The dual-output planar power supply was then designed and tested with the power module to
further validate the viability of the air-core solution to be integrated with the power module. With
the air-core solution, the power supply can potentially operate nearer to power devices’ junction
when components with higher temperature rating can be selected.

2.4.Demonstration of Module/Current Sensor/Driver Power Supply Technologies

The three technologies developed in this project, i.e., the high-temperature double-side cooled
SiC module packaging, module parasitic inductance based current sensor, and Class-E air core power
supply were integrated and demonstrated. The latter two technologies were combined with a gate-
driver board for switching the SiC phase-leg module. The module was encapsulated in Parker Lord
E-2000 epoxy for supporting 200°C junction temperature of the SiC devices. A circuit diagram of
the phase-leg power stage with a busbar is shown in Fig. 43.

An assembly of the phase-leg power stage and a busbar is shown in Fig. 44. The gate driver
consists of a motherboard where the gate-driver components are mounted and two daughter boards,
one for the current sensor and the other for the power supply. Fig. 45 shows the measured gate
waveforms of the integrated power module when the top and bottom drivers’ input are
complementary PWM signals. The power supply can provide the right turn-on and turn-off voltages
for both gate drivers.

2.4.1 Double-Pulse Test

The setup of the high-temperature double pulse test (DPT) is shown in Fig. 46, where the power
device is heated using a heating resistor. The temperature is monitored with the thermistor embedded
in the power module. Fig. 47 shows the waveforms in the double-pulse test at room temperature and
200 °C. The di/dt and dv/dt are measured and listed in Table V. It can be observed that in general,
di/dt and dv/dt are higher in the high-temperature test. The high-temperature test shows that the phase
leg can work normally at the junction temperature of 200 °C.
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Fig. 43. An electrical diagram of the phase-leg module.
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\ 4

Current Sensor

Mother Board

Fig. 44. An assembly of the phase-leg power stage demonstrating the integration of all three
technologies developed in this project.

Time: 200 ys/div

Time: 200 ps/div.

(a) Gate waveforms (b) Zoomed-in waveforms
Fig. 45. Measured gate waveforms of the integrated module.
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Power device

Fig. 46. High-temperature double pulse test set-up.
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Fig. 47. Waveforms in the double pulse test

Table V. Double pulse test results.

Room 200 °C
Temperature
Turn-on dv/dt (10% to 90% Vdc) 18.8 V/ns 22.9 V/ns
di/dt (10% to 90% ldmax) 1.85 A/ns 2.38 A/ns
Turn-off dv/dt(10% to 90% Vdc) 24 V/ns 22.2 V/ns
di/dt (10% to 90% limax) 1.1 A/ns 1.8 A/ns

2.4.2 Continuous Test in a Buck Converter

We continued the technology demonstration with more tests on the integration of the three
technologies developed in this project, i.e., the high-temperature double-side cooled SiC module
packaging, module parasitic inductance-based current sensor, and Class-E air core power supply. In
the last reporting period, the fabricated module was assembled with the bus bar, gate driver, and
power supply, with a double pulse test conducted at T; = 200°C. The effort of this reporting period
is toward the continuous test of the whole assembly via a buck test.
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An assembly of the phase-leg power stage and a busbar is shown in Fig. 48. The gate driver
consists of a motherboard where the gate-driver components are mounted and two daughter boards,
one for the current sensor and the other for the power supply.

Fig. 49 shows the circuit for the continuous buck test. The input voltage was 800 V. The load
resistance at maximum load was 13 Q. The top and bottom switches were driven with two
complementary 50% duty PWM at 10 kHz. The gate resistance was 5 Q. The junction temperature
was measured with the thermistor inside the module. Forced air cooling was applied. During the test,
the load resistance was gradually reduced until the junction temperature of the module reached
200°C. The Vs of the bottom switch and the inductor current were measured to evaluate the module’s
performance.

Fig. 50 shows the V4 and inductor current waveforms at 200°C T;. With the load resistance shown
in Fig. 49 the average output current reaches 31.8 A with a 36 A peak current through the module.
The module works under the continuous current without failure.

In summary, the continuous buck test of the integrated power module verified the function of the
power supply and power module in the real converter operation. At 200°C-Tj, the integrated power
module delivered more than 12 kW to the load and 36 A peak current through the power module.

Current Sensor

Mother Board

Fig. 48. An assembly of the phase-leg power stage demonstrating the integration of all three
technologies developed in this project.
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Fig. 49. Circuit setup of the module continuous  Fig. 50. Measured continuous waveforms at
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3. Reflection

The team wishes that there was a more engaging support mechanism for accelerating the
technologies developed in our project to the market. We appreciate the opportunities for updating
our findings to the EDT team members and receiving their valuable comments. But it would be great
if in the later years, e.g., from BP 3 of the project, we were able to work closely with a technology-
to-market (T2M) industry advisory board comprising a few of the industry members. The board and
our team could have met, at a minimum, once per quarter, to explore marketing strategies for the
technologies. With the board's help, our team could have built solid contacts with companies that
may benefit from our technologies. In return, our team could have learned the limitations of the
technologies and their qualification process. A portion of the budget could have been devoted to
support the T2M activities. And the team would report on its T2M activities in the quarterly report
along with the technical findings. Numerous promising technologies have been tucked away in
laboratories because they do not seem to directly meet industry demands. A more proactive T2M
support entity within a project would help steer the research endeavors towards addressing more
industry-centric challenges.
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