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Development, Integration, and Flight Testing of a
Silicon Carbide Propulsion Drive for a Hybrid
Electric Aerospace Application
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Abstract—This article details the design, development, and suc-
cessful flight testing of an 800 V, 250 kW silicon carbide (SiC)
inverter built for a hybrid-electric aircraft propulsion system. Using
custom 1200 V SiC modules with pin-fin baseplates and integrated
CMOS gate drivers, the inverter achieves high performance and
reliability, while a direct cooling approach yields a high power
density of approximately 60 kW/L and 30 kW/kg. Addressing key
challenges in aerospace electrification, such as thermal manage-
ment and system reliability in flight environments, the inverter
underwent simulations, hardware-in-the-loop testing, and real-
world validation. This work culminated in a flight demonstration
of an experimental hybrid electric aircraft. This first university-
developed SiC propulsion flight, recognized with an R&D 100
award, underscores the role of SiC technology in the advancement
of hybrid-electric aviation efficiency and sustainability.

Index Terms—Controller hardware-in-the-loop (cHIL) testing,
electric aircraft, embedded systems, flight qualification, reliability,
silicon carbide (SiC) inverter.

1. INTRODUCTION

HE global transportation sector is undergoing a transfor-

mative shift toward electrification, driven by the urgent
need to reduce greenhouse gas emissions and reliance on fossil
fuels. While electric vehicles (EVs) have gained significant
traction in the automotive industry, there is growing interest in
extending electrification to aerospace applications [1], [2]. The
aviation industry is a major contributor to carbon emissions,
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accounting for approximately 2% —3% of global CO, emis-
sions, with projections indicating a continued rise in air travel
demand [3], [4], [5]. Consequently, there has been an increasing
focus on the development of more efficient and environmentally
sustainable propulsion systems for aircraft [6].

Recent research efforts in transportation electrification have
emphasized improving the efficiency, power density, and re-
liability of electric propulsion systems for aviation applica-
tions [7]. The primary goal is to minimize fuel consumption and
environmental impact, while maintaining or enhancing flight
performance. High power density and system miniaturization
are particularly critical in aerospace applications, where weight
and space constraints directly affect payload capacity and op-
erational range. Advancements in power electronics, electric
machines, and energy storage technologies have accelerated the
feasibility of electric and hybrid-electric aircraft [8], [9], [10].

Although full electrification of aircraft remains an objective,
hybrid-electric propulsion has emerged as a promising interim
solution. Hybrid-electric aircraft integrate electric propulsion
with conventional combustion engines or other technologies,
leveraging the benefits of both. This approach enables a sig-
nificant reduction in fuel consumption and emissions without
compromising the aircraft’s range or operational feasibility.
Various research initiatives have explored hybrid-electric config-
urations, including parallel and series hybrid architectures, each
offering distinct tradeoffs in efficiency, power management, and
integration complexity [3], [11].

Small planes, such as the Cessna 337 could benefit from a
transition to a hybrid electric topology. These planes are typi-
cally used as air taxis in island regions and other remote areas.
Traditionally, this type of aircraft has two gasoline-powered
engines that drive the propulsion system. These types of com-
bustion engines are known for their high fuel consumption rates.
The overall fuel consumption could be significantly reduced
by replacing one of the two gasoline-powered engines with an
electric motor [12]. For example, the experimental aircraft in
this article, shown in Fig. 1, utilizes a front-combustion engine
with a fully electric rear motor to demonstrate this concept.

A critical component of a hybrid-electric aircraft is the power
electronics system, which governs energy conversion and motor
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control [13]. Silicon carbide (SiC)-based inverters have demon-
strated superior efficiency, higher switching frequencies, and
reduced thermal losses compared to traditional silicon (Si)-based
inverters, making them well-suited for aerospace applications.
For example in [14], the author demonstrates the benefits of
using SiC MOSFETs in place of Si IGBTs for aerospace applica-
tions with the main drawback of the SiC devices being the cost.
However, designing motor drive systems that use SiC devices
also has its challenges. The authors in [15] discuss the challenge
of ac common-mode currents in SiC inverters due to the high
dv/dt environment and propose a staggered PWM scheme to
minimize such peak AC common-mode currents. Research using
SiC components plays a crucial role in electrifying the aerospace
industry by enhancing performance, longevity, and aiming to
improve cost competitiveness in the future.

This article presents the design, development, and experimen-
tal validation of an 800 V 250 kW SiC-based inverter to power
the rear electrical motor in a hybrid electric aircraft testbed
developed by Ampaire Inc., an electrified aircraft company in
Southern California [16]. Designed to drive a 200 kW permanent
magnet synchronous machine (PMSM), the inverter plays a key
role in reducing fuel consumption by enabling electric propul-
sion during cruising phases and reserving conventional engine
operation for demanding tasks, such as takeoff and acceleration.
A direct cooling mechanism was developed to enable power den-
sity close to 60 kW/I and 30 kW/kg. The inverter was developed
and tested at the University of Arkansas’ 6 MVA test facility,
the National Center for Reliable Electric Power Transmission
(NCREPT) [17], as part of an industry-academic collaboration
between the University of Arkansas, the University of Illinois
Urbana-Champaign, Ampaire Inc., and Wolfspeed Inc.

In terms of aircraft applications, reliability, and safety are
some of the main concerns due to the operational environment
of an aircraft. An electric propulsion system is comprised of
a significant number of power electronic components, and it
is crucial to ensure the reliability and thermal management of
those devices [18]. In this work, the developed traction inverter
was subjected to comprehensive testing to ensure safety and
meet federal aviation administration (FAA) qualifications. A
detailed system-level functional hazards assessment (FHA) was
determined for the developed inverter. After FAA certification,
the inverter was installed in Ampaire’s experimental aircraft,
and a successful test flight was completed in February 2023.
Though there have been numerous works on the development of
SiCinverters for electric and hybrid electric aircraft such as [19],
[20], [21], [22], and [23], it is very rare to see an actual in-flight
demonstration of the SiC propulsion drives. In fact, this work
received an R&D 100 award for being the first ever flight of a
university-developed propulsion system [24].

The rest of this article is organized as follows. Section II
discusses the integrated gate driver design. Section III describes
the thermal management. Section IV presents the controller
development and simulation, while Section V describes inverter
reliability considerations. Section VI details the hardware testing
at the university facility. Section VII presents the successful
flight test. Finally, Section VIII concludes this article.
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Fig. 1. Hybrid electric aircraft flight testing with experimental inverter in-
stalled.
Fig. 2. 4H-SiC wafer having the planar CMOS gate drivers fabricated.

II. DESIGN AND INTEGRATION OF CMOS GATE DRIVERS

In this work, single-chip gate drivers are designed and
fabricated on planar SiC CMOS process technology to take full
advantage of the SiC circuit topologies, as conventional Si gate
drivers cannot withstand the high junction temperature within
the module [25]. Those gate drivers are then integrated within the
commercial SiC power modules to reduce gate loop inductance,
lessen the gate oscillation stress on the SiC power device gate
oxide, and take a further step toward increased power density.
The design, fabrication, and integration of SiC gate drivers
inside a commercial SiC power module are presented in this
section. The SiC gate drivers were fabricated on a 1-pum 4H-SiC
CMOS process, which comes with a single metal layer and a
single poly layer. A compact model, BSIM4SIC, was developed
and implemented for the n-type and p-type lateral 4H-SiC
MOSFETs to facilitate gate driver circuit design and simulation
in the Cadence virtuoso environment [26]. The current drive for
this planar SiC CMOS process is, however, lower than that of its
Si counterparts because the process is still in its infancy. Also,
in contrast to Si, the planar SiC process’ current drive capability
rises with temperature up to 225 °C -275 °C due to the increase
in thermally generated carriers, where these carriers have not yet
reached a density that prevents carrier mobility [27]. The SiC
gate drivers were designed to be integrated inside commercial
SiC power modules from Wolfspeed. The target specifications
of the source and sink current are approximately 2 A. These
specifications were synthesized based on the available area of
approximately 6 mm? inside the module and the achievable
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Fig. 3. Schematic diagram of the SiC gate driver.
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Fig.4. Fabricated SiC gate driver die micrograph labeling the input and power
supply bond pads. Total die area 3 mm x 5 mm.

transistor drive currents from the SiC process utilizing this
area. The gate driver has two key stages, as shown in Fig. 3.
The first stage consists of inverter-based buffer chains, and the
second stage has PMOS and NMOS devices in a totem-pole
buffer connection. In total, there are two PMOS and two NMOS
transistors in the second stage. Each PMOS in the second stage
acts as the pull-up device, and conversely, each NMOS acts as
the pull-down device. Each of these devices can be activated
individually through the buffer chain. In this design, the pull-up
and pull-down outputs were separated to facilitate different
gate resistors, if desired. The first-stage inverter buffer chain
was designed using PMOS and NMOS devices with a channel
length of 1.5 pm, while the PMOS and NMOS devices in the
totem-pole second stage have a channel length of 1.2 um (see
Fig. 2). The fabricated die micrograph, along with the pad
dimensions and placements, are shown in Fig. 4. The bond pads
and layout orientation were configured for wire bonding within
the HT-3292-R-VB SiC power module from Wolfspeed.

The SiC gate drivers are designed to be integrated inside com-
mercially available HT-3292-R-VB SiC modules manufactured
by Wolfspeed. The module contains two switch positions in the
half-bridge configuration. 5(a) shows the high-temperature PCB
that accommodates the two SiC gate driver die for each switching
position and other passives inside the module. The bare die
are attached to the exposed pads on the PCB through a high-
temperature adhesive. The 25 pm Al wirebonds are then used to
bond the die pads to the landing pads on the PCB, establishing
connections for gate driver power supply, input, and output
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Header pins making connection to the gate driver power supply
board for integrated gate driver’s power supply and input signals

Bypass capacitors
integrated between gate
driver’s power rails

SiC gate driver bare die attached and wire bonded

(a)

Header pins

SiC integrated gate driver module (IGDM)

(b)

Fig. 5. (a) High-temperature printed circuit board (PCB) containing the SiC
gate driver bare die and other passives for module integration. (b) SiC IGDM.

signals. From those landing pads through PCB traces, the gate
driver power supply and input signals are terminated into the
header pins, and the gate driver output signals are distributed
across the module base, making connections to the power die.
In order to prevent the full exposure of the power die arrange-
ment within the SiC power module and preserve Wolfspeed’s
intellectual property (IP) only the relevant portion of the PCB
outlining the UA’s SiC gate driver integration is shown in 5(a).
For each gate driver power supply, 2.2 uF high-temperature
ceramic capacitors are placed between the gate driver power
rails and integrated into the module to provide a strong local
power supply domain for the gate drivers. The PCB is, then,
safely hidden behind the module case. Fig. 5(b) shows the
half-bridge SiC integrated gate driver module (IGDM). From
a user’s perspective, it is identical to a conventional HT-3292-
R-VB module. However, the header pins on the left do not have
the same configuration as a conventional module. Instead, these
pins are replaced by the integrated gate driver’s power supply
and input signal pins. In order to provide the necessary isolation
for the integrated gate driver’s power supply and input signals,
an external gate driver power supply board is required. This gate
driver power supply board receives the PWM input signals for
the half-bridge SiC IGDM from the controller and, with proper
isolation, operates the SiC IGDM while being connected with
the module through the header pins.

Extensive double pulse tests (DPT) were performed to ex-
tract the switching energies of these SiC integrated gate driver
modules with a maximum Vds of 900 V and a peak current
of 300 A [28]. The results are then compared with the con-
ventional HT-3292-R-VB SiC module driven by an external
commercial Si gate driver. Fig. 6 shows the DPT results at 175 °C
junction temperature, the maximum recommended operating
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for multiple SiC integrated gate driver modules and a conventional SiC module
driven by external commercial Si gate driver.

temperature for the SiC power module, with a maximum Vds of
900 V and a peak current of 300 A. While the designed discrete
SiC gate driver die can function at much higher temperatures,
the SiC modules themselves are at a significant risk of failure if
operating beyond 175 °C during the rated DPT test.

Different gate driver design variants, primarily taking the
channel length and number of output stages into account, were
used to construct multiple SiC integrated gate driver modules.
All of those SiC integrated gate driver module variants were
put through repeated DPT, and the switching energies against
temperatures were noted, as Fig. 7 summarizes. Because SiC
gate drivers can drive more current at higher temperatures,
the switching losses of the SiC integrated gate driver modules
decrease. For the traditional SiC modules driven by external,
commercial Si gate drivers, the opposite trend is seen. Indeed,
there is a crossover temperature where the SiC integrated gate
driver modules outperform the traditional SiC modules, and it
occurs just above 150 °C. This crossover temperature is expected
to be lowered with further advancements in low-voltage planar
CMOS SiC device fabrication technology, allowing low-loss SiC
modules at a modest junction temperature.

III. INVERTER THERMAL MANAGEMENT

Transient thermal analysis of the inverter system was per-
formed using ANSYS and Icepak. Each Wolfspeed XM3 module
was considered with a heat loss of 800 W (assuming power
losses at takeoff), which were integrated with a commercial-off-
the-shelf cold plate. 50% volumetric mixture of water—ethylene
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Fig. 9. Transient thermal response of direct cooled system assembly during

(a) takeoff and (b) cruise. Transient thermal analysis was performed considering
sudden flow shutdown in both take off and cruise condition.

glycol (WEG) was supplied to the cold plate at an inlet tem-
perature of 55 °C. For transient analysis, coolant flow rate was
reduced from 8 LPM to 0 LPM, and maximum temperature
of each stack layer was modeled as a function of time. As
shown in Fig. 8(a), within 10 s of flow shut down, the maximum
temperature of the modules crosses the junction temperature
(>175 °C). As shown in Fig. 8(b), to keep the system tem-
perature under the preferable operating range, inverter power
should cut down to approximately 30 kW with 100 W loss per
module. Steady state thermal modeling was performed at both
takeoff and cruise condition for maximum flow (8 LPM) and
no flow (0 LPM) case. In opposite to the regular XM3 module,
the finned XM3 module removes the thermal interface layer and
allows direct cooling with reduced thermal resistance thus better
heat transfer performance. Compared to previously reported
results for regular assembly, the direct cooled module reduces
the system temperature up to 15 °C (takeoff). Moreover, direct
cooling provides additional thermal benefit in case of sudden
flow shut down. To model these phenomena, first the system
was allowed to run at highest coolant flow rate of 8 LPM and
after reaching thermal steady state, the coolant flow was reduced
to 0 LPM. This transient thermal analysis was performed for
both take-off and cruise condition. For regular XM3 module,
during takeoff, system reaches the junction temperature after
6 s of flow loss. Whereas, as shown in Fig 9(a), in case of
direct cooling, the system needs ~12 s to reach the junction
temperature (175 °C), which allows 50% more time to derate
the inverter power if the pump malfunctions (no flow). Due
to lower thermal load at cruise condition, the system needs
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of SiC Wolfspeed XM3 half-bridge power modules using a high-performance
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(R_cf) thermal resistances. Schematic not to scale.

~3 min to cross the junction temperature as shown in Fig. 9(b).
The overall thermal management approach for this project is
shown in Fig. 10.

The commercial cold plate used in both the model and the
experiment is the Weiland 4000 series cold plate. The fins are
approximately 0.5 mm in diameter and 4 mm in height, with
a design of around 20 FPI (fins per inch) using patented MDT
(MicroDeformation Technology). In our modeling approach, the
electrical team provided the power loss per module. These losses
were distributed equally among the die locations. However, due
to flow maldistribution, the actual temperature at each die may
vary. For example, during takeoff, the loss per module was
750 W. With 10 dies per module, we allocated a thermal load of
75 W per die. However, in the simulation, because of pressure
drop across the flow path, modules located farther from the
inlet typically experienced greater pressure drops. As a result,
dies at those locations exhibited higher temperatures. For all
simulations, a fixed inlet temperature of 55 °C is used for the
coolant. The ambient temperature is then the temp at which this
coolant rejects heat. The researchers assume that the coolant is
at uniform inlet temperature and when the flow is turned OFF,
there is no flow and the fluid heats up. A 50/50 mixture of WEG
coolant was used in the model.

The calculated power density of approximately 60 kW/L and
30 kW/kg does include the cold plate and the coolant, but not the
chiller and radiator, which is taking that heat and rejecting it into
the air. This is common practice as the aircraft’s heat rejection
system is installed regardless of the use of engine type.

IV. CONTROLLER DEVELOPMENT AND TESTING

The electric motor selected to replace one of the internal
combustion engines on the Cessna 337 aircraft under test was
an interior permanent magnet (IPM) PMSM. This selection was
based on the lack of brushes, high power density, and the reduced
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Fig. 11.  Isometric 3-D model of custom controller PCB [16].

Fig. 12.

Field oriented control (FOC) algorithm block diagram [29].

electromagnetic interference (EMI) associated with this type
of motor. To drive a PMSM, the user must precisely control
the angle between the rotor magnetic field and the magnetic
field generated using the stator winding. In order to accom-
plish this, the authors selected a FOC algorithm based on the
TI application note [29]. A custom (PCB) was developed for
this project, shown in Fig. 11, to accommodate the numerous
communication, safety, and sensor feedback requirements for
flight testing.

The researchers utilized a customized resolver feedback cir-
cuit to precisely determine both rotor position and speed. The
motor currents were then measured and used to execute the
Clarke and Park transformations to provide the required di-
rect and quadrature current signals. Once the signals had been
transformed into the dq reference frame, standard PI controllers
were used for control. Finally an inverse Park transformation
was executed and used to generate space vector pulsewidth
modulated (SVPWM) signals that provide input to the gate
drivers. Fig. 12 shows the basic functions used for the control
of this motor. In addition to these motor control functions, the
researchers also were required to generate telemetry data for
both experimental analysis as well as operational situational
awareness. Finally, specifications were established that required
multiple warning and fault signals to be routed to the aircraft’s
primary supervisory, control, and data acquisition systems to
ensure safety of all interconnected systems during flight testing.

In order to thoroughly test all operational functions prior to
in-lab hardware testing, the authors utilized the Typhoon-HIL
real-time simulation platform. This real-time simulation plat-
form allowed the researchers to model the Power Electronics,
PMSM, and load profiles with the physical controller connected
to the system, shown in Fig. 13. The control board received
all the analog signals, such as voltages, currents, and resolver
data, from the real-time simulator while the researchers were
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Fig. 13.  Typhoon-HIL real-time emulator modeling and cHIL testing.

able to communicate with the controller over the controller area
network protocol to send commands and monitor operations.
This allowed the researchers the ability to tune most of the
operational parameters of the system using the virtualized en-
vironment and test all of the equipment and personnel safety
functions prior to moving to physical hardware testing. For
more information regarding the rapid prototyping efforts, please
see [16].

V. INVERTER SYSTEM RELIABILITY CONSIDERATION

As electrified passenger aircraft advance toward technical
readiness and widespread adoption, reliability becomes a prin-
cipal consideration for ensuring the safety and longevity of
propulsion systems. The automotive industry has paved the
way toward expanding standards around reliability qualification
for meeting the demands of drivetrain electronics, though it
has been principally derived from older automotive electronics
standards, such as AEC Q100 and AEC Q101 [30]. AEC’s
approach to “grading” electronics criticality offers some su-
periority to more generic reliability qualifications intended for
consumer electronics (e.g. JEDEC JESD47 and IPC board level
certifications [31], [32]). However, even in these higher graded
qualification stresses, most do not encompass the higher op-
erational Tj’s seen in modern power electronics modules. For
instance grade 0 temperature cycling may include — but not
necessarily demand — cycling up to 175 °C, which is the rated
Tj of many Si IGBT and SiC MOSFET power modules. Typically,
a qualification stress should exceed the operational conditions,
and this barely meets the expected operational ratings. At the
same time, accelerated testing design can become much more
complicated, when considering the variety of stresses that may
be experienced at the module level as compared to discrete
device temperatures, etc. Consequently, as the criticality of an
inoperable drive train on an aircraft intensifies as compared
to its land-based vehicular counterparts, the need for renewed
scrutiny of qualification strategies has emerged. In the case of
the hybrid electric drivetrain developed in this effort, the natural
redundancy between electric and gasoline engine power helps
to alleviate some of the burden of flight-ready certification; but
even still, the FAA requires a variety of preflight demonstrations
for proving the robustness of the electric propulsion system
under aviation-relevant conditions. For example, the electric
drivetrain (particularly the novel SiC-based inverter, in this case)
was prescribed for cooling with a max coolant temperature of
55 °C (WEG), while supporting the power requirements for
takeoff, which together defines the temperature response of the
inverter components (SiC modules, dc link capacitors, gate drive
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circuitry, etc). Consequently, the development and deployment
of the ‘all SiC traction inverter system” was accompanied by
a series of finite element modeling activities and accelerated
testing of the components and inverter system to be flight-ready.

As a somewhat unique operational environment for aircraft,
the accelerations (g’s) experienced during takeoff and landing,
and the vibrations associated with flights represent a reliability
risk to PCB assemblies and inverter sub-assemblies. Due to the
opportunity for somewhat flexible materials and connectors to
bend under acceleration, this can place solder joints, terminals,
and other connectors under strains that can drive fractures or
fatigue failure. To minimize this risk, there are a number of
strategies that generally serve to stiffen the flexural response
so that stresses do not concentrate on critical electrical intercon-
nects. In the case of the hybrid inverter system, it was determined
that the controller board represented the most pertinent “shock
and vibration” risk, due to its relatively long board dimensions
and variety of components mounted to it. Of course, the sim-
plest solution to stiffening of the board assembly is to include
numerous mounting locations to a stiff plate (e.g. metal housing,
etc). However, incorporating mounting holes on a PCB also
consumes board real estate, and moreover, the minimization of
weight of the mounting plate is desired for overall specific power
(kW/kg) maximization. To optimize the board response for min-
imized risk of component failure in high g acceleration, while
maintaining a lowest possible weight, a design optimization was
performed for weight minimization, while maintaining the board
strain response under a critical level. Based on opportunistic
placement of mounting holes on the PCB due to available space
in a condensed assembly, the resultant mounting plate of 1/16”
Aluminum plate consisted of a frame-like structure with cutouts
for weight reduction, which provided the adequate stiffness to
maintain satisfactory stress/strain conditions at critical locations
on the board — namely, the Ball Grid Array controller processor
package interconnects. For comparison, the board was modeled
with and without the frame to stiffen its response, in which the
frame, shown in Fig. 14, reduced the critical strains to 20% of
the board-only mounting to the inverter housing. The subsequent
shock and vibration testing was performed in a highly acceler-
ated life testing (HALT) chamber using the fixture suspended on
the shaker table in a paired manner with the inverter mounting
condition inside the inverter enclosure. A series of drop events
at 20, 50, and 60 g’s were performed followed by functional
testing and visual inspection of any potential damage.

Having successfully passed shock and vibration testing of
the controller board, results shown in Fig. 15, — confirming
controller functionality after the accelerated tests — the inverter
was then required to be validated in a holistic manner. To do so,
the entire inverter assembly was constructed and mounted inside
of the HALT chamber, shown in Fig. 16, for performing con-
tinuous operation during multiaxis shock events. A prescribed
acceleration of 6 g’s with an 11 ms duration (shock profile
provided in was performed 3x for 6 orientations (£ X, £+ Y,
=+ Z) for the entire inverter assembly in addition to a powered
operation of the inverter during random vibration exposure,
Fig. 17. These proved successful without impact to functionality,
which cleared the pathway to in-aircraft tests at Ampaire.
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(a) ‘ (b) ' (C)‘f

Fig. 14.  Shock and vibration analysis of (a) controller board and mounting
fixture. (b) topology optimized mount. (¢) as-manufactured mount for simplicity
of fabrication.
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Fig. 15.  Shock and vibration testing strain response data measured on top and
bottom of custom controller board.

VI. HARDWARE TESTING

The researchers were able to continue on to real-world hard-
ware testing using the 100 kW dynamometer test stand located at
the NCREPT. The existing dynamometer test stand was modified
to mount the PMSM that would be used in the aircraft propulsion
system. Since the mounting was on one of the motor faces,
the development of a new L-shaped bracket was required to
secure the motor on the developed test stand. In addition, the
motor used for the project was an axial flux motor with an
external rotor, necessitating the development and machining of
a custom shaft coupler to connect the motor to the dynamome-
ter’s resolver feedback system. The coupler was designed using
Autodesk Fusion™. The mounting bracket and shaft coupler
can be seen in Fig. 19. Once the design was complete, the
machining toolpaths were developed and the raw stock material
was purchased. The new coupler was machined in-house using
NCREPT’s Tormach 1100 M CNC machine and the completed
coupler is shown in Fig. 18. Once the parts were machined, the
test stand was assembled at NCREPT to resemble the full CAD
assembly shown in Fig. 19.

The inverter under test was placed in a 600 L thermal chamber
and connected to a 55 °C coolant loop, shown in Fig. 22. It
was first tested using open-loop controls and a 750 kW resistive

18443

Fig. 16. Shock and vibration testing of fully assembled SiC Inverter while
powered on at rated voltage.
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Fig. 17.  Shock and vibration testing of fully assembled SiC inverter while
powered on at rated voltage (excitation commands).

load bank to ensure it could operate up to its 250 kW rating.
Then the inverter was connected to the aforementioned PMSM
and tuned for the specific motor and loads used. During this
testing, advanced hi-speed data acquisition and power analyzer
equipment was used to ensure proper operation. Once the motor
was tuned appropriately, it was run up to full power, and syn-
thetic fault testing was accomplished by reducing both warning
and fault setpoints and ensuring safe operations and failure
modes. Fault scenarios, such as over-current, over-voltage, and
motor over-speed were evaluated. Once the warning threshold
is satisfied, the primary flight control screen shows a specific
indication of the issue. Subsequently, if a fault condition is
detected, the controller would safely disable the inverter and
communicate this to the flight control system. The aircraft was
developed as a hybrid electric configuration, so even if the
electrical motor is disabled it can revert to a standard internal
combustion engine as a backup mode of operation. After the
researchers were satisfied with all the safety features, communi-
cations, and general operations, long-term endurance testing was
accomplished. Simulation data was utilized to develop emulated
flying schedules, which mimicked worst case scenarios. This
worst case scenario was deemed to be takeoff, cruise, and an
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Fig. 18. Custom shaft coupler machined at NCREPT using the Tormach
1100 M CNC.

Fig. 19. CAD model of fully assembled, modified Dynamometer test stand at
NCREPT used for the initial testing of the silicon carbide traction drive.
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Fig. 20.  Mission profile for aircraft flight and ground testing.

immediate turnaround operation. Over the next 8 h, the inverter
was run continuously repeating these operations without any
breaks, all while the inverter was held at a 55 °C ambient
temperature with 55 °C coolant being supplied to the power
electronics, shown in Fig. 23. Once these endurance tests were
completed successfully, the researchers were able to move on
to ground and flight testing onsite at Ampaire’s test facilities.
Fig. 20 shows the mission profile for flight and ground testing.
This profile also incorporates an aborted landing and go-around
pattern for worst-case scenarios. The inverter was evaluated
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Fig. 21. Inverter speed and torque testing.

Fig. 22.

SiC inverter under test in a thermal chamber.

between speeds from 640 r/min and 2400 r/min and measured
inverter efficiencies are between 96% and 98.5% as shown in
Fig. 21.

VII. GROUND AND FLIGHT TESTING

The University of Arkansas research team traveled to Am-
paire’s California headquarters with the SiC Inverter Prototype
for field integration and testing. Resolver calibration was re-
quired as the motor installed on the experimental aircraft was
different from what was used in the laboratory. Once calibration
was completed, ground testing was started using an external
power supply for safety reasons, this phase of ground testing
can be seen in Figs. 24 and 25.

After tuning the resolver, verifying all internal device com-
munications, and the completion of the initial ground testing
with the external supply, the airplane’s onboard batteries were
connected for higher power testing. At this stage of the testing
our team ran into an issue with EMI. At the higher power
levels, EMI was corrupting the controllers feedback signals
and causing the system to enter a fault state. The researchers
believed this was a combination of no longer having a bonded
connection to ground, as the internal aircraft power supplies had
no connection to earth ground, as well as EMI corrupting the
gate-driver protection circuits. While differential signaling and
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Fig. 23.
ter [16].

SiC inverter under test utilizing NCREPT’s 100-kW dynamome-

Fig. 24.

ﬁ_H_J'_L_LU Wy "'.‘ e

|

Final integration of SiC inverter into test airframe.

Fig. 25.

Final tuning and ground testing in hangar.

shielding was used in the initial design, additional shielding
was incorporated and larger decoupling capacitors were in-
stalled on the controller board in the field to mitigate these
EMI issues. With the additions of these mitigations, the team
was able to operate the SiC inverter up to the target power
levels for flight testing. The researchers met with the Ampaire
engineering team, as well as with the test pilot to discuss safety
and any issues that might prevent a successful flight test. Once
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Fig. 26.  Final flight testing of SiC inverter [16].

this meeting and a subsequent briefing was completed, the test
pilot successfully flew the hybrid electric aircraft using primary
power from the SiC inverter under test. Fig. 26 shows the
experimental aircraft in flight using the SiC inverter discussed in
this work.

VIII. CONCLUSION

The researchers successfully designed, fabricated, and flight
tested a 250 kW SiC inverter using an experimental hybrid-
electric aircraft. According to the University’s industrial and
commercial partners, this is a first for a university research
team. A novel integrated gate driver was developed for this
project to increase overall reliability and power density. Exten-
sive thermal and mechanical analysis was performed to inform
the research team’s design decisions and ensure strict safety and
reliability requirements were met. In addition, the use of rapid
prototyping methodologies and controller hardware-in-the-loop
(cHIL) resources allowed the research team to meet accelerated
requirements and timelines during both the development and
testing phases of the custom controller board, algorithms, and
safety interlocks. More advanced embedded control resources
will be integrated in the future to enable additional capabilities.
The future integration of advanced multilevel gate drivers into
wide-bandgap device modules will be investigated further. This
integration will allow researchers to maximize inverter power
densities, while also increasing overall reliability.
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