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Abstract— High power density is one of the requirements for
traction drive inverters for meeting increasing demand for higher
power and performance electrical vehicles (EV). This paper
presents design and preliminary experimental results for a 100
kW high-power density inverter for EV traction drive
applications. The inverter design was based on the segmented
inverter topology that can significantly reduce the inverter DC
filter capacitor and employs low-profile planar double-side-cooled
SiC MOSFET-based power modules, compact mini-channel heat
sinks with fin-profile optimized using genetic-algorithms, and
high-ripple current capacitors. The design produced a compact
inverter package with a total volume less than 1 litter, exceeding
the power density goal of 100 kW/L. Preliminary experimental
results are included to demonstrate the cooling and electrical
performance.

Keywords—high power density inverter, segmented traction
drive, SiC MOSFET, genetic algorithms, mini-channel heat sink,
double-side cooling.

I. INTRODUCTION

Demand for significantly faster acceleration and larger, more
versatile electrical vehicles (EV) with performance matching or
even exceeding the internal combustion engine-based vehicles
are driving the need for higher-power traction drive systems at
lower cost, weight, and volume. The United States Department
of Energy (DOE) and its industrial partners have set the 2025
inverter power density target for the Electrification Program at
100 kW/L [1], more than seven times increase from the 2020
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target of 13.4 kW/L or 87% volume reduction. All the major
components of an inverter design must be minimized to meet the
aggressive target [2].

With significantly reduced conduction and switching losses
and increased operating junction temperatures, wide-bandgap
(WBG) semiconductor switches provide a substantial reduction
in the cooling system over the Silicon-based counterpart.
Double-sided cooling approaches have been introduced to
improve the package's thermal and electrical performances due
to increased contact area on both sides of the dies, a more
uniform temperature distribution within the structure, and
smaller current loops. Double-side-cooled power modules thus
have reduced peak temperatures of the dies, the overall package
thermal resistance as well as lower package parasitic
inductances [3]. Further shrinking the power modules will
require heat sinks with high heat transfer coefficients of greater
than 10000 W/m?/°C to handle the increasing heat flux.

The DC bus filter capacitor is another bulky component: it
makes up one-fifth of the volume with typical film capacitor
materials in the standard 3-phase voltage source inverter. The
segmented inverter topology was introduced in [4] to
significantly reduce the DC bus capacitor requirements. On the
other hand, ceramic capacitors offer higher ripple current
handling capabilities and volumetric capacitance densities over
the film-based counterpart and therefore present opportunities
for down-sizing the inverter DC bus structure [5]. Concerns over
the possible catastrophic failure modes and high cost with some
of the ceramic materials must be addressed before their wide
acceptance in EV applications.

This paper presents design and preliminary experimental
results for a 100 kW high-power density traction drive inverter.
The design is based on the segmented inverter topology to
significantly reduce the DC bus capacitor, and employs low-
profile planar double-side-cooled SiC MOSFET-based power
modules, high thermal transfer performance and yet compact



heat sinks optimized using genetic-algorithms, and high-ripple
current-capable capacitors. The end result is a compact inverter
package with volume less than 1 litter, exceeding the power
density goal of 100 kW/L. Preliminary experimental results are
included to demonstrate the cooling and electrical performance.

II. INVERTER DESIGN

A. Inverter Configuration

Table I lists the inverter specifications. The inverter must
produce an output power of 100 kW at a power factor of 0.7, i.e.
143 kVA. The coolant flow rate and maximum permissible
pressure drop are also given in the table. The bus voltage is
chosen at 800 V for better utilization of the SiC MOSFET’s
voltage capability as well as reducing the current requirements
for the DC bus capacitor and current-carrying conductors in the
inverter.

TABLE L INVERTER SPECIFICATIONS
Parameter Value Note
DC bus voltage (V) 800
Power (kW)/(kVA) 100/143 at power factor of 0.7
Peak efficiency (%) 98
Coolant flow rate (L/min) |10 Ethylene-glycol water 50/50 mixtur
Pressure drop (PSD)/(kPa) |2/13.79

The inverter design was based on the segmented inverter
topology because it can significantly reduce the inverter DC
filter capacitor requirement [4]. Fig. 1 shows a block diagram of
the three-phase segmented inverter. The drive topology
segments the inverter phase-legs and motor stator windings into
two groups to form two drive units. With interleaved pulse-
width-modulation (PWM) between the two drives, the DC bus
current ripple and thus the DC capacitance can be significantly
reduced. Fig. 2 plots a comparison of normalized capacitor
ripple current (a) and busbar current (b) vs. modulation index for
the 3-phase and segmented inverters at various power factors.
More than 50% reductions in the maximum ripple currents were
possible with the segmented inverter. A maximum reduction of
over 25% was also possible in the DC bus current. These
reductions in currents translated to a smaller DC bus capacitor
and busbars. Further, the DC link currents were inversely
proportional to the DC bus voltage. For example, when the bus
voltage was increased from 400 V to 800 V, the DC bus ripple
currents were reduced by a factor of 2.
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Fig. 1. Block diagram of a three-phase segmented traction inverter.
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Fig. 2. Comparison of normalized capacitor ripple current (a) and busbar
current (b) vs. modulation index for the 3-phase and segmented inverters
at various power factors.

B. Heat Sink Optimazation Using Genetic Algorithms

Planar, double-side-cooled power modules were developed
by our collaborators using Wolfspeed SiC MOSFET dies
(CPM3-1200-0013A), silver-sintering die attachment, and
interconnections made of low-temperature sintered porous silver
posts [6, 7]. The compact package eliminates wire bonds in the
power paths and offers the advantages of low profile, better heat
extraction, and low package parasitic inductances. Fig. 3 shows
a photo of the SiC MOSFET phase-leg module consisting two
of SiC dies and a thermistor for monitoring the module
temperature. The SiC dies have the following ratings: 1,200 V
and 102 A at 100°C with on-resistance 13 mQ at 25°C or 21 mQ
at 175°C [8].

Simulation studies were carried out in PLECS to determine
the device losses for heat sink design. A PLECS loss model for
the SiC MOSFET chips was derived from the datasheets and a
packaged switch. Fig. 4 compares the losses per switch in the
segmented inverter at output of 100 kW, switching frequency of
30 kHz, and power factors of 0.6 and 0.7 with three different
space vector PWMs (SVPWMs): (a) bus-clamped SVPWM
with MOSFET only in the third quadrant, (b) bus-clamped
SVPWM with MOSFET plus body diode in the third quadrant,
and (c) symmetrical SVPWM with MOSFET plus body diode in



the third quadrant. The results indicate (1) the bus-clamped
SVPWM reduces switching loss significantly compared with the
symmetrical SVPWM and (2) the diode conduction in the third
quadrant depends on power factor and switching scheme.
Therefore, the bus-clamped SVPWM was adopted in the designs
to enhance the inverter efficiency.

Fig. 3. Photo of the double-side-cooled SiC MOSFET power module.

120 ¢

100 ~
Diode

80 conduction loss

60 = MOSFET

switching loss

Loss (W)

40
® MOSFET

20 conduction loss

0

pf=0.6 pf=0.7
@ (b) (©

pf=0.6 pf=0.7 | pf=0.7

Fig. 4. Comparison of losses per switch at power factors 0.6 and 0.7 with three
different SVPWMs.

Heat sinks for the double-side-cooled power module were
designed using a genetic algorithm (GA)-based multi-objective
heat sink optimization tool, which was implemented with
Matlab in conjunction with the finite element analysis (FEA)
software package COMSOL Multiphysics [9]. The design
optimization method uses Fourier series to synthesize the heat
sink fin geometry and an evolutionary optimization algorithm to
optimize the parameters of the Fourier series for specified
objectives.

Fig. 5 shows a cross-section of a liquid heat sink confined
within a rectangular area spanned in horizontal direction by 0 <
x < L, and in vertical direction by 0 <y < L, in the Cartesian
coordinate system, where L, and L, are the maximum allowed
horizontal and vertical dimensions, respectively. The area is
divided into two parts, the fin domain and liquid domain, by a
fin profile curve, Fp. For simplicity, the domains are assumed to
have no holes and the curve can be mathematically defined using
a 1D function with each point representing the height of the fin
structure. Further let Fp(x) be expressed using the summation of
sinusoidal harmonics as

Fpuy =Fo+ X0y (Fn cos (j—:nx + qbn)), (1)

where x varies between 0 and L., Fy is a constant shift; A, is the
wavelength, which is also equal to Ly; n is the harmonic order;

F, and ¢, are its amplitude and phase shift, respectively; and N
is the total number of harmonics considered. The parameters of
the Fourier series function are populated using GAs in Matlab
and passed to COMSOL, where the 2D structure is extruded to
a 3D heat sink, which is attached to the top of the power module
with another copy on the bottom of the module for FEA thermal
simulation. Thermal performance metrics including SiC
junction temperatures, outlet coolant temperature, overall heat
transfer coefficient and pressure drop are fed back to the
evolutionary optimization process in Matlab. This evolution
process repeats for many generations until satisfactory designs
are found.
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Fig. 5. Cross-section of a liquid heat sink and power module for the GA-based
heat sink design optimization.

Fig. 6 shows a phase-leg module sandwiched between two
heat sinks and plots the Pareto front and feasible designs for the
GA-based heat sink design optimization. The optimization goal
was to maximize the device-to-coolant convection coefficient
and minimize the total volume of the heat sinks and power
module under the following conditions: 150 W loss in each chip
(leading to a heat flux in each device of 474 W/cm?), 65°C
coolant inlet temperature, 0.833 L/m flow rate (=10 L/m / 12),
<10°C coolant temperature rise at the outlet, <2 psi (13.79 kPa)
pressure drop, and <160°C maximum junction temperature.
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Fig. 6. (top) Double-side-cooled SiC power module and (bottom) feasible
designs and Pareto-optimal front plot for the GA-based heat sink design
optimization.



Fig. 7 shows the chosen optimal heat sink designs for two
configurations. Version 1 design aligns the heat sink inlet and
outlet with the power module gate leads and power tabs,
respectively. Version 2 rotates the inlet and outlet by 90° and
has a 54 % increase in volume compared with version 1. Unlike
version 1, the second design, however, does not interfere with
electrical connections between the power modules and gate
drives or between the modules and inverter DC inputs and AC
outputs. Therefore, version 2 was selected for the inverter
prototype development. Fig. 8 shows FEA results for the surface
temperature for the version 2 heat sink design. Thermal FEA
results indicate: (1) the maximum junction temperatures for the
two SiC dies were 153.3°C and 155.93°C, respectively; (2) the
pressure drop was 749.27 Pa; and (3) the coolant maximum
temperatures at the outlet were 74.89°C and 74.17°C,
respectively.
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(a) Version 1: 17.28 x 13.46 x 4.22 mm

(b) Version 2: 13.46 x 17.28 x 6.5 mm
Fig. 7. Optimal heat sink designs.
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Fig. 8. FEA results for the version 2 heat sink design.
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Fig. 9. Transient thermal impedance model.

A 3"-order lumped thermal impedance model for the power
module with the heat sinks was derived using transient-response
FEA simulations and incorporated in a PLECS thermal model,
as shown in Fig. 9, to investigate MOSFET junction temperature
fluctuations of the two MOSFET dies in inverter switching
operations. Fig. 10 plots simulation results for the symmetrical
SVPWM (top) and bus-clamped SVPWM (bottom), at 100 kW,
30 kHz, and power factor of 0.7. The results indicate that the
bus-clamped SVPWM gives more than 15°C reduction in the
maximum junction temperature compared with the symmetrical
SVPWM.
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Fig. 10. Simulation results for MOSFET junction temperature fluctuations in

inverter switching operations with (a) symmetrical SVPWM and (b) bus-
clamped SVPWM. (Red for die #1 and green for die #2.)

C. Manifold Design

Two manifolds are needed to guide the coolant flowing into
and out of the 12 heat sinks. FEA was used in the manifold
design to ensure an even flow distribution to the heat sinks. Figs.
11 and 12 show flow simulation results for the cooling
subsystem. A maximum deviation of less than 5 % from the
average flow rate was calculated, indicating a relatively uniform
flow distribution among the heat sinks.
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Fig. 11. Design for the inlet and outlet manifolds for ensuring an even flow
distribution to the heat sinks.



Fig. 12. Simulation results for the flow rate of each heat sink.

III. PROTOTYPE AND EXPERIMENTAL RESULTS

A. Prototype Construction

Fig. 13 shows a complete 100 kW inverter design using six
of the power modules with their control pins directly soldered to
the gate dive board and the power tabs attached to a DC bus
capacitor board using short copper bus bars. TDK CeraLink
capacitors were employed because of their high ripple current
capability and operating temperature [10]. The inverter design
has a volume of 0.98 L and meets the power density target (100
kW/L).

Fig. 13. 3D drawing for a 100 kW segmented inverter design (top), exploded
view (bottom).

B. Cooling Subsystem Test

Before adding the gate drive and DC bus capacitor boards,
the cooling subsystem consisting of the inlet and outlet
manifolds and the 12 heat sinks was assembled and tested for
leaks, and a pressure drop measurement was taken. Fig. 14
shows photos of the cooling subsystem test setup. Fig. 15 plots
measured cooling subsystem pressure drops at various flow
rates. At the rated flow rate of 10 L/min, the measured pressure
drop was 1.5 psi (10.34 kPa), which is 25% lower than the
maximum specification of 2 psi (13.79 kPa).

Fig. 14. Photos of cooling subsystem pressure test setup.
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Fig. 15. Measured cooling subsystem pressure drop vs. flow rate.

C. Inverter Test

After the successful test of the cooling subsystem, the gate
drive and DC bus capacitor boards were installed into the power
modules to complete the 100 kW inverter assembly. The inlet
and outlet manifolds were modified for more secure attachment
of the cooling hoses. Fig. 16 shows photos of the assembled
inverter prototype.

(b) Back
Fig. 16. Photos of the 100 kW inverter prototype.

The inverter was tested with a resistive load bank, and the
test setup is shown in Fig. 17. Fig. 18 shows typical operating



waveforms for (from top to bottom) DC bus voltage, line-to-line
voltage, and three-phase currents. Fig. 19 plots measured
inverter efficiency vs. output power; the measured inverter
efficiency is more than 99.2% over the tested load conditions.
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Fig. 17. Test setup for the 100 kW segmented inverter.
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Fig. 18. Typical operating waveforms. From top to bottom: DC bus voltage,
line-to-line voltage, and three-phase currents.
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Fig. 19. Measured inverter efficiency vs. output power.

IV. CONCLUSIONS AND FUTURE WORK

The combination of the segmented inverter topology, low-
profile planar double-side-cooled SiC MOSFET power
modules, optimized mini-channel heat sinks, and high-ripple
current capacitor led to a compact traction inverter design with
power density greater than 100 kW/L (140 kVA/L at power
factor of 0.7). Preliminary test results with the 100 kW inverter
prototype verified the design goal for thermal and electrical

performances. Continuing validation test at various load
condition is planned for future work.
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