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Abstract—A SiC MOSFET based 1kV DC-link planarized
traction inverter is designed to achieve high power density and
high common mode noise immunity of the gate driver. To achieve
high power density, a planarized structure is adopted to reduce
the overall height of the whole system. Significantly, PCB based
busbar, gate driver planar transformer and shunt-based current
sensor are the main concepts for planarized inverter design.
Moreover, a split gate driver concept is used to shrink the overall
size of inverter and reduce driving loop inductance as well. An
optimized planar transformer winding layout has been used to
reduce the coupling capacitance between primary and secondary
side in order to achieve high common mode noise immunity. The
inverter is designed for 100kW continuous power and has been
tested with a novel closed-loop high power circulating strategy
that requires only a small rating DC power supply. Testing
results verify the design concepts and the high performance of
the traction inverter.

Index Terms—SiC MOSFET, traction inverter, low profile, high
common mode transient immunity(CMTI), high power density.

I. INTRODUCTION

Silicon Carbide(SiC) MOSFET as a wide bandgap device
provides a lot of merits that are especially favored by electrical
vehicle (EV) industry. Compared with Si IGBT, SiC device has
lower switching and conduction losses that is important for EV
mileage extension. The high junction temperature operation
capability makes it possible to design integrated powertrain
with reduced cooling requirement. High switching frequency
of the SiC device reduces size of passive components in the
powertrain system including DC-link capacitor, boost inductor
and EMI filter. Because of the features of SiC device, overall
size of the powertrain can be reduced, which makes SiC
device a good candidate to achieve high power density for
EV powertrain.

High power density design, among high temperature op-
eration and high efficiency operation, has been one of the
main focus of researches on SiC traction inverter. A 35kW
SiC traction inverter is designed in [1] with power density of
70kW/L. The SiC module is designed with Schottky Barrier
Diode(SBD) removed, which reduces switching loss and the
size of heat sink. In [2] and [3], 5S0kW traction inverters
are designed with SiC JFET and SiC MOSFET, respectively.
Both of the designs have gate assistant circuit to achieve
fast switching of SiC device. The power density achieved
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by the works are 8.5kW/kg and 26kW/kg, respectively. The
work in [4] reports a liquid-cooled 55kW traction inverter
designed with front-end boost stage, the inverter is designed
with four six-pack SiC MOSFETs and features a planarized
structure, overall power density achieved is 12.1kW/L. In [5],
Fraunhofer developed liquid cooled 60kW SiC inverter for
high speed drives. The design uses a high DC-link voltage
(900Vg.) and power module with integrated gate driver that
can switch at 100kHz with low loss. The achieved power
density is 160kW/L. Mitsubishi developed HEV powertrain
with both motor/generator inverter and front-end boost stage
at a total power level of 430kVA[6]. The power module
is designed to have low commutation loop inductance that
enables fast switching, direct soldering of the module on
heat sink improves the thermal conductivity. Achieved power
density of the design is 86kVA/L. In [7], Wolfspeed developed
250kW traction inverter using off-the-shelf low profile low
inductance full SiC module. The inverter is reported to operate
under 150°C ambient temperature and achieves power density
of 15.6kW/kg.

Recently, high DC-link voltage traction inverter has been
introduced to EV powertrain design. While the majority
passenger electrical vehicle manufactures now adopts 400V
system for the traction inverter, which has a DC-link voltage
of 150V-450V, an 800V system which has DC-link of up
to 870V has come into market and provides benefits to the
EV powertrain[8][9]. Compared with 800V system, the 400V
system needs to operate with much higher phase current that
increases temperature and loss of the busbar and power cable.
Moreover, high current operation also reduces reliability of the
DC-link capacitors. As analyzed in [10], the DC-link ripple
current directly relates with the magnitude of AC current out-
put. Therefore, DC-link capacitor of the high current inverter
needs to sink and source high ripple current, which is usually
achieved by paralleling more capacitor cells at the sacrifice of
power density and cost.

In this paper, the design optimizations on the busbar, gate
driver and current sensor are discussed. The paper presents
a planarization design method that can achieve high power
density of the inverter as shown in Fig. 1. The inverter is
designed for 100kW continuous power with 1kV DC-link
to investigate both the benefits and issues of high DC-link
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traction inverter as discussed in [8]. At last, a high power
circulating test strategy is used to test the inverter up to 100kW
without the need of high rating DC power supplies and load
banks.
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Fig. 1: Assembly view of the planar structure.

II. PCB BUSBAR DESIGN FOR 1.7 KV S1C MODULE

The 1kV DC-link design is achieved using Wolfspeed’s
state-of-the-art 1.7kV/8m full SiC MOSFET module HT-
3231. The module shares the same high performance 62mm
half-bridge package as Wolfspeed’s off-the-shelf 1.2kV/3.7m)
module CAS325M12HM?2. A detailed ANSYS Q3D modeling
and parasitic inductance simulation has been conducted for
the used module in [11], module inductance from DC+ to
DC- is 10.48nH at I0MHz. The modeling of the 1.2kV/3.7m)
module is shown in Fig.2.
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Fig. 2: Modeling of off-the-shelf 1.2kV/3.7mf2 module in
ANSYS Q3D.

A. Characteristic Impedance Minimization

As the interconnection of power components of the inverter,
a low characteristic impedance of busbar is critical to attenuate
high frequency noise and EMI. Characteristic impedance is
expressed by (1):

/| L [Ly+ Ly —2L
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where L, and L,, are the self-inductance of DC+ and DC-
planes of the busbar, L,, is the mutual-inductance and Cyy is
the coupling capacitance of the planes. Modeling DC planes
of the busbar as two parallel copper sheets with the geometries
shown in Fig.3, the parasitic parameters of the busbar can be
calculated by (2).

Fig. 3: Modeling busbar by parallel copper sheets.
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where 1, i, are the vacuum permeability and the relative
permeability of the insulating material, €y, €, are electric
constant and relative static permittivity of the insulating ma-
terial and 6 the angle between the planes[12]. According to
(2), Ly, can be minimized by decreasing | and d while
increasing w. L,, can be maximized by increasing ! and d
while decreasing h. Cyq can be maximized by increasing !
and w while decreasing h. There are trade-offs to be made
on [ and d, but the width w and distance h of the DC copper
planes needs to be maximized and minimized, respectively,
to reduce the characteristic impedance. The designed PCB
busbar uses 40z. copper each layer to provide enough current
conduction capability and increase L,,, the busbar is designed
for 8 layers with the stack shown in Fig.4. By placing DC
planes adjacently, h is reduced and L,,, Cyq are increased.
By designing two sets of DC planes, the current conduction
capability of the busbar is increased as well as the Cyg.
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Fig. 4: Layer stack of the designed PCB busbar.

A chasis ground layer is also added for the PCB busbar
that has two benefits: (1)the chasis ground helps to reduce
the commutation loop inductance. The result has been verified
by ANSYS Q3D simulation for the busbar with and without
the chasis ground; (2)the chasis ground forms Y capacitor
with both the AC and DC planes, which helps attenuate high
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frequency EMI noise from the inverter[13]. As the overlap
between DC planes are maximized to increase the stray
capacitance, the overlap between the AC planes and DC planes
are minimized. The reason is that these planes are essentially
the drain and source for the top and bottom switches, so
overlapping them will increase the output capacitance Clss.
Therefore, switching speed decreased and switching loss in-
creased if the overlap is enlarged. The overlap area for the
designed busbar is minimized for current conduction capability
of 100A.

B. Commutation Loop Optimization

Commutation loop inductance minimization is critical for
the busbar design. Usually, the commutation loop is formed by
the DC-link capacitors, the conduction path inside the power
module and the stray inductance on the busbar between them.
Low ESL DC-link capacitor, optimized busbar layout and high
performance module all help to reduce the loop inductance.
Adding low ESL decoupling capacitor in close vicinity to
the module is another effective method to reduce the loop
inductance. The design is shown in Fig.5 where Loop_1 is
formed by DC-link capacitors and Loop_2 is formed by the
decoupling capacitors.

Fig. 5: Layout of commutation loops for two phases on the
PCB busbar.

Busbar design adopting a central electrolytic DC-link ca-
pacitor can result in unsymmetrical commutation loops for
different phases and cause the highest V;, overshoot as well
as switching loss for one particular phase. Therefore, the
commutation loops for three phase voltage source inverter
should be designed as symmetrical as possible especially
for high power applications. Also shown in Fig.5, two film
DC-link capacitors totally 54uF and six ceramic decoupling
capacitors are designed identically for each phase. The total
inductance of commutation loop Loop_2 is 12.8nH at 10MHz.

C. Overall Design of the Busbar

The PCB based busbar for 100kW SiC traction inverter is
designed based on the optimizations and methods discussed
above, the top and side view of the busbar are shown in
Fig.6(a) and Fig.6(b). The layout of three phase circuits are

identical and totally 162uF DC-link capacitor is designed for
the busbar.

AC outputs
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decoupling
capacitor

SiC modules
(a)
shunt resistor

decoupling capacitor

DC link capacitor . DC inputs
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Fig. 6: 3D layout of the PCB busbar (a) top view (b) side
view.

III. Low PROFILE GATE DRIVER
A. Gate Driver Power Supply Architecture

The key concept on optimizing gate driver isolation trans-
former is by high frequency operation. Increasing transformer
operating frequency, smaller core can be used which makes
low profile planar transformer possible. High frequency opera-
tion also reduces the number of turns needed for the windings,
which reduces the coupling capacitance between the windings
as a result.

To achieve high frequency operation, a transformer driver
MAX13256 from Maxim is selected. Architecture of the
designed gate driver power supply is shown in Fig.7 following
[14]. The transformer driver converts 24V DC to £24V square
wave at a frequency around 450kHz. The high frequency AC
link is then shared by two planar transformers for the top and
bottom driver circuits and rectified to generate +19V/-5V rails.

High frequency core material 3F35 is chosen for low core
loss. In [15], a modified core loss density model is proposed
for square wave excited transformer and the predicted core
loss under square wave excitation is given by:

8
m2[4D(1 — D)+t
where D=0.5 is fixed by MAX13256, v =—0.12 is the curve
fitting coefficient for 3F35 material under 500kHz squre wave

excitation and K f® B” is the core loss predicted by Steinmetz
equation under sinusoidal excitation, which is given in core

Pcore = KfaBB (3)
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Fig. 7: Architecture of the designed gate driver power supply.

material datasheet. An EI core combination E18/4/10/R-3F35
and PLT18/10/2/S-3F35 from Ferroxcube are chosen for the
planar transformer, assuming 0.1W loss on the core, according

to
8 0.1 x 1073

m2[4D(1 — D)]r+! Ve

K f*BP = 148.6kW/m?, where V, = 830mm? is the effec-
tive core volume of the selected EI core. The corresponding
peak flux density can be found to be AB = 60m7T from
the power loss vs. peak flux density curve of the material.
Using (4), the number of turns for the transformer can be
calculated, where v - At = 26.4V - us is the applied volt-sec
and A, = 40mm? is the effective core area.

v- At
2-A.-AB

B. Transformer Inter-winding Capacitance Minimization

Kf*BP =

N = 5.5 4)

Isolation transformer with low inter-winding capacitance
is critical for SiC device based inverter that operates with
high dv/dt. The inter-winding capacitance of transformer
consists of two contributors [16]. As shown in Fig.8, the C'.,
is the winding-winding capacitance formed by primary and
secondary windings; the Cy,c is the winding-core-winding
capacitance formed by the windings and the core. To reduce
the inter-winding capacitance, both C,,, and C\,,, needs to
be minimized.

— COI'E

we PCB

mes= Primary winding
Secondary winding

— wa

C\\v‘ cw

Fig. 8: Two stray capacitance components contributing the
total coupling capacitance.

The winding layout is on a six layer PCB. To decide the
inter-winding capacitance contributed by C,,, three layouts
for N=6, 5, and 4 are first simulated in ANSYS Q3D. As
shown in Fig.9, the inner windings are for primary side and
the outer windings are for secondary side. For N=6, two
turns are designed on each layer, while for N=5 and 4,
one turn is on each layer. The simulated inter- and intra-

Fig. 9: Layout of the PCB transformer for N=6, 5, 4 from left
to right.

winding capacitances are tabulated in Table I. Compare the
results for N=6 and N=5,4, a significant reduction on inter-
winding capacitance (C.,.,) is achieved because of the increase
on distance between primary and secondary windings. The
winding-core-winding capacitance (C\,) 1S also expect to
reduce, because with less turns on each layer, the overlap area
between the windings and core is reduced. Compare the results
for N=5 and N=4, there are minor reduction on C,,,, because
the pattern for the two layouts are similar, both the C,,,, and
Cyew Will be similar.

TABLE I: Stray capacitance comparison for N=6, 5 and 4.

Intra-winding Inter-winding

No. of turns Capacitance(pF) Capacitance w/o core
Primary/Secondary (pF)
3.3/43 2.3
5 3.5/4.6 2.5
5.1/6.2 4.1

Transformer with both N=6 and N=5 are fabricated for
experimental tests. Testing results are tabulated in Table II. The
results verified the reduction on inter-winding capacitance for
the transformer both with and without the planar core. There
is a drop on overall efficiency for N=5 design because with
one turn less, peak flux density for the core gets increased,
which increases the core loss. Moreover, with just one turn per
layer, more vias are used for the layout and the winding loss
also increases. To have the minimal inter-winding capacitance
design for the transformer while not increasing the core loss
significantly, N=5 layout is chosen for the transformer. Final
design achieves <5pF coupling capacitance and 4mm on-
board height.

The fabricated gate driver board for a single module is
shown in Fig.10.

C. Driver Loop Inductance Minimization

Driving loop inductance minimization is another critical
aspect for gate driver optimization. High loop inductance can
cause severe LC'R oscillation in the driving loop that may
lead to gate break down, it can also deteriorate shoot-through
fault caused by cross-talk of top and bottom switch in a phase
leg[17]. To minimize driver loop inductance, self-inductance of
forward-path and return-path of both charging and discharging
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TABLE 1II: Achieved performances of the transformer with
N=6 and N=5.

N=6 N=5
Inter-Winding Bare Board 4.1 2.5
Capacitance(pF) Board+Core 7.6 4.3
Inductance Magnetizing 46 38
(nH) Leakage 1.6 1.6
Max. Pyt (W) Vout within 1V of 24V 2.65 2.62
- 88% full load 0.85 0.84
Efficiency
46% full load 0.82 0.72
. Volume 3em®  3em?
Size .
On-board Height 4mm 4mm
Operating frequency 440kHz

Fig. 10: Hardware picture of the fabricated gate driver for
single module.

loop should be minimized, and the mutual-inductance between
the paths should be maximized. In [18], a vertical loop concept
is proposed and verified for minimal driver loop inductance
layout. The method is used in this work, where the forward
and return paths are designed on adjacent layers of PCB.
The layout of driver loop is shown in Fig.11. ANASYS Q3D
simulation results on loop inductance are 2.2nH for charging
loop and 1.3nH for discharging loop.

Forward path
Return path
| —— oz ivop

o laup

Fig. 11: Layout of the driving loop for charging loop and
discharging loop.

The board-to-module connector inductance can actually
introduce higher parasitic inductance than from driver loop
PCB layout. Therefore, the connector inductance needs to be
eliminated. In this work, a split gate driver structure is used,
where the driver loop circuit is designed on a ’local driver’
that directly connects with the module G — S terminals. The
rest part of the gate driver is designed on the 'main driver’
board and connects with the ’local driver’ vertically. The main

driver’ board only provides +19V/-5V rails and the PWM
signal which is more tolerable to parasitics, the *main driver’
and ’local driver’ can be connected with relatively longer
connector. The position of "local driver’ and *main driver’ are
shown in Fig.12.

- (1
PCB bushar "].

local driver

[

power module

Fig. 12: Position of the "local driver’ and 'main driver’ to build
the split gate driver.

IV. SHUNT BASED CURRENT SENSOR WITH LOW PROFILE
AND HIGH CMRR

The designed shunt current sensor circuit is based on TI's
isolation amplifier AMC1301[19], which has > — A modulator
for the AD conversion and capacitive barrier for isolation. In
a shunt resistor based current sensing structure, the switching
node common mode voltage is directly connected to the input
of sensor circuit. Therefore, a high common mode rejection
ratio (CMRR) is critical to the design of shunt based current
sensor. High CMRR can be achieved mainly by two methods.
One approach is to use instrumentation amplifier as the front-
end since this type of amplifier is designed to have high
CMRR over a wide frequency range. Another approach is
to make the signal chain as symmetrical as possible. An
instrumentation amplifier ISL28633 is used as the front-end
interface between shunt resistor and isolation amplifier, the
instrumentation amplifier is fully differential in and fully
differential out that also achieves symmetrical signal chain for
the whole circuit. The designed current measurement range
is 200A, shunt resistor loss is SOW if the whole input range
(250mV) of AMCI1301 is directly used. With instrumentation
amplifier, the full input voltage is reduced to 25mV, which
makes the design more practical.

Fig.13 shows the testing result of the shunt current sen-
sor. Sinusoidal current of about 1504, is modulated under
1kV DC-link. Fig.13(a) shows the current waveform using
commercial current probe. Fig.13(b) shows the DSP sampled
data for the same current. The result verifies good noise
rejection performance on the designed shunt current sensor.
Fig.14 shows the picture of the shunt current sensor, the shunt
resistors are designed on the PCB busbar with the voltage
signal transmitted to sensor circuit input by twisted wire. The
overall design achieves very low profile.
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Fig. 13: Testing result of the shunt current sensor (a)output
current measured with commercial probe (b)DSP sampled data
plotted in MATLAB.
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Fig. 14: Hardware picture of the low profile shunt based
current Sensor.

V. BACK-TO-BACK INVERTER HIGH POWER CIRCULATING
TEST METHOD

In this section a new testing strategy on high power traction
inverter is discussed. Conventional method of using LR load
for inverter testing requires three phase load bank and high
power DC supply. To change power factor of inverter output,
different fundamental frequency, inductor and resistor values
have to be calculated accordingly. The method proposed in this
work achieves power circulating between the source inverter
and the DUT, therefore large load bank is not needed and only
a low power DC supply is used to hold the DC bus. By doing
closed-loop current control, power factor can be conveniently
changed.

The setup consists of two inverters connected back-to-back
with three inductors in between as shown in Fig.15. The setup

can be regarded as a traction inverter driving a three-phase AC
motor with back EMF. Therefore, the concept of field oriented
control on three phase AC motor can be applied on the power
circulating strategy. First, the three phase sinusoidal back EMF
voltages E,, E, and E. are synthesized by a rotating space
vector E in aw— 3 coordinate. The space vector has magnitude
F and rotates at fundamental frequency w. The driving voltage
V., Vi and V. can also be denoted by space vector V in ao— 3
coordinate. Their differential voltage is applied on the inductor.
By placing the two space vectors in the synchronous reference
frame of the driving inverter and aligning the back EMF vector
FE on the d-axis of the synchronous reference frame, the input
and output apparent power as well as power factor of the two
inverters can be controlled by the phase and magnitude of
current vector I. Specifically, if I, = 0, unity power factor
operation on the DUT can be achieved. This concept is shown

in Fig.16.
s & & o
g = s e =
Yb L Eb
Ve o Ee
T T S

Virtual Motor with Back EMF
Open-loop Valtage
Control

Traction Inverter
Closed-loop Current
Control

Fig. 15: Hardware setup of the high power circulating test
strategy.

Inverter

Fig. 16: Demonstration of the circulating strategy in syn-
chronous reference frame.

Using inverse Clarke Transformation, the three phase EMF
in stationary coordinate can be obtained as shown in (5) ,
where 6 = wt. The back EMF are modulated by SPWM in
open loop.

E, 1 0 z p
E | =|-1 V3 [ 'C(_)S ] (5)
o 7i 2@ FE -sin6

2 2

The d— g model of the virtual motor in synchronous reference
frame can be expressed by (6) where V; and V, are the
terminal voltages, F4 and E, are the back EMF voltages in
d — q frame. The current controller can be designed based on
the model as shown in Fig.17. The V; and V, are generated
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by PI regulators with compensation terms. A zero-sequence
current suppressor is also added to the controller to mitigate
the zero-sequence current issue inherent to the back-to-back
inverter setup[20]-[22].

i

V= L% +wLiy + By "
o

v, :L% —wLiq+ B,

la__f\d-q-0 | va*
1b abe | \b
I V!\*
abc
d-q-0
te.
10 0 | P1 ] 10

Fig. 17: Block diagram of the current controller.

For practical implementation, two types of synchronization
need to be implemented. As the d axis of the synchronous
reference frame need to be aligned with the back EMF vector
E , the rotation angle 6 used for both controllers must be
well synchronized. Failing to do so will cause steady state
error on the output. Moreover, the PWM carriers of both
controllers need to be synchronized to reduce the ripple
current on the load inductors and system loss[23]. An external
synchronization controller generates square wave signal at
fundamental frequency to synchronize both the transformation
angle and PWM carrier. Hardware implementation for the
synchronization and experimental results on zero sequence
current reduction are elaborated in[24].

The 100kW full continuous power operation of the SiC
inverter is tested by the back-to-back circulating method
as shown in Fig.18. The inverter is operated under 1kV
DC-link, 160A,; phase current and 30kHz switching fre-
quency. Fig.18(a) shows the three phase sinusoidal waveform,
Fig.18(b) shows the DC-link current waveform with mean
value of 100A, and the Vs waveform with an overshoot of
18% maximum. With the back-to-back circulating test strategy,
the 1kV DC power supply only needs to provide around SkW
output to the whole system, which is the total loss generated
by the system. The results also verifies the performance of the
designed shunt based current sensor working under 100kW
condition.

VI. CONCLUSION

This paper discusses the design on a 100kW SiC traction
inverter with 1kV DC-link. To achieve low profile, planar
structure is adopted. The optimizations on the PCB busbar
helps to achieve low characteristic impedance, symmetrical
commutation loop and low loop inductance that is critical to
reduce the Vj;; overshoot. The planar transformer significantly
reduces overall height of the gate driver, and by optimizing the

A1

s A

JTTTTTTTITORR

(T3 Ten Foin
Eeit)

(®)

Fig. 18: (a)Three-phase current waveform of the SiC
inverter;(b)DC-link current waveform with mean value of
100A and V;, waveform with overshoot of 18% max.

winding layout, low isolation capacitance is achieved. Shunt
resistor based switching node current sensor is designed for
the high power traction inverter, the design is a low profile
low cost solution, which achieves high common mode noise
rejection, and has been verified by a closed-loop current
control up to 100kW. The proposed back-to-back inverters
high power circulating test strategy eliminates the need on
high power load bank and power supply, and is capable of
varying power level as well as power factor of the DUT up to
100kW level.
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