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Abstract—The high switching frequencies and edge rates en-
abled by wide-bandgap (WBG) power semiconductors, such as
SiC and GaN MOSFETSs, promise higher power density without
efficiency penalty in grid-compatible variable frequency drive
(VFD) systems. A significant challenge to be addressed in WBG-
based VFD design is compliance with EMC standards without
over-design. Therefore, common-mode (CM) behavior models
that are highly accurate in higher frequencies and computation-
ally efficient are needed. This study demonstrates a ‘“gray”’-box
analytical method for the CM behavior modeling of an unfiltered
150 hp DC-fed three-phase VFD and the hardware validation.
The model developed in this study can mathematically model
the differential-mode cross-mode coupling effects on the CM
equivalent circuit due to electric circuit and magnetic structure
asymmetry with an accuracy of up to 30 MHz.

Index Terms—wide-bandgap semiconductors, electromagnetic
interference, common-mode modeling, common-core inductor

I. INTRODUCTION

Common-mode (CM) conducted emission electromagnetic
interference (EMI) mitigation plays a significant role in the
EMC design of power electronic converters utilizing WBG
power modules and devices [1]. One common practice is to
place an EE-core motor protection inductor (dv/d¢ inductor)
between the AC output of the VFD inverter and the motor to
reduce the reflective wave phenomenon in long motor cables
[2], [3]. If previously IGBT-based VFDs are replaced with
VFDs utilizing WBG devices, such as SiC MOSFET modules,
reflected wave sensitivity would occur with much shorter cable
lengths. This concern over shorter cable lengths is a by-product
of the increased efficiency of switching inherent to WBG
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Fig. 1. Tllustration of the motor-VFD system under study (the red dotted line
highlights the CM paths)

devices, making the use of a dv/dr filter increasingly common
[4]. Although the dv/dt filter is principally a differential-
mode (DM) filter, it has also recently been recognized that the
combination of dv/dr filter with cither AC- or DC-side CM
inductance plays a role in reducing CM circulating current to
the motor [4]-[6]. Various methodologies have been developed
over recent years to achieve more accurate and efficient CM
modeling in order to more effectively mitigate CM noise,
which is the principal source of conducted EMI in the spectral
range below 10MHz [7]-[9].

The parasitic capacitance between the three-phase voltage
source inverter (VSI) and its chassis, the asymmetrical struc-
ture of the EE- or EI- core inductor, motor cable shielding,
and the motor parasitics together form a complex path for
CM current to circulate in the motor-drive system (Fig. 1).
This study focuses on an unfiltered system that is rated 480 V
and 100 hp. Section II covers the derivation of a CM behavior
model for the system described above. Section III covers the
hardware validation of the derived CM model.

II. “GRAY”-BOX METHOD BASED CM MODELING

The CM modeling starts with a mixed-mode (MM) model
(Fig. 2). The three-phase VSI is composed of three silicon
carbide (SiC) MOSFET half-bridge modules and a DC link
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Fig. 2. Mixed-mode circuit of the system under study

capacitor. The MM model also includes the module parasitics,
EE-core dv/dr inductor Ly and winding independent induc-
tances L;,4, the LISN components, and a modifiable artificial
network (customized hardware to represent the additional
capacitor-section of dv/dr filter, cable leads, shielding, and
the motor impedance).

To ensure EMI evaluation accuracy and efficiency at the
same time, this study uses a “gray”’-box modeling approach
n [10] to mathematically decompose the MM behavior of
power electronic circuits into a corresponding CM equivalent
model (CEM) and DM equivalent model (DEM). The method
applies a linear transformation to the mixed-mode KVL and
KCL expressions to acquire the CM and DM components
without neglecting the existing lumped element in MM. This
approach identifies the cross-mode coupling between DM
and CM signals, i.e. voltages and currents caused by circuit
asymmetries. The “gray”-box method allows EMI analysis and
mitigation design to better target DM- and CM-conducted EMI
independently.

Generally speaking, CEM derivation starts with the baseline
concept where an N-line circuit with a common coupling
point is expressed with line currents (ij, i, ... ixy) and line
voltages to a designated reference point “P” (vy, v, ... v,)
on individual lines (Fig. 3). The “P” node is a mathematically
arbitrary potential point. (This study uses time-domain voltages
and currents as v and i, and frequency-domain, V and I. For
the voltage expressions, the two subscript letters denote the
voltage across these two points in the MM circuit. Complex-
frequency-domain impedances are used for steady-state circuit
analysis, e.g. joL.)

CM voltage and current are defined as:

1 N

vem = AL ey
n=1

N
M= Z )
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Fig. 3. A generic N-line circuit

For a system with N lines, the differential mode voltages
are defined as vy, = v, — v, (Effectively the difference from
line to line). This implies that for N lines, only N-1 differential
mode voltages are required. For differential mode currents, the
definition is simply the summation of currents between two
lines. Note this is done assuming the current is positive in
the same direction on both lines. Thus if there is no common
mode current, i, is the additive inverse of i,.

vi2 1 -1 0 ... O V1
V23 0 1 -1 ... 0 1)
L= L] @
VIN=1)N 0 0 1 —1 VN—1
(N—=1)
vem 11 1 1 VN
N N N N
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= | ] @
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TABLE I
MIXED-MODE CIRCUIT DETAIL
Element Value/Expression

Inverter assembly [11]
Cyc 350 uF
Cuc 191 pF
Cuc 255.7 pF
CLG 102.6 pF

Inductor

Ly (8)

Lina (O]

LISN

L, 50 uH

Cio 8 uF

Cy; 0.25 uF

Ry, 5Q

Rj; 1000 ©2//50 2

Vels Ve2 EMI measurements

Artificial Network

Ly 50 uH

Cao 10 uF

Cai 0.2 uF

Rao 5Q

Ra; 1000 ©2

R, 4.5 t0 90 Q2

Left multiplying the inverse matrix of T, and T;, (3) and (4)
become the derivations of mixed-mode voltages and currents
from CM and DM voltages and currents.

®)
(6)

vo =T, "Vpem
i, = T, lipcm
A. Full-bridge Inverter

Besides the WBG-enabled high switching frequencies and
high dv/dt waveforms, dominating circuit parasitics, e.g. par-
asitic capacitance within the multi-chip power modules are
also identified as the dominating source of EMI emission
[1] and included in the lumped-element circuit models. The
dominating parasitic identified in the full-bridge VSI assembly
is the capacitances between the drain of the upper MOSFET
and the module chassis Cyg, mid-point of the module and the
module chassis C4g, and source of the lower MOSFET and
the module chassis Crg, as shown in Fig. 4. By grouping the
three Cyg and Crg from three paralleled switching modules,
the parasitics can be expressed in the mixed-mode circuit as
the pink shaded area in Fig. 2.
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CEM derivation of this unfiltered inverter assembly is
similar to what was described in [9] with a DC-DC voltage
source converter. For further information on CEM derivation
and modeling, see [1], [11]. The resulting CEM model can
be seen in Fig. 8 between the CEM node “U,L” and “A,B,C”.
Details of the inverter CEM are listed in Table III, where all the
voltages in the expressions are measurable from the hardware.
It is worth noticing that the two sets of capacitances 3Cy ¢ and
3Crg on the DC-side, this capacitance asymmetry will result
in a cross-mode coupling expressed as follows.

Cr6 —Cuc VoL
2(Crg +Cuc)

This cross-mode coupling is non-trivial to the CM behavior of
the system. Using values published in [11] (Table I), expres-
sion (7) quantitatively reflects that there is approximately 15%
of the DC-bus ringing (DM) coupling into this CM branch.
An example of this cross-mode coupling effect can be seen
in hardware analysis (Fig. 5 and 6). Including this voltage
term in CM analysis is essential for the modeling accuracy in
high-frequency.

VCxm =

@)

B. EE-core inductor

The EE-core inductor has an inherent semi-symmetric struc-
ture. Utilizing the magnetic equivalent circuit (MEC) (Fig.
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TABLE II
Ly MATRIX DETAIL

Matrix Term Expression
N2
Laaa Lcc T DR
K+ 7, 11
I L 1 N?
bs Leb -5 ‘
i C 2 . (/Zg + %
Lee, L, Ze N2
ac e Re+Re B, + /::r//’:
Z, N?

Ly, Ly, e
a c .@ + J ,@ + ’/(Lj;fl
L N?

bb 7
R+ %

7), the inductance expression can be found. For clarity of
expression, this study simplifies the MEC to focus on the two
main inductances of the EE-core inductor: the inductance due
to the common-core structure mutual coupling Ly, and each
winding’s independent inductance L;,q. Ly is generally driven
by core reluctance and gap reluctance. Since inductor opti-
mization is not within the scope of this study, the reluctance
of the different core sections and air gaps are expressed as the
sum of the three branches. Assuming the inductor operates
without core saturation, in Fig. 7, the total reluctance on
two ends is noted with %,, the center total reluctance, %..
Li,q is mostly affected by self-leakage reluctance %, and
Hyie. Assuming equal winding turns per phase, the inductance
matrix of Ly, can be expressed as follows (details in Table II).

Laa Lah Lac
Ly=jo |Lsa Lpp Lpc 3
Lca ch Lcc

By naming k; the asymmetry factor between the end-
windings and center winding due to the core geometry (%, =
k1Z%,.), and k; the asymmetry factor between the end-windings
and center winding in self-leakage inductance (Zy. = ko %),
the inductance matrix can be further simplified, and a more
manageable MM KVL expression of the inductor is shown as
follows.

VL,a (l+_2kl> _% _% I,
Vip|=|Lu| -3 1 =5 | tLina | jO || 9)
Vie & % I

where the V; , are the voltages across the windings, and the
independent inductance matrix L;,; can be written as follows.

kr 0 O
Liwa=Lina |0 1 O (10)
0 0 Kk
Applying the transformation matrixes T, and T;” "to (9), the

CM voltage expression of the EE-core inductor can be written
as follows.
vi"

= oL " 4+ Vi (11)
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where L, = ka(kp—1)

o — k—"i—sz[, and Vi, = Fitey (Vi — V). Here
the differential voltage across the inductor follows the defi-
nition: V™ =V ,, — VL, and . Note that Ly of the EE-core
inductor does not contribute to the CM voltage of the inductor.
If the dv/dr inductor uses a separate-core structure, L;,y is the
inductance of each inductor winding, and Ly in (9) becomes
Zero.

The resulting CEM of the inductor is presented in Fig. 8
after node “A,B,C” in blue. The system CEM has diamond-
shaped voltage sources vy, and vy, representing the DM
to CM cross-mode coupling expressed in (7) and (11). The
other sources are formed with source-drain voltages across
MOSFETs and DC-link voltage. These voltages are utilized
later with measured in-situ waveforms to avoid inaccuracy in
MOSFET behavior models. Table III contains all the detailed
expressions of elements in Fig. 8.

B

NW——"VVN

Fig. 7. Magnetic equivalent circuit

III. CM MODEL VALIDATION OF THE VFD

The derived CEM is validated with both PLECS simulation
and hardware measurements. In both cases, the direct mea-
surements from the MM circuit are compared with simulated
or solved values from the CEM.

A. Simulation validation

The MM model (Fig. 2) and CEM (Fig. 8) derived are
established in one PLECS simulation environment with details
described in Table I and III. The voltage sources in the CEM
are simultaneously fed from the MM model voltages, which
have been mathematically manipulated as described in Table
III. The simulated VSI is operating at 450 V, 0.8 modulation
index, 100 kHz switching frequency, 60 Hz modulated fre-
quency, and 100 kW output. The values of ki, kp, Ly, and
Linq used through the testing are shown in the TCI section of
Table IV.

Authorized licensed use limited to: UNIV OF WISCONSIN - MILWAUKEE. Downloaded on April 05,2024 at 16:56:02 UTC from IEEE Xplore. Restrictions apply.



Va VB Vixm
Lcm + - - + o = cm Lem
| U,L fe\ 8 fe\ A,B,C 8 ind ‘A
. ol +
G O == ) VCxm —— P l Loy
—— Cizc
+
R?’(r’n g RL,';” § Vg’” ;: lc/"i o R;,l,, XZ
Fig. 8. CEM
TABLE III Vohage (V)
CEM DETAIL EXPRESSIONS Pl i ! — Mixed Mode (MM)
1 e
CEM element Expression 47 o i I\
Inverter assembly 2o N ‘ P
Ciig 3(Ce +Cuc) o] \ [
Cise 3Csq N / Vo |
Vexm 7 \ I\ /
1 4] |/ - : /
Va VUL ) ‘ W 3
Vg 1 (vaL +veL +ver) -6
Inductor 8
ky(ky — 1) . s
Vixm Viem = 3 (k2k+ 2) (Vfb - VLbL) o : ! . ~—— Common Mode (CM)
cm 2 3 7 i
Lind k2 12 Ltnd 4 } 1 I [ |
LISN 24 s - . )
Lfm %Ll 0 “\ i |
ClLr:n 2Clo 2 ‘ ~n |/ |
Clcim 2C1,' 4,\ J ‘-\\ b
R%n %Rlo R | .
Rj" . s Rii 6
vgm 2 (Vel +Ve2) -8 T T T T T =
Ariijicial Network 7.15 7.20 7.25 7.30 7.35  Time(s) x le-4
Ly 5La
o 3Cs0
o 3Cx;
R,LAY(’; %RA(I
Ry 1Rai

The CM LISN measurement % (Ve1 +ve2) from both the MM
model and CEM are compared to validate the derived CEM.
The comparison (Fig. 9) shows validity for most intents and

purposes.

B. Hardware validation

The hardware validation is performed in two steps: CEM
validation of the unfiltered inverter and the CEM validation
of the inverter with dv/dr filter. The point of validation is the
CM EMI measurement v¢" on the LISNs.

1) Model validation with unfiltered inverter: The VSI used
in this study is a Wolfspeed CRD300DA12E-XM3 that con-
tains three 1.2 kV, 450 A SiC power modules. The VSI is
operated with a 450 V dc bus, 0.8 modulation index, 100 kHz
switching frequency, 60 Hz modulated frequency, and 10 kW
output power. Due to equipment limitation, higher power out-
put condition is not included in this study. However, the main
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Fig. 10. Equipment under test and the testbed

driver of the CM current is not the fundamental frequency
ac current but the voltage waveforms, which vary minimally
between different load conditions. The testing environment
is customized to support model validation and EMI charac-
terization. The essential voltage waveforms are measured si-
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Fig. 12. EMI measurement in DM (Unfiltered inverter only)

multaneously (16 channels in-sync) utilizing two synchronized
Tektronix MSO58 Oscilloscopes with HVDP0200 high voltage
differential probes. The EMI test bed (Fig. 10) is custom-made,
and all the essential impedances of the testbed are calibrated
with impedance analyzers. This testbed contains a set of line
impedance stabilization networks (LISN) that can be modified
to match the requirement of different standards (shown in
orange in Fig. 2, Fig. 8). These custom-made LISNs are able
to perform while sustaining high power noise generated by an
unfiltered power converter operating at high switching speeds
(80 kHz to 100 kHz), resulting in high dv/d¢. The in-situ
waveforms (e.g. source-drain voltages) which constitute the
voltages that result in the voltage sources within the CEM (e.g.
Vas Vg, VLxm) are processed with a rapid frequency-domain
solver to provide EMI characterization and model validation
[9]. All the voltages included in Table IIT are probed (except
the inductor section, which is not presented at this stage).
Before the model validation, it is worth noticing that CM
emission dominates most of the frequency range (150 kHz
to 30 MHz) governed by common EMC standards [12], [13].

LISN EMI evaluation based on the CEM is compared with
the LISN EMI measurement from the testbed to validate the
CEM. Fig. 13 and Fig. 15, 16 present the model validation of
the VSI. The CEM developed in this study highly matches the
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Fig. 14. Inductors used in this study (Upper: TCI V1K130A00; Lower-left:
Custom-made separate-cores; Lower-right: Custom-made common-core.)

hardware measurement. The modeled result is a few dB over-
estimation above 10 MHz but still manages to match a major
spectral peak around 15 MHz. The The cross-mode coupling
term vy, described in (7) (Fig. 8) is also presented in Fig. 5,
6. It is observable that this DM to CM influence is significant
in the accuracy of the CM model.

2) Model validation with inverter and inductor: The model
validation with the inductor is done with three types of three-
phase inductors: off-the-shelf EE-core dv/dr inductor (TCI
V1K130A00), custom-made EE-core inductor, and separate-
core individual inductors. All of the inductors are 2% inductors
at 100 hp (Fig. 14). The custom-made EE-core has a significant
k1 value by using four U-shaped core materials. The separate-
core individual inductor uses two of the same U-shaped
core materials for size comparison. This means the separate-
core structure uses at least 1.5 times more volume than the
common-core case.

To validate the CEM of the inductor, the empirical values
of four terms ki, k», Ly, and L;,; need to be acquired.
Feeding one phase winding while open circuiting the other two
causes two of the current terms to be zero in (9). Repeating
this setup for each phase and measuring the voltages and
currents allows the four terms to be solved. The results of this
process for the three inductors used in this study are shown in
Table IV. It is worth noticing that the nameplate inductance
values of commercially available three-phase inductors are
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Fig. 16. Model validation (detail) V™ (Unfiltered inverter only)

usually determined by V; ./ (27601,) under a balanced 60 Hz
condition, where I} = — (I, +I3). This means the nameplate
inductance is %LM ~+ Ling.

With these solved model details, the inductors are, in turn,
connected to the inverter (Fig. 10) to investigate the system
CEM’s validity. Since the unfiltered VSI assembly CEM is
already validated, it is considered part of the testbed at this
stage. All the voltages included in Table III are probed. The
same validation process is then performed as presented in the
previous VSI-only validation. The validation results are plotted
in Fig. 17, 19, and 20. The model successfully matches the
measurement in all three cases with accuracy relatively similar
to the VSI-only case. Mathematically speaking, the common-
core structure cancels out the CM current-induced flux and
provides significantly less CM attenuation than the separate-
core structure. This CM behavior difference can be seen in
hardware measurement (Fig. 21).

IV. CONCLUSION

Given the rapid advances in wide band gap power electronic
devices, the ever-increasing switching frequencies, and the
innate benefits of these advances. It is critical to the field to
develop an understanding of the EMI/EMC implications of
future designs. Higher switching frequencies result in higher
dv/dt, which is one of the primary drivers of CM in systems.
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Fig. 18. Model validation v" (Full system with custom EE-core inductor)
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Fig. 19. Model validation (detail) V" (Full system with custom EE-core
inductor)

In the future, line filters on VFD outputs will be a design
requirement on most VFDs due to the impact of the high
dv/dr resulting from higher switching frequencies [4]. The
dominant CM implications of these advances are in the 80 kHz
to 30 MHz range, making adherence to applicable standards no
longer a design afterthought. The presented new methodology
and analysis technique is necessary for the required collective
understanding vital to future system design. The methodology
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Fig. 21. CM EMI measurement V™ (envelope only) comparison among
different dv/dr inductors and unfiltered inverter

TABLE IV
INDUCTORS UNDER TEST

Details Value
TCI EE-core inductor
ky 0.85
k> 1.01

Ly 150.49 uH

Ling 53.125 pH
Volume 530 in’
Custom-made EE-core

ky 0.22

) 0.36

Ly 190.25 uH

Ling 53.231 uH
Volume 40 in®

Separate-core

ky N/A

) 1

Ly 0

Lina 113.23 uH
Volume 20in® x 3

presented above for analyzing a dv/dt inductor is also a valid
way of modeling conventional EMI inductors when designing
an EMI filter. As shown from the hardware results in Fig. 21,
the CM attenuation of the dv/dr filter may relieve some of

the burdens on CM mitigation that are required to make the
VFD electromagnetically compatible. This methodology will
help the designer in coming up with a more holistic and cost-
effective approach to conduct EMI mitigation.

The developed analytical method for CM modeling success-
fully modeled the CM emission of the three-phase inverter
selected for this study. The model is validated with a custom-
made testbed and the rapid frequency-domain solver with
unprecedented accuracy and efficiency in frequencies up to
30 MHz. To the best of the authors’ knowledge, the MEC
and CEM integration has not been presented in any prior
publications.
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