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Modeling and Validation of Common-Mode
Emissions in Wide Bandgap-Based
Converter Structures

Andrew N. Lemmon

and Brian T. DeBoi

Abstract—Modern power converters designed with wide band-
gap (WBG) semiconductors are known to generate substantial
conducted electromagnetic interference (EMI) as a side effect of
high-edge-rate and high-frequency switching. This article pro-
vides a consolidated treatment of an approach to the derivation
of common-mode equivalent models that are useful for analyz-
ing this increased EMI signature. Also included is a step-by-step
demonstration of this approach applied to a prototype converter
that exemplifies many practical power electronic applications. For
empirical validation of the developed model, this converter is oper-
ated within a custom-designed EMI characterization testbed that
is similar to the setup specified by MIL-STD-461 CE-102. Good
agreement is achieved between analytical predictions and empirical
results in both the time domain and the frequency domain. Spectral
comparisons are shown to be especially accurate in the frequency
range between 10 kHz and 30 MHz, which is the principal range
of interest for controlling conducted emissions in WBG-based sys-
tems. In order to achieve the demonstrated model agreement, a set
of parasitic parameter values were obtained through impedance
characterization of the system under study. Identification of the
critical parasitic elements that must be quantified to achieve good
predictive capability for the presented model represents one of the
specific contributions of this article.

Index Terms—Electromagnetic interference (EMI), equivalent
circuits, power semiconductor devices, packaging, power
electronics.

I. INTRODUCTION

ONTINUED progress in the maturation of wide bandgap
(WBG) semiconductors presents new opportunities for
improving the efficiency and power density of power elec-
tronic systems. However, such systems are known to generate
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Fig.1. Impactoftrends in power electronics on CM-source spectral envelopes.

increased electromagnetic interference (EMI) compared to tra-
ditional silicon-based systems [1]—[3]. It can be shown that this
increased EMI signature is linked to three contemporary trends
in power electronics, as illustrated in Fig. 1. This plot repre-
sents the spectral envelope of the common-mode (CM) voltage
generated by a notional single-phase inverter as a function of
bus voltage (Vg.), switching frequency (fs), and switching
transition rates (dv/dt). Increasing the dc bus voltage applies
a magnitude scaling factor to the CM voltage envelope; in-
creasing the operating frequency and switching transition rates
expand the spectral envelope by increasing the break frequencies
of the 20 dB/decade and 40 dB/decade envelope asymptotes,
respectively. Collectively, these trends exacerbate the burden
on the EMI management components in WBG-based systems
compared to silicon-based systems.

In light of the emphasis on power density that is driving
much of the contemporary WBG technology adoption, the trends
shown in Fig. 1 are practical rather than theoretical. Designers
are pursuing WBG system configurations that require aggressive
switching frequencies along with commensurate switching tran-
sition rates to achieve density targets while maintaining accept-
able efficiency. In this type of WBG system design, conducted
emissions are of primary concern, particularly in the spectral
range above fy, wng in Fig. 1, which includes switching fre-
quency content as well as the “extended dynamics” introduced
by aggressively switching WBG semiconductors [4]. Both cat-
egories of spectral content fall within the conducted emission
band, which may broadly be defined as 10 kHz-30 MHz. This
band, therefore, defines the target range for modeling efforts
seeking to provide predictive capabilities of conducted emis-
sions for WBG-based systems.
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The system-level effects of this elevated EMI signature are
not comprehensively understood at present, in spite of signifi-
cant research efforts. The power-electronics literature contains
numerous descriptions of models developed to aid in the un-
derstanding and prediction of conducted EMI. In general, these
studies fall into one of two main categories. The first category
is marked by the development of a detailed mixed-mode (MM)
model for the converter topology in question [S]-[12], often with
extensive characterization of parasitics in the semiconductor
packaging, load, and ancillary structures. The resulting model is
typically exercised in the time domain using circuit simulation
software, and EMI performance metrics such as CM current
magnitude or heat sink voltage are extracted and analyzed.
The second category is characterized by the development of
simplified or equivalent models of power electronic systems or
filter components [13]-[20]. Some examples in this category
treat the converter as a black box [13], [14]; others produce
simplified MM models [15]-[17] or CM equivalent models
(CEMs) [18]-[20] based on a detailed knowledge of the system
configuration and dominant parasitics. Empirical validation or
application of these modeling approaches usually includes the
estimation of model parameter values using frequency-domain
techniques.

One unifying theme that can be traced through both categories
is the sensitivity of system EMI to the parasitics of discrete semi-
conductors and multichip power modules (MCPMs). MCPM
parasitics are of particular interest herein. Much prior work
has been done to characterize the impact of parasitic elements
within MCPMs. Most of this research has focused on the pres-
ence of parasitic interconnect inductances within the module
structure [21]-[24]. However, the baseplate capacitance (BPC)
is also widely recognized as a parameter of sensitivity that affects
system EMI and CM behavior in particular [11], [25], [26]. This
insight has led to various recommendations for both module and
application designers, such as reducing the overall BPC [6], [27];
minimizing the capacitive coupling of the output node in the
phase leg [5], [28], [29]; balancing the capacitive coupling of the
dc module terminals [5], [28], [29]; and ensuring symmetry of all
dc-side impedances [30]. A detailed analysis and demonstration
of the impact of the distribution of the BPC among the terminals
of an MCPM is presented in [31] and [32].

An ongoing effort by the authors is the development of the-
oretical and empirical tools necessary for the evaluation and
characterization of conducted emissions in converter systems
based on WBG semiconductors [4], [33]. A key component in
this tool set is a dedicated empirical test platform for full-scale
power electronic systems. The testbed, shown in Fig. 2, is similar
to the metrology setup called for by MIL-STD-461 CE-102 [4],
[34]. This testbed employs line impedance stabilization net-
works (LISNs) on the input of the equipment under test (EUT).
The output terminations in this system were chosen to mirror the
impedance of the LISN's on the input. It is noted that these output
terminations are not intended to serve as metrology elements.
Rather, the terminations simply provide a reference impedance
to the ground plane without excessive filtering of switching
transients, as called for by [34]. The testbed provides a means
to demonstrate and validate the rigorous development of CM
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Fig. 2. EMI characterization testbed with half-bridge EUT.

models and ascertain which parasitic elements are most critical
to CM emissions. As an example, the present article models
and analyzes this testbed when configured with a single-phase
ungrounded inverter as the EUT.

The contributions of this work are as follows. First, this article
provides a consolidated treatment of a rigorous approach to
the derivation of CEMs, elements of which have been reported
in [31] and [33]. Second, it provides a step-by-step demon-
stration of this approach applied to the analysis of a proto-
type converter that exemplifies many practical power electronic
applications. Third, it provides a detailed characterization of
the parasitic elements of the example system and identifies
the subset of parasitics to which the CM emissions are most
sensitive. Fourth, it provides a thorough empirical validation
of the developed model in multiple configurations of the EUT,
thereby increasing confidence in the modeling approach as
well as delineating its challenges. In total, this article presents
a self-contained demonstration and validation of the authors’
technique for modeling and predicting conducted emissions
in power electronic applications. This technique is based on
straightforward circuit analysis methods, and can be effectively
implemented with characterization data obtained from a com-
monly available impedance analyzer. The combined simplicity
and accuracy of the proposed approach make it a useful tool for
practicing engineers in the reduction of CM emissions during
early-stage design of power electronic systems.

The outline of the article is as follows. In Section I1, definitions
and background on DM and CM decomposition are provided
followed by details of the derivation and simulation of the CEM
for the EMI characterization testbed. Section III provides de-
tails of the testbed’s design, construction, and characterization.
Section IV describes the procedure for accurate extraction of
the BPC elements. In Section V, the developments of the prior
sections are brought together to empirically validate the CEM
of the testbed.

II. CM MODELING AND ANALYSIS
A. Background and Definitions

A systematic CM modeling approach was developed in [19]
and [33] wherein CM voltage is defined with respect to an
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arbitrary reference that is distinct from ground. The floating
reference facilitates the piecemeal transformation of MM system
components into their respective CM equivalent representations.
These can be subsequently assembled to form CEMs of arbitrar-
ily large and complicated power electronic systems. Specifically,
the definitions for CM voltage with respect to the arbitrary
reference P and CM current for the set of N lines in Fig. 3
are

[I>

1 N
D Unp (1)
n=1

>
] =

in. 2)

tem
1

3
Il

DM voltage and current for any pair of the N lines in Fig. 3 are
defined in a dual sense as

A
Umn = UmpP — UnpP (3)

i —in). )

[I>

Zmn

The DM definitions play an important role in analyzing CM
behavior in the presence of coupling between differential and
common modes arising from parametric imbalances [7], [17],
[30], [35], [36], also known as mode conversion. These defini-
tions can be expressed generally as linear transformations from
N MM quantities to N — M differential modes and M common
modes [33]

Vish = TRvap )
i1y £ Thin 6)

where v,,p is the vector of MM line voltages, and v{ is

the vector of DM and CM voltages and likewise for the current
vectors. In the present article, decomposition of the differential
and common modes will require only the 2 x 2 transforms, T
and T}

1 —1

Té’ =1, (7)
2 2
1 1

T} = [2 21 ®)
1 1
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Fig. 4. Partitioning of MM model for equivalent circuit derivation.

Fig. 5. (a) Module parasitics segregated to dc and ac sides of the converter,
and (b) CM equivalent circuit of the dc-side parasitic capacitors.

B. Deriving the Nominal CEM of the EMI Testbed

The CEM of the EMI testbed in Fig. 2 may be determined in
four steps, summarized as follows:

1) separating the system into ac and dc sections, as shown

in Fig. 4;

2) expressing the line-to-ground voltages in terms of an

arbitrary reference;

3) decomposing the voltage equations using (5) and (6); and

4) connecting the CEM components by specifying the

reference P to be a convenient physical point.

In the nominal testbed of Fig. 2, the LISNs and output termi-
nations are balanced, and therefore, the CM equivalent circuits
of their respective sections can be determined by inspection
through standard parallel combination rules as detailed in [33].
In contrast, the parasitic BPC is typically distributed unequally
across the module terminals. Therefore, these elements require
formal decomposition as detailed in the following paragraphs.

First, the system is separated into two sections, and the para-
sitic capacitors are segregated by virtue of their location on the ac
or dc side of the converter. Specifically, C\,4 and Cy, are shifted
to the dc-side whereas C,4 is associated with the ac-side, as
shown in Fig. 4. Therein, an additional fictitious capacitor C,,,
is shown connecting the neutral point IV to the module baseplate
in order to reuse dc-side results for the ac-side parasitics. This
capacitor will be set to zero after forming the CEM.

Second, the line-to-ground voltage equations of the dc-side
capacitor branches shown isolated from the larger system in
Fig. 5(a) are expressed with respect to the arbitrary reference
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point P as

Z‘ug + Z‘lg + Z‘(Lg + ing

VUCug
= + Ry C))
VClg

Henceforth, vector notation will be employed to express such
equations more compactly, e.g.

iug + ilg + iag + ing

VULP + Upg

1
1] = VQulg + Rh(iulg + iang) (10)

where Ry, is the heat-sink resistance matrix given by

11
11|

It is noted that the heat sink could be represented as a more com-
plex RLC network, but it is assumed to be purely resistive in the
present derivation for simplicity without loss of generality. The
capacitor voltages in (10) are in accordance with the constitutive
equation

R, =Ry, (1)

Cug 0

(12)
0

iwg =D VCulg

where p is the Heaviside operator p £ %.

Third, one obtains the decomposed set of voltage equations
by left-multiplying (10) by T? and employing the substitutions

iurg = (T5) G5 and ign, = (T5) ige
0
Vi + ] = v, R + i) (13)
Upg
in which
/ v 7\—1 0 0
= TR, (T = Ry, o1l (14)

It is observed in (13) and (14) that the CM-reference-to-ground
voltage and heat-sink resistance appear only in the CM equation
after decomposition.

In the interest of forming the CM model of the system of Fig. 2,
the CM equation may be extracted from (13) and expressed in a
scalar form as

VL +vPg = Vaug + Ra (il +iang) (135

Of course, it remains to establish the CM voltage drop across
the parasitic capacitors C',4 and Cjy. The voltage v¢y,,, may
be determined by decomposing the constitutive equation in (12)
separately. Since (12) is a current equation, it is decomposed by
left-multiplying by T% and employing the substitutions v, =
(Ty) 'vai™ yielding

Cug +Ciy  Cuyg — Cyy

sdem _ 4 2 dem

Yug = Cuo — C, Culg- (16)
—i—t Cug + Clg
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Equation (16) may be inverted to solve for v¢,, (and vdm g)in

terms of the DM and CM currents, zul and (7} . However, it is
often more insightful to express the CM Voltage drop in terms
of CM current and DM voltage. Therefore, the CM equation is
simply extracted from (16) and solved for vy, .

C Clg vglglg
e jem 17
Culg Cug 4 Clg 2 (Cug + Clg) ulg ( )

Two interesting features may be noted from the expression
for the CM voltage across the dc-side parasitic capacitors in
(17). First, the first term to the right of the equal sign indicates
mode conversion from DM to CM proportional to the difference
between C,,4 and C,. It can be shown that this term is precisely
equivalent to the mean of the series DM voltage drops across
the two capacitors between the U and L nodes as determined
by voltage division. Second, the last term in (17) indicates a
CM capacitance that is the parallel combination of the two dc-
side parasitic capacitors—i.e., C'y4 + Cj,—in keeping with the
balanced-parameter case. The developed approach, therefore,
aligns with the intuition that CM current sees the two paths as a
simple parallel combination regardless of symmetry.

The CM model for the dc-side parasitics is completed by
substituting (17) into (15), yielding

Cug - C’lg dererllg
Oug + Clg 2

cm
VgL T Upg = —

1
+————i + R -
p(cug I Clg)zulg h( ulg Zang)
(18)

The equivalent circuit indicated by (18) is depicted in Fig. 5(b).
Recall that in (18), v/} is determined by definition from (1) as

cm A

vy = i(UUP—FULP). (19)

This voltage source will be fully specified upon selecting a
convenient point for the CM reference P. Any other portion
of the system connected in parallel with the parasitic capacitors
at U and L (viz., the LISNs) will share an identical CM voltage
definition, and, therefore, will connect to the parasitic capacitor
CM equivalent circuit at the point designated U, L in Fig. 5(b).
The CM model for the ac-side parasitic capacitors is obtained
using the same approach as demonstrated for the dc-side capac-
itors by replacing C' 4 and Cj, with Cy4 and C), 4, respectively.
For the half-bridge inverter considered herein C',; = 0. There-
fore, the CM equation for the ac-side parasitics is given by

1 pdm 1
2 ang + pCag

ang + Rh ( ulg + Zgl;?g)

(20)

Finally, the CM equivalent circuits of the LISNs, output
terminations, and module parasitics on the ac and dc sides of the
inverter implied by (18) and (20) are connected to produce the
CEM of Fig. 6. Their connection is accomplished by specifying
the CM reference P to be a convenient point with respect to both
ac and dc sides of the inverter. For the half-bridge inverter, the
phase terminal A is a suitable choice. For this designation, the

cm
VAN T VUpg =
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Fig. 6. [Initial CEM of the EMI characterization testbed with half-bridge
inverter EUT.

CM voltage sources in (18) and (20) are determined by definition
from (1)

1
viry = §(UUA +uopa) = 5(“@1 —vQ2) 21
VG = 5(aa+una) = —Zvan. (22)

Fortunately for analysis, v} is solely a function of the switch
voltages. The expression for v§%;, however, includes the load
voltage van due to the neutral-forming capacitor bridge al-
though this too is readily expressed in terms of switch voltages.
Specifically, from inspection of Fig. 2, the voltage from A to N
can be determined by

VAN = —VQ1 + Vc1

= V2 — UC2

1

= _i(le —VQ2 — Vo1 +’UCQ).

If the neutral-forming capacitor voltages are relatively constant,
which is desirable in a half-bridge inverter, then vo1 and veoo
have little impact on leakage current through the baseplate and
may be neglected. Substituting (23) into (22) and employing this
approximation, the ac-side CM voltage source is given by

(23)

cm

1
viN A Z(’UQl — vQ2). 24)

The mode-conversion sources in the module parasitic
branches in Fig. 6—resulting from the unequal capacitors form-
ing leakage paths on both the dc and ac sides of the converter—
are provided by (18) and (20). Since the dc- and ac-side parasitic
capacitors span the dc bus and load, respectively, v?ﬁ;l , and
vdm o In (18) and (20) are equivalent to the dc bus and load
voltages, respectively. Therefore, the mode-conversion sources
in Fig. 6 may be approximated as

Cuog — Cio Vi
dm—cm ug lg Vdc
~ —— 25
VCulg Cug + Cly 2 25)
1
g;:gcm ~ 1(“@1 —vQ2)- (26)

C. Simulation Approach and Model Refinement

The CEM, shown in Fig. 6, may be simulated to predict CM
current flows in the given system assuming that the source terms
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Fig. 7. (a) Final CEM employed for CM simulations, and (b) LISN model
with interconnect parasitics included.

in (21) and (24)—(26) can be suitably determined. Indeed, it
will be shown in Section V that the dc input voltage, switching
frequency, duty cycle, and device slew rates suffice as source
parameters to accurately predict CM emissions in the system
analytically. In this article, said source parameters are employed
to generate a Fourier series representation of the term

vQ £ V1 — VQ2 (27)

which appears in all ac CM voltage source definitions. Specif-
ically, the dc bus voltage is assumed constant, and ideal, zero-
bias, symmetric trapezoidal waves are employed to approximate
the switch voltages. With these approximations, the Fourier
series representation of v is given by

o0
vg =4 dVie Z Re {sinc(ﬂnd) sinc(mnt, s fsw)eﬁ”"f*wt}
where Vyc, fsw, d, and 7,.; are the dc-bus voltage, switching
frequency, duty cycle, and average switch-voltage rise/fall time,
respectively [37]. Using the sources’ Fourier series coefficients,
the sinusoidal steady-state solutions of 2" and ¢_y;, shown in
Fig. 6, are computed at the switching frequency and every integer
harmonic up to 30 MHz using phasor analysis. Moreover, to sim-
plify the phasor analysis, the CEM is manipulated via standard
circuit analysis into the form shown in Fig. 7(a). Therein, the
CM parasitic capacitance is Cyp, = Cyg + Cyug + Ciy, and the
CM voltage source in the parasitic branch is given by
e — Cug + Clg ’UiQ

It is noted that the particular form of vy " in (29) is obtained by

neglecting the source term vg‘gl‘gﬂjm

as indicated in (25).

For validation purposes, the inboard and outboard LISN
resistor currents are obtained from " using current division
and multiplied by R;;/2 and Ry, /2, respectively, to obtain the
inboard and outboard CM LISN voltages v%;; and v, as
depicted in Fig. 6. The CM LISN voltages are the average of
the physical MM LISN voltages depicted in Fig. 2

since it is virtually constant,

cm A

VRl = §(URM,U + vRiiL) (30)
VRlo £ §(URZO,U + VRio,L)- 31
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Connection

Coldplate
Grounding Wire

Fig. 8.
current through module baseplate, and (c) complete testbed assembly.

As an additional quantity for validation, the module baseplate
current, as shown in Fig. 2 and equivalently in Fig. 7(a), is
determined by
inp =~ + i) (32)
The LISNs and output terminations are shown in Fig. 7(a)
as identical lumped impedances Z¢,1,; the detailed impedance
model of a single termination is shown in Fig. 7(b). In Fig. 7(b),
the nominal components of the LISN model specified by MIL-
STD-461 CE-102 [34] are depicted in black. To achieve a
satisfactory match between analytical prediction and measured
CM behavior, additional parasitic components (shown in red) are
included in the Zi¢,y, model. First, a T-equivalent transmission
line model is included to represent the interconnection between
the inboard terminal and the EUT. Second, the parasitic coupling
between L; and the testbed reference plane is modeled as a pair of
lumped capacitances, C,; and C),, at the inboard and outboard
terminals of the inductor, respectively. Further explanation of
these parasitic parameters and the determination of associated
values are included in Section III-C. Provided that the parasitics
are balanced for each pair of terminations ({U, L} and {A, N'})
in the testbed of Fig. 2, they may be introduced into Ziepp,
without requiring any further modifications to the CEM shown
in Fig. 7(a).

III. EMI CHARACTERIZATION TESTBED

The notional EMI testbed, shown in Fig. 2, was reduced to
practice during the efforts described in this article. The hardware
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CM/EMI characterization testbed: (a) LISN metrology and attachment to reference plane, (b) metrology setup used for direct measurement of displacement

realization that resulted from this process is shown in Fig. 8.
Although the hardware setup of Fig. 8 was designed and built
from scratch for the effort reported in this article, this design
incorporates many features of an earlier EMI characterization
testbed, which was designed and implemented by the authors as
detailed in [4]. For the sake of brevity, only the most significant
changes made to the design since the description in [4] will be
reported here.

A. LISN and Output Termination Design Updates

The first major update to the hardware setup of [4] is associ-
ated with the design of the LISNs and output terminations. For
both the new testbed and its predecessor, the termination design
is based on MIL-STD-461, CE-102 [34]. However, the outboard
resistors Rj, in the previous design were not thermally stable
under certain EUT operating conditions. To improve the thermal
performance of the system in the new design, the power rating
of R, was increased from 120 to 240 W, and a large aluminum
heat-sink with a thermal impedance in still air of 0.5 °C/W was
fitted to these components. In addition, the updated termination
printed circuit board (PCB) incorporates high-voltage connec-
tors that enable direct attachment of differential voltage probes to
the LISN ports, as illustrated in Fig. 8(a). This direct attachment
technique eliminates the long clip-leads, which were required
for measuring LISN voltages in [4], and minimizes the risk of
coupling stray fields into the loop formed by the probe leads.

Improvements were also made to the implementation of the
termination inductors in the new testbed design. In the previous
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design, the inductor coils were attached to the testbed with
Litz wire leads of approximately 1.5 m. During the impedance
characterization of the testbed, it was found that the orientation
of the leads contributed to measurable variation in the value
of these inductors. To address this source of inconsistency, a
semirigid strip of nonconductive rubber was fixed between the
inductor leads in the new design. This change, which is shown in
Fig. 8(c), helps to ensure a consistent and repeatable impedance
profile for each termination within the testbed.

B. Testbed Metrology Updates

The second major update to the hardware setup of [4] is
associated with the metrology practices employed. In the pre-
vious testbed design, the input and output CM currents were
measured using a cascaded combination of current transformers.
The displacement current through the module baseplate and
attached heat sink was calculated from these two measured
currents as in (32). While this method of measurement was
useful for exploring general baseplate-current trends observed
in simulation, some discrepancies remained between the simu-
lated baseplate-current waveforms and those obtained through
experiment due to the inherent numerical difficulties associated
with seeking a small signal as the difference of two much larger
signals. Thus, for validating the theoretical model presented
in this article, a more accurate method for baseplate current
measurement is used in the new testbed design. This technique
involves the use of a 120 MHz active current probe to measure
the current in a wire jumper connecting the module baseplate to
the testbed ground plane, as shown in Fig. 8(b). This technique
also requires the physical separation of the module baseplate
and attached coldplate from the testbed ground plane, which was
accomplished in the new testbed design with a spacer comprised
of 1/4" polycarbonate sheet stock overlaid with a thin film of
polyimide (Kapton).

In addition to the baseplate current measurement, the LISN
voltages are also instrumented in the new testbed design. There
are four attachment points of the LISN filters to the reference
plane: each LISN has a single “inboard” attachment (across R;,
toward the EUT), and a single “outboard” attachment (across
Ry,, opposite the EUT). In a typical qualification laboratory
setup, only the inboard attachments would be instrumented and
used to evaluate compliance to a given standard such as MIL-
STD-461, CE-102. However, capturing all four LISN voltages
provides additional insight into the system’s CM/EMI behavior
as well as additional data that can be used for detailed validation
of the CM model presented in Section II. In the experiments re-
ported here, all four LISN voltages are simultaneously measured
using differential voltage probes rated at 1.5 kV and 200 MHz
attached to an eight-channel oscilloscope with a bandwidth of
2 GHz (Tektronix MSO58).

C. Testbed Impedance Characterization

One important contribution of the current effort compared to
the authors’ previous work [4] is that the new EMI testbed has
been extensively characterized. This characterization was orig-
inally undertaken in order to help identify a suspected missing
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TABLE I
CHARACTERIZED LISN COMPONENT AND LEAD PARASITIC VALUES

Value
Parameter L U A N  Units
Components L 52.12 51.25 51.35 5295 uH
Cp;; 02173 02166 02170  0.2166  uF
C,, 81563 8.1936 8.2126 8.1748 uF
Ry;; 09899  1.0297 0.9901 0.9904 Kk
R;, 49266 49333 49377 49445 Q
Parasitics Ly 307.0 362.0 339.0 203.5 nH
Ct 16.67 15.00 13.57 1459 pF
Chpi 52.77 47.50 42.96 46.19  pF
Cpo 15.56 14.00 20.16 21.12  pF

parameter in the CEM outlined in Section II. While this aim
was ultimately accomplished, this characterization effort also
served another purpose. During the course of this analysis, many
of the component parasitic parameters were found to have very
little influence on the accuracy of the CEM predictions. Thus,
through detailing the parasitic parameters of the EMI testbed,
it was found through process of elimination that comparatively
few parameters exert significant influence on the overall CM
behavior of the system.

1) LISN and Output Termination Component Measurement:
The first major elements within the EMI testbed to be char-
acterized were the individual components of the LISNs and
output terminations. Each of the capacitors and inductors was
disconnected from the testbed and measured with a Keysight
E4990 A precision impedance analyzer across a frequency range
from 20 Hz to 120 MHz. The resulting complex frequency data
were imported into MATLAB and curve-fit to a single equivalent
value using the technique outlined in [24]. Each of the resistors
was also disconnected from the testbed and measured with a
GW-INSTEK GOM-804 micro-ohm meter configured for a dc
stimulus. All of these measurements were performed at room
temperature in a laboratory environment.

The detailed results from this characterization step are pre-
sented in Table I. Additional analysis was performed on the
measured characterization data reported here. For example, a
value for the equivalent series resistance and equivalent series
inductance was computed for each of the capacitors. The equiv-
alent parallel capacitance for each resistor was also computed,
along with the frequency-dependent resistance of the inductors.
However, the model proved to be insensitive to these parameter
values, and they were, therefore, not included in the model
presented in Section II.

2) LISN and Output Termination Parasitic Measurement:
During the investigations reported here, it was found that the
CM behavior of the testbed was more nuanced than could be
explained by the inclusion of the parasitic properties of the
individual components described in Section III-C1. This led
to a deeper exploration of the parasitic characteristics of the
testbed. Ultimately, two different factors were found to play an
important role in determining the CM behavior of the system
under study. The first factor is the characteristic impedance of
the litz wire jumpers between the EUT and the inboard ports
of the LISNs and output terminations. Initially, the influence of
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these jumpers was assumed to be negligible, because their length
is short (0.5 m) compared to the length of litz wire used in the
inductors (13.5 m) and they are spaced as far as possible from
the testbed reference plane (200 mm). For these reasons, it was
assumed that the series impedance and reference-plane-coupling
of these jumpers would not be important. However, neglecting
these parasitic contributions caused a significant error in the CM
resonant frequency predicted by the model. This finding led to
the introduction of a T-equivalent transmission line model to
represent these jumpers, as shown in Fig. 7(b).

The second factor is the presence of a parasitic capacitive
coupling between the testbed reference plane and various struc-
tures within the LISNs and output terminations. An extensive set
of impedance analyzer experiments was conducted in an effort
to determine the exact location of this coupling. However, it
was found that this coupling is distributed broadly across all
terminating components, interconnects, and the PCBs used to
attach these components to the testbed. This finding led to the
introduction of two additional parasitic capacitors within the
Zierm Model, one on either side of the inductor, as shown in
Fig. 7(b).

The characterization process used for measuring the collective
contribution of these parasitic parameters was as follows. First,
each of the litz wire jumpers was disconnected from the testbed
at the EUT end. Next, the free ends of the two input jumpers
were connected together, and an impedance measurement was
performed between this node and the testbed reference plane at
the location of the MCPM baseplate. This process produced a
measurement of the input CM impedance of the LISNs, inclusive
of the litz jumper wires but exclusive of the 50 €2 terminations
typically provided by the EMI receiver in a compliance setup.
The results of this process for the LISNs are represented by
the “measured” trace in Fig. 9. Also shown in Fig. 9 is the
predicted CM impedance of the nominal LISN model without
the contribution of the additional parasitic parameters described
in this section. It should be noted that this model prediction
diverges significantly from the measured behavior of the testbed
at frequencies greater than 3 MHz. However, by including the
additional parasitic parameters described in this section, the
agreement shown in Fig. 9 is achieved. The complete set of
parasitic parameter values that resulted from this process are
tabulated in Table I.

IV. MCPM PARASITIC CHARACTERIZATION

One parasitic that must be accurately determined in order
to predict the conducted emissions of WBG-based converters
is the BPC of the MCPMs used in such systems. A diagram
of a notional half-bridge MCPM is presented in Fig. 10 to
elucidate the origin of the module BPC. This simplified diagram
shows a typical module configuration including the baseplate,
ceramic insulator, conductive direct-bond-copper (DBC) sub-
strate regions, and wire-bonds. Power semiconductor structures
such as the DMOSFET present the drain terminal on the back
of the die and the source and gate terminals on the top of the
die. Wire-bonds are employed to connect the drain of Q; to
external terminal D; via DBC region 1; the source of Q; and the
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Fig. 9. Comparison of CM impedance of LISNs as measured from the EUT
with Zterm model without parasitics (nominal) and with parasitics (modeled);
note that all results exclude the 50 €2 terminations.

Transistor D C"g
Ceramic | Die
Insulator I /
DBC - .
Substrate -
SiD; ag £
|_ 2
> 2
4 8
1 2 3
Internal Wirebond = |—
Baseplate
Terminal Wirebond e P Sz € L

Fig. 10. Geometry diagram of a notional half-bridge MCPM.

drain of Q- to external terminal S;Dy via DBC region 2; and
the source of Qs to external terminal So via intermediate DBC
region 3. Multiple parallel wire-bonds are generally used to meet
ampacity requirements in high-current modules; however, only
a single wire-bond per connection is shown here for simplicity. It
is noted that the metallic baseplate, ceramic insulator layer, and
DBC substrate regions form three unintentional parallel-plate
capacitors between the MCPM terminals and the baseplate,
which is usually mounted to a grounded heat sink. These three
capacitances comprise the BPC.

A critical detail in the structure shown in Fig. 10 is that two of
the three primary DBC regions shown are used to attach semi-
conductor die to the module substrate—viz., regions 1 and 2.
Region 3 serves mainly as a current distribution mechanism and
a means to reduce interconnect inductance (reduce wire-bond
length) and, therefore, is usually smaller than the other regions.
As a result, it is expected that the capacitive coupling between
DBC region 1 and the baseplate is likely to be similar to the
capacitive coupling between DBC region 2 and the baseplate.
Conversely, the coupling between region 3 and the baseplate
is expected to be somewhat smaller, since substrate area is not
reserved for die mounting. Specific MCPM examples, which
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Fig. 11. Internal parasitic capacitances of a notional half-bridge MCPM.

demonstrate the occurrence of this geometric convention in
actual practice are reported in [6], [27], [38], and [39]. It has
been shown in the authors’ previous work that the magnitude of
this imbalance has significant consequences for the interaction
of CM and DM behavior and the overall leakage current through
the module baseplate [31], [32], [40].

In order to populate the parameters of the model under con-
sideration, it is necessary to estimate the BPC of the specific
MCPM employed in the testbed of Fig. 8. This module is a
commercially available SiC MOSFET half-bridge module from
Cree, part number CAS120M12BM2. Techniques for empiri-
cally extracting estimates of MCPM interconnect inductance are
well documented in the literature [24], [41], [42], but terminal-
to-BPC is not considered by these procedures. Unfortunately,
empirical techniques that extract inductances from terminal
impedance measurements cannot be directly applied to extract
these capacitances. This is due to the internal connections within
the module that attach the semiconductor die to the substrate
areas and the module terminals, as shown in Fig. 11. When the
impedance between one of the terminals and the baseplate is
measured for a fully assembled module, the resulting capac-
itance value represents a combination of series and parallel
parasitic capacitances rather than the desired individual BPC
component.

In order to accurately measure the individual BPC elements
for the MCPM employed in the testbed of Fig. 8, a sample of
the module utilized in the validation study (CAS120M12BM?2)
was deconstructed. The outer case of the module was removed
along with the dielectric potting material to expose the sub-
strate regions. In addition, each of the wire-bond connections
represented in Fig. 10 was cut to isolate the individual substrate
regions and allow independent measurement of each parasitic
BPC element. The deconstructed module with the isolated
substrate regions is shown in Fig. 12. Before the terminals
were removed from the module, a Keysight E4990 A precision
impedance analyzer was used to characterize the impedance be-
tween each terminal and the baseplate. The measured impedance
data were subsequently imported into MATLAB and curve-fit
with a series—RLC circuit using the technique in [24]. For
each terminal, the measurement and curve-fit procedures were
independently performed three times, and the extracted capac-
itor values from the independent runs were averaged for each
terminal to minimize measurement error. The averaged curve-fit
values that resulted from this process are shown in Table II.
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Fig. 12.  Deconstructed MCPM with labeled substrate regions; region 1 con-
stitutes Cl ; region 2 constitutes Cg; and region 3 constitutes Cj .

TABLE 1T
AVERAGED BPC OF CREE CAS120 MCPM

Parameter Description Value Units
Cug U-to-baseplate capacitance 191 pF
Cag A-to-baseplate capacitance  255.7 pF
Ciyg L-to-baseplate capacitance  102.6 pF
Cyp total BPC 549.3 pF

V. EXPERIMENTAL VALIDATION

One goal of this article is to leverage the EMI testbed de-
scribed in Section III to quantitatively demonstrate the predictive
capabilities of a CEM rigorously derived as shown in Section II.
To this end, both time-domain and frequency-domain compar-
isons of model predictions and empirical measurements are
provided in this section. Although it is a common practice in the
EMI/electromagnetic compatibility literature to provide model
validation solely through comparison of spectral envelopes,
this approach complicates quantitative error analysis and has
a tendency to obscure model mismatches since such compar-
isons are plotted in decibels (i.e., a logarithmic scale). In order
to address these shortcomings while maintaining relevance to
qualification procedures, this article provides time-domain vali-
dation in addition to traditional spectral comparisons. Obtaining
a high-fidelity model match in the time domain is a challenging
endeavor and represents one of the distinguishing contributions
of this article.

To generate time-domain waveforms for validation of the
CEM, the EMI testbed described in Section III was exer-
cised with a half-bridge EUT constructed from the commer-
cially available silicon-carbide half-bridge module described in
Section IV. The design and configuration of the single-phase
inverter serving as the EUT in this setup is very similar to
that described in [4]; therefore, only the differences from the
previously reported configuration will be detailed here.

A. EUT Design Updates

The primary update to the EUT within the hardware setup
of [4] concerns the custom gate-drive circuitry within this
inverter. In the previous EUT design, pulsewidth modulation
(PWM) signals were generated by a digital signal processor
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Redesigned gate-drive circuit used in half-bridge inverter serving as

(DSP) and routed through a ribbon cable between the DSP
board and the gate-drive circuitry attached to the power module.
Galvanic isolation for the signaling path was provided within
the gate-drive circuit itself by means of a digital isolator with a
minimum common-mode transient immunity rating of 75 V/ns.
This circuit was designed with the objective of ensuring suf-
ficient galvanic isolation and high CM impedance. However,
the unquantified coupling across this isolation barrier raised
concerns that CM currents flowing through the gate-drive circuit
could complicate the validation of the CEM. To address this
potential CM leakage path, the new testbed design incorporates
a fiber-optic cable interface between the DSP and the gate-drive
circuitry attached to the power module. This change required
a redesign of the gate-drive circuit, with the result shown in
Fig. 13. The use of the fiber-optic interface not only reduces
CM leakage currents through this path, but also reduces the
likelihood that stray fields coupling into this path could cause un-
commanded switching events. In addition, during this redesign
process, the current amplifier used in the gate-drive circuit was
upgraded to anew component capable of 30 A peak drive current,
compared to 14 A peak drive current in the previous design. A
2-Q) externally applied gate resistor was used in the gate-drive
circuit of both switch positions for all experiments reported here.

B. EUT Operating Conditions and Load Configuration

The EUT was operated continuously during multiple exper-
iments that involved a range of operating conditions. In each
experiment, the inverter was operated for a time period suffi-
cient to reach thermal steady-state before measurements were
performed. Achievement of thermal steady-state was verified by
monitoring the inverter with a thermal camera during the initial
few minutes of each test. All experiments were performed with
a dc-bus voltage of approximately 600 V for consistency with
previous efforts and to provide generous voltage headroom for
the EUT, which is based on semiconductors rated at 1.2 kV.
In all experiments, the inverter was operated open-loop with
gate timing provided by a DSP running custom-developed,
user-configurable firmware. For the particular experiments
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TABLE III
TESTBED AND SIMULATION PARAMETERS

Value
Parameter Case 1 Case2 Case3 Units
EUT
Ve dc voltage 600 " "V
dv/dt  slew rate 3.42 2.13 2.13  V/ns
Trf avg. rise/fall time 176 282 282  ns
fsw switching frequency 100 " " kHz
d duty cycle 50.09 " " %
tar dead time 300 400 400 ns
Cac DC-link capacitor 400 " " uF
Cn neutral-forming cap. 100 " " uF
Ry, heat sink resistance 0 " "Q
LISNs
L input inductor 51.68 " " pH
Cl; inboard capacitor 0.22 " " uF
Clo outboard capacitor 8 " " uF
Ry; inboard resistor 1000 1000 50 Q
Ry, outboard resistor 5 " "Q
L jumper inductance 3322 " " nH
Cy jumper capacitance 15.84 " " pF
Cpi inboard parasitic 50.13 " " pF
Cho outboard parasitic 14.78 " " pF
Output Terminations

L; output inductor 52.14 " " upH
C; inboard capacitor 0.22 0 0 uF
Clo outboard capacitor 8 0 0 uF
Ry; inboard resistor 1000 00 co
Ry, outboard resistor 5 [e%s) oo
Ly jumper inductance 254.3 " " nH
Ci jumper capacitance 14.08 " " pF
Cpi inboard parasitic 44.58 " " pF
Cpo outboard parasitic 20.64 " " pF

reported here, the DSP was configured to operate the inverter
in fixed-duty PWM at a switching frequency of 100 kHz. All
salient parameters of the experiments reported in this article are
detailed in Table III.

For the sake of brevity, this article provides detailed results for
only three of the experiments performed. However, the included
results are representative of the larger body of results, some
of which are presented in [31]. The three experiments reported
here are distinguished by the load applied to the inverter during
operation and the configuration of the LISNs. For the first
experiment (Case 1), the inverter was loaded with the output
terminations connected in series as shown in Fig. 2. The LISNs
were configured with high-impedance (1-k(2) terminations on
the inboard legs where qualification measurements are tradition-
ally taken. This configuration evaluates the EUT with a known,
reference impedance to the ground plane without excessive
damping and filtering of switching transients. For the second
experiment (Case 2), the output terminations were modified
by physically removing R;; and R;,, resulting in a nominally
inductive load with an effective value of approximately 100 pH.
Case 2 represents a configuration one step closer to the standard
setup employed for qualification to MIL-STD-461 CE-102 [34],
wherein the EUT load is floating with respect to the reference
plane. Finally, for the third experiment (Case 3), the Case-2 con-
figuration was modified by terminating the inboard legs of the
LISNs with 50-€2 resistors to conform with a standard conducted
emissions qualification setup. Additionally, the coldplate was
mounted directly to the testbed ground plane and the ground
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strap was removed. Comparison of these three experimental
cases provides a first-order estimation of the impact of the
metrology and load coupling on the CM behavior of the EUT.

C. Model Predictions Versus Experimental Results

Simulation studies were performed to compare the predictions
of the model derived in Section II with the experimentally ob-
served behavior of the testbed. To this end, the steady-state CM
emissions of the testbed were computed via Fourier series and
phasor analysis of the model in Fig. 7, as described in Section II,
using the parameters summarized in Tables II and III. The sole
inputs provided to the CEM were the CM voltage expressions
given by (21) and (24)—(26). It is noted that nominal values of
many testbed components were used in the populated CEM,
even though characterized values were available as detailed in
Section III-C. In these cases, CM behavior was found to be
insensitive to the parameters in question, so nominal values were
utilized to demonstrate the minimal complement of character-
ized values necessary to accurately predict the system’s CM
emissions.

For all of the experiments presented, graphical comparisons
are provided between the CEM prediction and the measured
behavior of the EUT in terms of three metrics: the outboard
CM voltage at the LISN v}, the inboard CM voltage at the
LISN v%7;, and the displacement current through the module
baseplate iy,. It should be noted that no filtering or smoothing
was applied to any of the experimental data presented in this
section. For vi}; and 4p,, spectral comparisons are provided
in addition to the transient waveform overlays. A quantitative
assessment of the agreement between the CEM and the measured
behavior of the system is also provided for all three transient
metrics. The normalized rms error between simulated and mea-
sured results is used for this purpose. This value is computed as
follows:

\/ﬁ 2712721 ('xlneas,n

mMaXy |Tmeas,n |

2
- JCsim,n)

x 100%.

(33)

1) Case I1: The simulated CM LISN voltages and MCPM
baseplate current for Case 1 are compared to measured wave-
forms in Fig. 14. The transient comparisons of the CM outboard
and CM inboard LISN voltages shown in Fig. 14(a) and (b),
respectively, demonstrate good agreement. This verifies the ac-
curacy of the CEM in predicting the transient behavior of the CM
current at the input of the EUT, which is a critical component of
the conducted emissions for this type of system. The transient
plots of the measured baseplate current in Fig. 14(d) and (e)
also demonstrate good agreement with the CEM predictions.
This is another important predictive capability of the CEM, as
the baseplate current is known to contribute to CM emission
challenges in high-power converters.

The spectral comparisons of the CM inboard LISN voltage
and the baseplate current in Fig. 14(c) and (f), respectively,
also demonstrate good agreement for Case 1. Specifically, both
the odd and even switching harmonics are accurately predicted
by the CEM up to at least 5 MHz, and reasonable agreement

Erroraﬁ,nrms =
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TABLE IV
NORMALIZED RMS ERROR BETWEEN MEASURED AND
SIMULATED CM EMISSIONS

NRMS Error
Measurement Label Casel Case2 Case3
Outboard LISN Voltage VR, 0.91% 7.22%  16.99%
Inboard LISN Voltage VR 2.81% 9.83% 6.64%
MCPM Baseplate Current Tbp 3.50% 4.86% 6.14%

is achieved up to 30 MHz, the upper limit of the commercial
conducted emissions standards. Overall, the values presented in
Table IV confirm that the CEM is able to predict the CM behavior
of this system for Case 1 with a high degree of fidelity, as all
waveforms are predicted with a normalized root-mean-square
(rms) error value below 4%.

2) Case 2: The simulated CM input LISN voltages and
MCPM baseplate current for Case 2 are compared to measured
waveforms in Fig. 15. The transient comparisons of the CM
outboard and CM inboard LISN voltages shown in Fig. 15(a)
and (b), respectively, demonstrate good agreement, which is
corroborated by quantitative error metrics in Table IV. It is
noted that the large triangle wave present in the CM outboard
LISN voltage for Case 1 is not present for Case 2. This is the
expected behavior, as the low-impedance outboard path in the
termination loop formed by the output terminations is not present
for Case 2. The spectral comparison of the CM inboard LISN
voltage in Fig. 15(c) also demonstrates reasonable agreement
for Case 2. Similar to Case 1, both the odd and even switching
harmonics are accurately predicted by the CEM up to at least
4 MHz, and reasonable agreement is achieved up to 30 MHz.
Above 4 MHz, the observed spectral roll-off is faster than what
is predicted by the model. This discrepancy is attributable to the
noise source approximation employed in the simulation—i.e.,
v was assumed to be an ideal trapezoidal wave as given by (28),
which results in an overestimate of the high-frequency band.

Good agreement between model predictions and measured
results is also achieved for the baseplate current in Fig. 15(d)—
(f) although there is a modest discrepancy between simulation
and measurement around 20 MHz. As shown therein, there is
a resonant peak near 20 MHz not captured by the model. This
peak is due to parasitic inductance introduced by the coldplate
grounding wire shown in Fig. 8(b), which is used to obtain a
high-resolution measurement of the baseplate current. Thus, the
resonance can be moved to a higher frequency by shortening the
ground strap as will be shown in Case 3.

Nevertheless, the most significant characteristics of the base-
plate current are accurately predicted by the CEM for Case 2.
For example, the peak value of the baseplate current (less the
high-frequency ringing) is increased from 400 mA in Case 1 to
700 mA in Case 2. This change, which is accurately predicted by
the CEM, is due to the elimination of a cancellation effect that is
created by the termination loop as detailed in [31] and [32]. Thus,
the dynamics at the primary CM resonance of 1.5 MHz, which
would drive CM filtering requirements in the given system, are
accurately predicted. Overall, the values presented in Table IV
confirm that the CEM is able to predict the CM behavior of this
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and (c) frequency-domain inboard CM voltage at the LISN v3;; (d) time-domain, (e) zoomed-view time-domain, and (f) frequency-domain leakage current

through the MCPM baseplate iy,

system for Case 2 with high fidelity, as the normalized rms errors
are all below 10%.

3) Case 3: The simulated CM LISN voltages and MCPM
baseplate current for Case 3 are compared to measured wave-
forms in Fig. 16. It is noted that in Case 3, the coldplate ground-
ing wire was removed, and the coldplate was mounted directly
to the testbed ground plane to reduce the partial inductance of
this path. Therefore, the baseplate current plotted in Fig. 16 is

calculated as the sum of all currents flowing through all of the
LISN resistors, unlike the direct measurements shown in Cases 1
and 2.

The transient comparisons of the CM inboard LISN voltage
and baseplate current shown in Fig. 16(b) and (d), respectively,
demonstrate good agreement once again. The accuracy of the
CM outboard LISN voltage prediction shown in Fig. 16(a)
appears to be reduced in this case. However, this is a result of
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a drastic reduction in emissions generated by the EUT flowing
through the outboard legs due to the low-impedance 50-€2 termi-
nations on the inboard legs. Thus, a relatively large component
of the noise conducted through the outboard legs originates from
the dc supply, which is not modeled herein. This is also the reason
for the substantially larger error reported for v37, for Case 3 in
Table IV.
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In any case, the plots in Fig. 16 and the quantitative results
in Table IV indicate a strong match between measurements and
model predictions for Case 3 as with Cases 1 and 2. Comparing
all three experiments, it is observed that there is significant
resonant behavior in the baseplate current appearing between
1 and 2 MHz in Cases 1 and 2 that is notably absent in Case 3.
The 50-Q2 terminations associated with standard qualification
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Comparison of measured and modeled CM voltages and currents in EMI testbed for Case 3: (a) outboard CM voltage at the LISN vgl“o; (b) time-domain

and (c) frequency-domain inboard CM voltage at the LISN v37:; (d) time-domain, (e) zoomed-view time-domain, and (f) frequency-domain leakage current

through the MCPM baseplate ip,,.

metrology appear to significantly damp the conducted emissions
of the example inverter system. Thus, depending on the coupling
to ground present in the final application, the qualification setup
may significantly underestimate the emissions in the fielded
system.

VI. CONCLUSION

This article has outlined a formalized approach for developing
CEMs of power electronic applications that is especially useful

for evaluating parametric sensitivities within such systems. This
procedure is utilized to derive a detailed CEM for an exam-
ple system, which is a single-phase inverter within a custom
hardware testbed designed by the authors specifically for EMI
characterization of WBG-based power electronics. The resulting
model is demonstrated to accurately predict the measured CM
behavior of the example system, when populated with a modest
set of parasitic parameter values obtained through impedance
characterization of the hardware testbed. The predictions of the
CEM in both the time domain and the frequency domain are
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shown to closely agree with the measured behavior of the testbed
in all considered configurations of the EUT.

It is further shown that the predictive capability of the devel-
oped CEM is strongest in the frequency range between 10 kHz
and 30 MHz, which is the principal range of interest for con-
trolling conducted emissions in WBG-based systems. Thus, the
modeling approach demonstrated here is expected to be par-
ticularly useful to application designers seeking to understand
the impact of CM behavior in WBG-based designs, which are
known to produce elevated emissions in this frequency range.
One additional contribution of this article is the identification
of the specific set of parasitic elements that must be considered
within the CEM in order to obtain appreciable agreement to the
measured behavior of the system under consideration. While a
large number of characterization experiments were performed
in support of this effort, it was found that the primary sensitivity
of the system is the subset of parasitics, which involve coupling
to the reference plane within the testbed.

In total, this article presents a self-contained demonstration
and validation of the authors’ technique for modeling and pre-
dicting conducted emissions in power electronic applications.
This technique is based on straightforward circuit analysis meth-
ods, and can be effectively implemented with characterization
data obtained from a commonly available impedance analyzer.
The combined simplicity and accuracy of the proposed approach
make it a useful tool for practicing engineers in the reduction
of CM emissions during early-stage design of power electronic
systems.
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