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ABSTRACT Current conducted emissions standards provide considerable flexibility in the handling of
interface converters, which are of increasing importance for the design and implementation of microgrids.
Of particular interest herein is the approach selected for terminating the output ports of such converters
during conducted emissions qualification testing. This article provides a theoretical treatment of an interface
converter consisting of a SiC-based single-phase inverter in a custom-built testbed for evaluating conducted
emissions. The accompanying analysis demonstrates that the selection of output terminations plays a signif-
icant role in determining the resulting emissions, with a difference of up to 40 dB observed in the relevant
emissions metrics. These predictions are validated with a set of empirical studies. The dependence on output
termination selection is emphasized further in deployed systems, which are not influenced by the presence
of compliance measurement equipment. In this configuration, the common-mode resonance of the system
is shown to elevate peak emissions due to reduced damping. Overall, this paper highlights an opportunity
to improve emissions standards with respect to interface converters by standardizing output terminations,
particularly in view of the increased high-frequency emissions produced by systems implemented with wide
band-gap technology.

INDEX TERMS EMI, EMC, wide-bandgap semiconductors, qualification, conducted emissions.

NOMENCLATURE Ry, Heatsink resistance.

o Output termination scaling factor. Ry Inboard LISN resistance.

Cug A-to-baseplate capacitance. R, Outboard LISN resistance.

Cop Total baseplate capacitance. N A-to-N CM voltage source.

Cig L-to-baseplate capacitance. vf];] Baseplate CM voltage source.

Ci Inboard LISN capacitance. VoI Q1 switch voltage.

Cro Outboard LISN capacitance. v 0, switch voltage.

Co Output termination capacitance. v} U-to-L. CM voltage source.

Cug U-to-baseplate capacitance. Ziisn  Single LISN impedance.

iol Q; switch current. Z&t  Output termination CM impedance.

ig2 (O, switch current. Zy Heatsink impedance.

Lchoke CM choke inductance.

L; LISN inductance. I. INTRODUCTION

L, Output termination inductance. Accelerating demand for improvements in efficiency and
Rsweep  Output termination resistance. power density in power electronic systems are driving new
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implementations toward adoption of wide-bandgap (WBG)
semiconductors [1], [2], [3], [4], erosion of electrical and
thermal design margins, and densification of packaging solu-
tions [5], [6], [7]. Additionally, categories of applications such
as electric vehicles [8], [9], rail transportation [10], and naval
vessels [11], [12] are projected to move steadily to higher
dc-link voltages in the coming years. This trend is motivated
in part by the reduction in ampacity requirements associated
with elevated system voltages, and the corresponding size
and weight reduction that accrues from the use of smaller
power distribution cables. Total cable weight has a measurable
impact on overall performance for high-power transportation
systems, as these cables contribute to the overhead weight that
must be carried about [13], [14].

Overall, these trends are increasing the challenges associ-
ated with managing electromagnetic interference (EMI) and
ensuring electromagnetic compatibility (EMC) for such sys-
tems [15]. For example, the adoption of WBG semiconductors
has been linked to an increase in overall emissions due to
the high-frequency spectral content associated with the fast-
switching transitions of these devices [16], [17]. Densification
of system components likewise increases the opportunity
for harmful interference, because potential victim receivers
within the system are positioned closer to the sources of emis-
sions, which reduces path loss and increases coupling [18].
Finally, the increase of system dc-link voltages and the transi-
tion to medium-voltage (MV) scale also increases the burden
on EMI management components [19]. Recent studies have
demonstrated a linear relationship between dc bus voltage and
the conducted emissions in single-phase inverters [20]. The
analysis of [20] is general in nature, and this voltage-scaling
trend is believed to apply generally to hard-switched power
electronic converters.

Additionally, to achieve economies of scale and reduce
maintenance costs and system downtime, there is a strong
drive to build complex systems from line-replaceable units
(LRUs) or basic “building block™ converters. The emergence
of the Power Electronics Building Block (PEBB) is a promi-
nent example of this concept [21], [22], [23], [24]. In large
systems designed around this concept, many of the building
blocks will be used as interface converters. Interface con-
verters provide power conditioning for downstream systems
and are not designed to directly power end-use loads. In
this scenario, it is impractical to qualify the entire system
(sources, converters, and loads) in its entirety, and therefore
qualification will likely occur at the building-block level. This
introduces some challenges with respect to emissions com-
pliance, because today’s emissions standards are generally
written from the perspective of evaluating end-use equipment.
The applicability of these standards to the evaluation of inter-
face converters is not clear due to the ambiguous guidance of
applying output terminations.

The contributions of this work are as follows. First, this
article analyzes the ambiguity in the handling of inter-
face converters within contemporary emissions standards.
This is accomplished by applying the common-mode (CM)
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equivalent modeling technique reported in [25], [26], [27] to
an interface converter with an unknown load. A preliminary
form of this analysis was presented in [28]. This work focuses
on the conducted EMI emissions, though many of the trends
are expected to be similar when considering radiated emis-
sions. Second, this article provides a systematic analysis of the
influence of converter input and output terminations on mea-
sured emissions. For example, this analysis reveals that the in-
fluence of output terminations is more significant in deployed
systems compared to compliance measurements under cer-
tain conditions. Third, this article identifies and demonstrates
techniques to reduce emissions from a deployed interface
converter by leveraging its CM equivalent model (CEM). The
provided example illustrates a surprising increase in emis-
sions due to the inclusion of a CM choke. This behavior
is subsequently explained and remedied through analysis of
the CEM.

The organization of this article is as follows. Section II
provides a brief introduction to the treatment of interface con-
verters within contemporary emissions standards. Section III
provides a derivation of a CEM for an example interface con-
verter with scaled output terminations. Section IV provides
a simulation study to demonstrate the influence of output
terminations in the context of this example. Section V presents
empirical validation of the model predictions included in
the previous section. Section VI compares the emissions
produced during qualification measurements and field deploy-
ment. Additionally, the CEM is employed to identify targeted
mitigation strategies to suppress emissions in the deployed
configuration.

II. APPLICATION OF CONDUCTED EMISSIONS
STANDARDS TO INTERFACE CONVERTERS

This paper evaluates the emissions of interface converters with
respect to MIL-STD-461, which is required for qualification
of equipment for U.S. military applications [29]. Commer-
cial standards (e.g., CISPR 32 [30], EN 55032 [31], 47 CFR
Part 15 [32], etc.) differ from MIL-STD-461 in terms of im-
plementation details but are similar in concept and structure.
Thus, while the particular requirements of MIL-STD-461 are
referenced throughout this paper, the discussion, analysis, and
conclusions herein largely apply to commercial standards as
well.

The hardware setup prescribed by MIL-STD-461 to evalu-
ate conducted emissions of systems under sub-part CE-102 is
shown in Fig. 1. The Line Impedance Stabilization Network
(LISN) components shown therein are of particular interest.
All modern conducted emissions standards call for the use
of LISNs (or equivalent structures) between the Equipment
Under Test (EUT) and the utility power supply. LISNs provide
a standard reference impedance for emissions measurements.
Conducted emissions compliance in the kHz to MHz band is
generally accomplished by evaluating voltage measurements
from current-viewing resistors within the LISNs. These volt-
age measurements are compared to a limit line specified by
the standard in order to determine whether the EUT passes
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FIGURE 1. Evaluation setup from MIL-STD-461 [29].

compliance. The use of a standard reference impedance for
these measurements is necessary to ensure that compliance
standards can be consistently applied across different EUTSs,
and at different test facilities, and with different measurement
equipment, etc.

It is important to note that Fig. 1 does not depict the EUT
as offering output power terminals. In other words, the EUT
in Fig. 1 is an end-use device, which directly consumes the
power supplied by the input power terminals. This is the
paradigm shared by most modern compliance standards. One
known exception is IEC 62040-2 which is specific to uninter-
ruptable power supplies (UPSs) and thus includes provisions
for loading the system output [33]. However, these provisions
focus exclusively on the differential mode (DM) load attached
between the output terminals. In contrast to the treatment of
the input terminals, the standard does not specify a defined
reference impedance between the output terminals and the
system ground plane. This load configuration does not ac-
count for common-mode (CM) current flowing through the
system output, which is a significant concern for interface
converters. Other than IEC 62040-2, to the best of the authors’
knowledge, the hardware setup shown in Fig. 1 can be applied
unambiguously only for end-use equipment. It is noted that
for the evaluation of power electronic converters, this model
corresponds to point-of-load (POL) converters that are physi-
cally integrated with end-use equipment. The applicability of
this model to two-port, intermediate conversion devices that
are not integrated with end-use equipment is not clear.

In the case of a two-port interface converter without a ded-
icated load, there may be no obvious or logical method to
terminate the output of the EUT for a conducted emissions
qualification. The EUT may not be intended for a single,
specific end use, or the end use may not be known to the
designers. The guidance in the standard for handling EUTs
with output power leads is quite limited. The only reference
to this scenario in MIL-STD-461 is found in Appendix A of
the standard (“Application Guide”), which is not a mandatory
part of the standard [29]:

Output power leads should be terminated with appropriate elec-
trical loading that produces potentially worst-case emission and
susceptibility characteristics.

However, there are several reasons that this guidance may
be difficult to apply in the qualification of interface converters.
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For example, this guidance presupposes that the system de-
signer or compliance engineer knows the output termination
scheme that would produce “worst-case emission and sus-
ceptibility characteristics.” More fundamentally, this guidance
presupposes that such a configuration objectively exists for all
EUTs. In practice, the fact that this guidance is not mandatory
provides broad latitude for system designers and compliance
engineers to select an output termination scheme of their
own choosing. In general, voluntary selection of “worst-case”
conditions by system designers during compliance evaluation
is not considered likely, particularly when the method for
identifying such conditions is not clear. Instead, in the face
of limited and ambiguous guidance, the selection of an output
termination scheme is most likely to be determined by conve-
nience.

Several authors provide context for investigating the sen-
sitivities of current compliance measurement setups. In [34],
Crebier et al. demonstrated that LISN measurements are sus-
ceptible to line side impedance which can be mitigated by
applying correction factors to the measurements. In [35], de
Beer et al. used high-bandwidth current probes to perform
emissions measurements with and without LISNs present in
the system. The results demonstrated different EMI spectra
when the LISNs are removed from the system and analysis
is provided to explain the observed discrepancies. In [36],
Ananda et al. used LISNs with different shielding levels to
investigate the influence of the ground connection on LISN
measurements. The suggestion from the analysis is to adopt
a LISN with a shield for improved emissions measurements.
In [37], Ziad€ et al. discussed the significant influence of
LISN input impedance on conducted EMI measurements and
proposed methods for determining the uncertainty. In [38]
and [39], Ales et al. and Amjadifard et al. proposed multistage
LISNSs to reduce the susceptibility of LISNs to the impedance
of the input power line. In [40], Khilnani et al. identi-
fied a limitation with LISNs for performing low-frequency
measurements and suggest modifying standard LISNs to over-
come this limitation. In [41], Didat et al. demonstrated that
significant CM current can flow through the EMI receiver
during compliance measurements and influence the measured
emissions. These studies all demonstrate the influences of
the various aspects of the metrology required during con-
ducted emissions compliance measurements. However, to the
authors’ knowledge, the impact of the output terminations
adopted during compliance measurements has not been eval-
uated.

In this paper, the impact of the output termination scheme,
including the impedance of the load to the testbed ground, will
be systematically analyzed as a means of determining the con-
ditions that might constitute a worst-case scenario. It will be
shown that the output termination scheme is indeed a critical
factor—even the dominant factor—affecting the qualification
measurement at the LISNs. Moreover, it will be shown that
the termination of convenience (i.e., a floating load) provides
a poor representation of the conducted emissions in the final,
deployed application.
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FIGURE 2. Architecture of EMI characterization testbed for two-port
devices.
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FIGURE 3. EMI characterization testbed in half-bridge configuration with
scaled LISNs employed as output terminations.

11Il. THEORETICAL ANALYSIS OF OUTPUT TERMINATIONS
To begin the analysis of the impact of the output termination
scheme, it is helpful to provide further definition of the test
system. The EUT in the testbed of Fig. 2 is specified to be a
half-bridge inverter since it is flexible and useful yet simple.
The detailed system for analysis is represented in Fig. 3. It
can be shown that the conducted emissions of this system are
dominated by its CM behavior. As such, this test setup has
been extensively characterized and investigated to determine
the most critical elements to include within a high-frequency
CM model. The development and validation of this model
is detailed in [27]. It is noted that the parasitic baseplate
capacitances of the half-bridge module are included as they
represent an important leakage path affecting the EMI qualifi-
cation measurement at the LISNs. The distribution of parasitic
capacitance between the half-bridge terminals is assumed to
be asymmetric as described in [26], [27]. Furthermore, it is
instructive for sake of analysis, to assume that the output
terminations are scaled copies of the LISNs:

Z]isn

Zow = (1

where Zjg, is the impedance of a single LISN as measured
from the EUT-side terminal to the testbed ground and « €
[0, c0).

The focus of the present work is understanding the in-
fluence of the output termination scheme on the emissions
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FIGURE 4. CEM of the half-bridge testbed shown in Fig. 3. The CEM was
developed using the procedure described in [25].

characteristics of this example system, with particular em-
phasis on CM behavior. To this end, the system model is
reduced to its CEM shown in Fig. 4 in accordance with the
methodology demonstrated in [27], where

1

VgL = E(UQI —v02) (2)
1

vy A Z(UQl —vg2) (3)

e Cug + Crg vo1 — v
br G, 2

Valuable insight as to the impact of the output termination
scheme can be gained by splitting the LISN current into the
two component loop currents depicted in Fig. 4: the baseplate
loop current ijisn 4, and the output loop current ijsy o7 The
baseplate loop current is intrinsic to the qualification setup
for a given EUT. For standard LISN specifications, it will be
shown that this current is largely independent of the choice
of output termination. In contrast, the output loop current is
formed by the output terminations and is therefore heavily
dependent on the selection thereof. This section will analyze
these dependencies in order to systematically determine the
choice of output terminations that meets the letter and/or spirit
of the standard.

The baseplate and output loop components of the total CM
current flowing through the LISNs can be determined through
an unconventional implementation of superposition. Specifi-
cally, the loop currents in Fig. 4 are defined implicitly by the
relationship

“4)

.cm . .
Lisn = Hisn,ol T Hisn,bp - 5

Expressions for the loop contributions are derived in the fol-
lowing paragraphs. First, the total baseplate current is solved
for by the standard method of simplifying the circuit to a
Thévenin equivalent with respect to the baseplate path. The
“baseplate loop” portion of this current—the part that flows
through the inboard LISN legs at the input—is determined
using current division. Second, the output loop contribution
is determined by forcing the baseplate current to be zero by
definition (i.e., removing the baseplate path from the circuit)
and employing voltage division.

1185



NEW ET AL.: INFLUENCE OF OUTPUT TERMINATIONS ON COMMON-MODE CONDUCTED EMISSIONS EVALUATION OF INTERFACE CONVERTERS

Ziisn
Zy Li/2(1+a) 2(+a)

2(1+a)Cy; | 2(1+a)Cyy
Rii R,
20+a) < 2(1+a)

FIGURE 5. Thévenin equivalent form of the testbed CEM with respect to
the baseplate.

A. BASEPLATE CURRENT LOOP

By applying source transformations to vj;; and vgy and com-
bining parallel branches, the system model can be reduced to
Thévenin form with respect to the leakage path through the
baseplate as shown in Fig. 5. The equivalent voltage source
driving current through the baseplate is given by

1 (C+Cly  2+a
— - - ). (6
Ubp.eq = 5 < Cor S (vo1 —vg2).  (6)

Commonly in multi-chip power modules, Cy, and C,, are
roughly equal due to similar direct-bond-copper (DBC) sub-
strate size requirements to fit equal number of die on both
DBCs. In contrast, Cj, does not require die attach, and thus
is generally significantly smaller than the other two capaci-
tances [27]. This geometric convention is observed in practice
by several authors [27], [42], [43], [44], [45]. In this analysis,
if it is assumed that Cj, is small and that C,, and Cgg are
roughly equal then the equivalent voltage source in (6) is
approximately

. Vo1 — Vo
e T (0w a)
The total current through the baseplate can be expressed in the
Laplace domain as

(7

pr,eq (s)
Z[) + ZCm

lisn

Ipp(s) = ®)
where Z, is the series combination of the total baseplate
capacitance and heat sink impedance, and Z;3 is the par-
allel combination of all of the input and output terminating
impedances (i.e., LISNs and scaled LISNs, respectively):

cm _ Zlisn
lisn 2(1 +a)'

The portion of the total baseplate current that flows through
the inboard legs of the LISN is readily determined from the
model of Fig. 4 using current division. Specifically, the total
CM current circulating between the baseplate and LISNs is

)

Y,
Lin(s) = "

T Ibp(s)
Yin + Yout v

Ipp(s) (10)

=1+Ol

and the fraction of this current flowing through the current-

viewing resistors in the measurement legs is
Lisn.pp = Gi(s)Lin(s) (11)
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where
LiC1o8” + R1oCros + 1
Llclos2 + (Rj; + Rip)Cios + 1 + g_llr:

Gi(s) = (12)

It is noted that the primary effect of G;(s) for nominal LISN
parameters is to reduce the magnitude of current components
below 100 kHz. Above 100 kHz, G;(s) is approximately unity.

In summary, the voltage drop across the LISN resistors due
to the baseplate current can be expressed as

R;iGi(s) (Voi(s) — Voa(s))
81 +w)?  Z,+ZM™

lisn

Equation (13) indicates that the contribution of the baseplate
loop is greatest with o near zero. The case « = 0 corresponds
to the output being open-circuited with respect to the CM.
Although this case does not yield the maximum baseplate
current, all of the baseplate current is forced to return through
the LISNs, thereby maximizing its contribution to the LISN
voltage.

For the purposes of this analysis, the key feature of (13)
is the term (1 + «)? in the denominator of the coefficient.
Recalling (9), if |Z| > |Z,l, then the baseplate loop con-
tribution to the LISN voltage is inversely proportional to «.
Alternatively, if |Z,| > |Z;1 |, then Vjigy pp is inversely pro-
portional to o?. Regardless, (13) shows that Vjis, 5, decreases
as « increases.

Vlisn,bp = (13)

B. OUTPUT LOOP CURRENT

The contribution of the output loop current, ijisy o7, to the LISN
voltage may be isolated by simply eliminating the leakage
path through the baseplate from the model of Fig. 4 as shown
in Fig. 6. The voltage induced across the inboard LISN resis-
tors by the output loop is then readily determined by voltage
division for the CM sources given in (2) and (3):

a Rii Voi(s) — Vga(s)

1 (14)
(I +a)Ry; + o] 4

V]isn,ol =

Equation (14) indicates that the LISN voltage associated with
ilisn, ol INCreases asymptotically to a finite maximum as « ap-
proaches infinity. The case « — oo corresponds to shorting
the output directly to the testbed ground, thereby minimizing
the loop impedance. Thus, it is observed that the contribution
of the output loop to the LISN voltage, Vjisn o1, increases as
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a increases, and this stands in direct contrast to Vjisn pp—cf.,
(13). The opposing trends revealed by this analysis of Vg o1
and Wjisn,pp With respect to « are explored in greater detail in
the following sections.

IV. SIMULATION STUDY

A. OUTPUT TERMINATION SCHEME

The analysis of the previous section provides insight into
the impact of varying the output terminations of the EUT
within the context of a standard compliance setup. However,
the scaling of the output terminations considered therein was
selected for convenience of analysis rather than for conve-
nience of implementation or experimental verification. In this
section, an alternative configuration of the output terminations
that is more amenable to realization in a physical testbed
is considered. This analysis is first introduced in the form
of a simulation study, which is empirically validated in the
following section of this paper.

An alternative configuration of the output terminations is
presented in Fig. 7. It is noted that this configuration is iden-
tical to the configuration analyzed in the previous section for
the special case of R;; = co. However, the configuration of
Fig. 7 represents a more practical topology than the scaled
impedance of the previous section for two reasons. First, this
configuration makes it straightforward to vary the value of the
output CM impedance in a physical testbed by changing the
value of Rgyeep While retaining a fixed value for C,. Since the
termination of an interface converter is often unknown to a de-
signer, the addition of the Rgyeep variable introduces a degree
of freedom for systematically varying the output termination.
Rsweep, Which does not directly represent a component in a
deployed system, provides a frequency-independent method
for isolating the influence of the termination method on an
interface converter. The output CM impedance is defined for
the balanced output terminations shown in Fig. 7 as

1 1
Zglrlrtl( ) £ 5 (Los + a +steep> . (15)
0
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TABLE 1. Testbed Parameters

Parameter Description Value Units
EUT
Vie dc voltage 600 v
fsw switching frequency 100 kHz
d duty cycle 50.09 %o
tar dead time 400 ns
Cye dc-link capacitor 400 uF
Cn neutral-forming capacitor 100 uF
Cug U-to-baseplate capacitance 191 pF
Cag A-to-baseplate capacitance 255.7 pF
Cig L-to-baseplate capacitance 102.6 pF
Cpp total baseplate capacitance 549.3 pF
Ry, heat sink resistance 0 Q
Rg external gate resistance 2 Q
LISNs
L; input inductor 51.7 uH
Cy; inboard capacitor 0.22 uF
Cio outboard capacitor 8 uF
Ry; inboard resistor 50 Q
Ry, outboard resistor 5 Q
Output Terminations
L, output inductance 52.2 uH
Co output capacitance 0.1 uFE
Rgweep output resistor 1-10,000 Q

Second, this configuration mimics the topology of primary
interest in this paper—namely, that of an interface converter
feeding downstream systems. In this scenario, L, represents
the inductance of the feeder cables attached to the downstream
system, and C, represents the stray ground capacitance of
the feeder cables as well as the capacitive contribution of the
downstream system EMI filter.

B. SIMULATION STUDY
The system considered in the simulation study is the testbed
of Fig. 7 and the component values shown in Table 1. The
influence of varying Rsweep between 1 €2 and 10 k<2 for this
configuration is presented in Fig. 8. It is noted that values
of Rgweep outside this range were also evaluated as part of
this study. However, these configurations were observed to
conform to the behavior of the bounding cases demonstrated
in Fig. 8 and are therefore not presented here. Fig. 8 demon-
strates the influence of Ryyeep 0n the CM LISN voltage, Vi
The primary influence of Z3 is associated with the switching
frequency and low-order harmonics. For low values of ZG,
as represented by Rgyeep = 1 €2, emissions in this band are
increased by as much as 40 dB compared to the high Z} case,
as represented by Rgweep = 10 k2. On the other hand, emis-
sions in the frequency range between 1-3 MHz are reduced by
as much as 20 dB for low values of Rgyeep. Finally, emissions
above 3 MHz are minimally affected by the value of Rgyeep.
Additional insight into the system behavior can be obtained
by evaluating the individual contributions of the baseplate and
output loops to the total CM LISN voltage profiles demon-
strated in Fig. 8. These individual contributions are presented
in Fig. 9, along with the total spectrum of Vi1, for the two
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FIGURE 9. Contributions of output and baseplate current loops to total
emissions in qualification configuration for (a) high-impedance output
termination and (b) low-impedance output termination.

bounding cases considered in this study: Rsweep = 1 €2 and
Rgweep = 10 kQ. For the high-Z§ (Rgweep = 10 k) case
shown in Fig. 9(a), total emissions are influenced by both
the output loop and the baseplate loop. However, the base-
plate loop is more influential than the output loop across the
entire frequency range shown. For the low-Z$i (Rsweep =
1 Q) case shown in Fig. 9(b), the influence is strongly
frequency-dependent. For example, emissions in the range of
the switching frequency are dominated by the output loop,
while the emissions at frequencies above 3 MHz are mainly
determined by the baseplate loop.

C. NET EFFECT OF OUTPUT TERMINATIONS

The simulation study presented in this section demonstrates
that the CM impedance of the output terminations dramat-
ically influences the conducted emissions of an interface
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FIGURE 10. Notional contribution of output loop current and baseplate
loop current to the CM LISN voltage based on simulation analysis.

converter in the conventional qualification setup. The mea-
sured LISN voltage, which is used to determine compliance,
is dominated by the contribution of CM currents flowing
through the power module baseplate and the output termina-
tions. However, the relative significance of these two loops
is frequency dependent. These relationships are summarized
in the notional emissions envelopes plotted in Fig. 10. When
the coupling of the converter output to the reference plane
is strong (Z5 — 0), the emissions profile is dominated by
the contribution of the output loop, and peak emissions oc-
cur at the switching frequency. On the other hand, when
the coupling of the converter output to the reference plane
is weak (Z$% — oo), the emissions profile is dominated by
the contribution of the baseplate loop. Peak emissions in this
case are strongly dependent on the parasitic characteristics
of the EUT.

Overall, this analysis demonstrates that the method selected
for terminating the output port of an interface converter has a
significant impact on the resulting conducted emissions pro-
file. Since this influence is frequency-dependent, no single
configuration of the output terminations can be unequivocally
identified as the “worst-case” scenario for emissions and sus-
ceptibility across all frequency bands. On the other hand, it is
possible to identify one configuration of the output termina-
tions that increases emissions at the switching frequency and
a different configuration that increases emissions in the MHz
band. However, neither of these configurations can be claimed
to answer the guidance provided in the standard for “worst
case emission and susceptibility characteristics”. This being
the case, this guidance leads to a conundrum in which prac-
titioners have no objective criteria by which to select output
terminations for qualification testing. Anecdotal evidence sug-
gests that this selection is often determined by convenience,
in which case terminations with high CM impedance to the
reference plane are likely to be used (Z5i — 00). This could
lead to a scenario in which an interface converter passes qual-
ification but causes electromagnetic compatibility problems
when deployed. This possibility is evaluated in the application
example included in Section VI.
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FIGURE 11. Realized experimental testbed modified from [27].

V. EMPIRICAL VALIDATION

To validate the predictions presented in the previous sec-
tion, the same conditions used in the simulation study were
also evaluated empirically using an adaptation of the labora-
tory testbed described and characterized in [27]. The testbed,
shown in Fig. 11, is based on MIL-STD-461, CE-102 [29] and
features an isolated copper reference plane and custom LISNs
designed for evaluating WBG semiconductors. The original
configuration of this testbed as described in [27] is consistent
with the schematic shown in Fig. 3 for « = 1. However, for
this study, the testbed was modified to employ the L-C-R
output termination scheme shown in Fig. 7. The modified
output terminations employ air-core 50 ©H inductors which
were characterized in a previous effort by the authors [27].
Each of the output capacitance elements, C,, was setto 0.1 uF
and implemented using high-quality film capacitors [46]. All
components used to implement the output termination resis-
tance, Rgweep, Were selected from the same Ohmite TGH series
of power resistors to minimize parasitic differences between
the various values considered [47]. Finally, the single-phase,
half-bridge inverter was implemented with a commercially
available 1.2 kV, 120 A SiC half-bridge power module from
Wolfspeed [48]. The half-bridge inverter was operated with a
dc input bus of 600 V utilizing fixed-duty-ratio PWM and a
switching frequency of 100 kHz. The circuit parameter values
match the values used in the simulation study presented in
Table 1, with the inclusion of the parasitic parameters shown
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TABLE 2. Characterized LISN Component, Output Termination Component,
and Lead Parasitic Values [27]

Value
Parameter L U A N Units
L; 307.0 362.0 339.0 203.5 nH
C; 16.67 15.00 13.57 14.59 pF
Cpi 52.77 4750 4296  46.19 pF
Cpo 1556  14.00 20.16 21.12 pF
@ To EUT |::>
LISN i Litz Jumper
L, L, L :
oL L
C Cii
- Cpo V\(:‘V-I‘(W\_Q
—_— —_— C,
R, C, Ry _‘_
O I‘ c O
H components
M parasitics
<:| To EUT (b)
i LitzJumper Termination
L L L,
1
C G

FIGURE 12. (a) LISN model with interconnect parasitics included.
(b) Output termination model with interconnect parasitics included [27].

in Table 2. As described in [27], the most important parasitics
of this system with respect to CM behavior are the baseplate
capacitances of the power module and the parastics of the
LISNs and output terminations. The same parasitic model
from [27], shown in Fig. 12(a), was adopted in this paper
for the LISNs. The model of the output terminations used
in this paper is shown in Fig. 12(b). This model is updated
with respect to that discussed in [27] due to the modified
output terminations employed in this paper. Additional pro-
visions were made in the testbed to limit the influence of
other parasitic factors. These steps included elevating the
PCB, dc-link capacitors, and neutral-forming capacitors from
the chassis to reduce capacitive coupling; fitting a 9.8 mH
CM choke at the testbed input to minimize the influence
of CM currents from the input power supply; employing a
large CM choke on the power input of the gate drivers; adopt-
ing a low-capacitive isolation transformer within the gate
driver design [49]; and using fiber-optic isolation for the gate
driver input signals [50]. The LISN voltages and the switch
voltages were simultaneously monitored with high-bandwidth
differential probes [51] and a suitable eight-channel oscillo-
scope [52]. These voltage measurements were performed with
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differential probes rather than a conventional EMI receiver
to eliminate the direct Earth-ground connection which would
otherwise be introduced by the instrument. This connection
has been demonstrated to exacerbate the flow of circulating
CM currents in this type of qualification setup [41]. In or-
der to validate the isolated voltage measurement technique,
frequency-domain measurements were also performed with
this setup using a 3-GHz spectrum analyzer [53]. The isolated
voltage probe measurements were compared with the spec-
trum analyzer measurements in the frequency domain, and
strong agreement was observed across the range of frequen-
cies considered in this study.

Fig. 13 presents a comparison of the predicted and mea-
sured LISN voltages for the five output termination configu-
rations considered in the previous simulation study. Similar
to [27], the simulation predictions were obtained by solving
the CEM in MATLAB for integer harmonics of the switching
frequency, ranging from 100 kHz to 10 MHz. The mea-
sured results were obtained by converting the time-domain
isolated voltage measurements to the frequency domain via
FFT using a Hann window. The spectral comparisons for all
cases demonstrate good agreement up to 7 MHz, and rea-
sonable agreement is achieved up to 10 MHz. Notably, the
experimental results corroborate the predictions presented in
the preceding section regarding the influence of the output
terminations on the emissions envelope of this system. As
predicted by the model, no single output termination configu-
ration produces higher emissions across the entire frequency
range considered. The highest emissions observed at the
switching frequency (100 kHz) occur with low-Z5i (Rsweep =
1 2), while the highest emissions between 0.9 and 2 MHz
occur with high-ZgH (Rsweep = 10 k).

The edge rates of the simulated switch voltage waveforms
were calibrated to the measured system behavior for each
experimental case demonstrated in Fig. 13. This calibration
is necessary because the switch voltage waveforms are not
consistent for these cases. The variation in switch voltage edge
rates can be explained by considering the the mixed-mode
behavior of this system. For each of the cases considered in
Fig. 13, the DM impedance remains constant, while the CM
impedance varies considerably due to the changes in Rgweep.
Consequently, the DM load current remains fixed at approx-
imately 4.2 A;ng for all cases considered, but the measured
CM load current varies between 0.1 Ay and 6.7 Apyg for
the same set of conditions. Thus, the overall mixed-mode
current through the power module terminals is observed to be
heavily dependent on the CM impedance for this system. It is
well known that the switching edge rates of unipolar devices
such as SiC MOSFETs are strongly influenced by the device
drain current [7], [54], [55]. This influence is believed to be
the reason that changing the CM impedance of the output
terminations also influences the voltage edge rates (dv/dt) of
the switching elements in this system.

To confirm this suspected sensitivity, an additional experi-
ment was carried out. A high-bandwidth Rogowski coil [56]
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FIGURE 13. Comparison of measured and simulated LISN voltages in the
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(d) Rsweep = 50 R, and (e) Rsweep = 1 2.
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FIGURE 14. (a) Current of the high-side MOSFET (iq;) and (b) voltage of
the high-side MOSFET (vq:). Both plots consider converter operation with
Rsweep = 1 2 and Rspeep = 10 k<.

was attached to the high-side drain terminal of the power
module during operation to measure the mixed-mode switch
current. Simultaneously, an isolated voltage probe [51] was
employed to measure the drain-to-source voltage of the same
switch position. The measured switch position currents and
voltages of the Rsweep = 1 2 and Rgweep = 10 k€2 cases are
compared in Fig. 14. Notably, the peak mixed-mode current
magnitude in the Rgweep = 1 €2 case is 70% higher than the
Rsweep = 10 k€2 case, and the dv/dt also increases by >80%.
This comparison suggests that the increased mixed-mode cur-
rent is likely the reason for the increased dv/dt observed with
low values of Z3i. This is also believed to be the cause of the
subtle changes in high-frequency behavior observed for the
different cases in Fig. 13. Although the model calibration in
this work focused on adjusting for edge rate differences due
to the changing mixed-mode currents, this calibration process
could similarly be employed to account for differences in
edge rates due to other parameters such as varying the gate
resistance.

VI. APPLICATION EXAMPLE DEMONSTRATING
DEPLOYED EMISSIONS

A. DEPLOYED CONFIGURATION

The use of LISNs is well established for evaluating
conducted emissions during qualification measurements.
However, LISNs are not present when a system is deployed.
Thus, to evaluate the emissions profile of a converter in
its “deployed” configuration, a new figure of merit (FOM)
must be adopted. For this study, the input CM -current,
i, is adopted as a new FOM for assessing the conducted
emissions of interface converters in the deployed configura-
tion. As a baseline, the original simulation study shown in
Fig. 8, which includes LISNs, was repeated. The new FOM
was calculated for this study, and the results are plotted in
Fig. 15. Additionally, calibrated edge rates were employed
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FIGURE 15. Simulated input CM current emissions in qualification
configuration with output terminating resistance swept from 1  to 10 k.

for each configuration to account for the differences in rise
and fall times discussed previously. Comparing the trends
of Figs. 8 and 15 reveals that the updated FOM results are
similar to those obtained with the conventional LISN voltage
FOM. Namely, emissions are highest at low-frequency when
Rsweep = 1 €2 and are highest in the 0.9 to 2 MHz range when
Rsweep = 10 k.

While LISNs are not physically installed alongside de-
ployed converters, the LISN can be adjusted to reflect the
properties of a deployed interface converter by making modest
changes to its structure. As detailed in [29], the line inductors
of the LISN are intended to model the input cabling to the
EUT when installed. Similarly, the LISN capacitors are used
to represent the capacitive coupling to the common reference
plane in a deployed configuration. However, the 50 2 resistors
on the EUT-side of the LISN structure are strictly an artifact
of the metrology used to perform qualification measurements
and have no relevance to a deployed setup. Additionally, it has
been demonstrated that these terminations significantly influ-
ence the emissions performance of a converter in a manner
that is not consistent with its deployed use [27]. Therefore,
replacing these terminations with a high-impedance value is
a reasonable starting point for evaluating the conducted emis-
sions characteristics of a converter in the deployed state.

To evaluate the emissions of an interface converter in
the deployed configuration, the simulation considered in this
work was reconfigured with R;; = 1 kQ rather than Rj; =
50 €2. This setup is more representative of a deployed con-
verter with parasitic input coupling, rather than a converter
attached to qualification instrumentation. An updated simu-
lation study was performed to evaluate the sensitivity of the
deployed system configuration to variations in the output-side
coupling, again by varying the Rgyeep parameter. The results
of this study are presented in Fig. 16. Comparing the qual-
ification configuration shown in Fig. 15 with the deployed
configuration shown in Fig. 16 reveals the influence of the
50 @ termination used during qualification measurements.
Namely, the system CM resonance at approximately 1.1 MHz
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FIGURE 17. Empirical input CM current emissions in deployed
configuration with output terminating resistance swept from 1 @ to 10 k<.

is prominently reflected in the envelope of i for this config-
uration with high values of Rgweep. The fact that this content
is absent from the qualification setup suggests that this res-
onance is suppressed by the 50 Q instrument terminators
employed in that case.

To validate the results from this simulation study, the
physical testbed was also modified to employ R;; = 1 k<.
Conditions identical to those of the simulation study were
evaluated empirically by varying the value of Rgyeep. During
these procedures, i" was measured with a high-bandwidth
current probe [57] at the location indicated by the " label
in Fig. 7. Both connections between the input LISNs and
power electronics were routed through the same current sensor
to directly measure the CM current. These results are pre-
sented in Fig. 17. For each output configuration, the figure
shows both the measured spectra and the envelope of the
measured spectral peaks. The empirical results demonstrate
strong agreement with the model predictions shown in Fig. 16.
Importantly, the elevated emissions predicted by the simu-
lation at the CM resonance are prominently observed in the
Rsweep = 10 k2 experimental results. This study suggests that
a system could comply with all qualification requirements
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and nevertheless demonstrate troublesome emissions when
deployed due to the emergence of CM resonances, which
were masked during qualification. Furthermore, this study
demonstrates that the influence of output terminations can be
more impactful in deployed systems compared to qualification
measurements.

B. DEPLOYED SYSTEM EMISSIONS MITIGATION
Heretofore, the CEM has been employed as a tool for predict-
ing the emissions of an interface converter across a wide range
of system configurations. This analysis has demonstrated the
strong predictive capabilities of the model. However, the pri-
mary parameter used in the simulation studies, Rgweep, Was
selected as a convenient means to represent the system’s par-
asitic output coupling for the sake of analysis. To make use
of the resulting findings, this analysis must be linked to one
or more degrees-of-freedom that are generally available to
system designers. Accordingly, this section details a targeted
two-step approach that leverages the CEM to identify mitiga-
tion techniques using system parameters that are available for
this purpose. It is noted that this analysis requires a “baseline”
emissions envelope to apply the proposed mitigation steps.
Generally, the “worst-case” system configuration should be
selected for this baseline, if possible. As discussed previously,
for some systems there may be no single configuration that
can be identified as the “worst-case” at all frequencies. For the
subsequent analysis, the Rgweep value of 1 2 was selected for
the “baseline” configuration. The baseline emissions profile is
shown as Rgweep = 1 €2 in Fig. 17.

1) SUPPRESSION OF fsyy CONTENT

Analysis of the baseline profile reveals high emissions at the
switching frequency, fi,. As shown in Fig. 10, the emis-
sions at low-frequencies are dominated by the output loop.
To mitigate these low-frequency emissions, the output loop
impedance can be increased by introducing a CM choke
between the inverter and the output termination. This is a com-
mon technique found in the literature for reducing circulating
currents between a converter and its attached load [58], [59],
[60]. This scheme also represents the attachment of an output
termination or load that includes an internal CM choke. In the
CEM, this CM choke is expressed as an additional inductance
between the EUT and the output termination as shown in
Fig. 18.

Using the techniques described in Section III, the testbed
can be reduced to Thévenin form with respect to the output
loop as shown in Fig. 19. The equivalent voltage source of
this circuit is given by

1
Vol,eq ~ Z(le - UQZ)- (16)
Inspection of the Thévenin equivalent circuit reveals that the
CM choke inductance, output inductance, and baseplate ca-

pacitance form an anti-resonance in the outer loop (assuming
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TABLE 3. Realized CM Choke Fabrication Details

Description Value
C Ferroxcube
ores TX42/26.13-3E25
# Cores 8
AWG 18
# Turns 8
Lchoke
(@100 kHz) 4.6 mH
Co > Cyp) at frequency
1

Jierm & - )
277\/ Cbp(Lchoke + 7{')

where Lcpoke 1S the CM inductance introduced by the CM
choke and fierm is the anti-resonant frequency of the out-
put loop. In order to achieve maximum attenuation at the
switching frequency, Lcpoke may be solved when fierm = fow
resulting in

1 L,
———— — — =4.6mH
Qr fw)*Cpp 2
where Lehoke, fsw 18 the CM choke value required to create an
anti-resonance at fi,,.

To demonstrate the influence of the proposed mitigation
solution, a CM choke with a value of 4.6 mH was introduced
into the testbed. The implementation details of the realized
CM choke are presented in Table 3. The measured spectra for
this configuration are compared with the baseline emissions
in Fig. 20. By targeting the anti-resonance at the switching
frequency, the CM choke reduces emissions by over 50 dB
at 100 kHz. However, as anticipated by the model, the CM

Lchoke, fsw (18)
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FIGURE 20. Empirical input CM current emissions in deployed
configuration with and without an output CM choke (Rsweep = 1 2).

FIGURE 21. Primary CM resonant contributors to the baseplate current
loop (Lchoke > Lo and deployed configuration).

choke also creates a high-Z5 configuration, resulting in be-
havior similar to the Rsweep = 10 k€2 case studied previously.
The influence of the system CM resonance is prominent in
the 0.7 MHz to 1.5 MHz frequency range, where emissions
increase as much as 20 dB. This outcome would potentially be
surprising were it not for the predictions of the CEM provided
previously. In the authors’ experience, the introduction of a
CM choke is usually the first mitigation step attempted when
troublesome CM behavior is identified. However, the possibil-
ity that inserting a CM choke could lead to the activation of a
latent system CM resonance is not widely recognized.

2) SUPPRESS CM RESONANCE

To mitigate the increased emissions introduced by the CM
choke, it is necessary to establish the primary contributors to
the system CM resonance. Referring to Fig. 18, it is observed
that the output termination exerts minimal influence on the
CM resonance when Lcpoke >> L. This is found to be the case
for the proposed value of 4.6 mH, which produces a high-Z$}
configuration of the system. Similarly, in the deployed config-
uration with a high value of Ry;, the series Cj; and R;; branch
exerts little influence on the CM resonance. The remaining
components, which constitute the primary contributors to the
system CM resonance, are shown in Fig. 21.
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FIGURE 22. Empirical input CM current emissions in deployed
configuration with and without R, damping (Rsweep = 1 £,
Lchoke =4.6 mH).

Inspection of Fig. 21 reveals a second-order resonant cir-
cuit. Though most of the component values are parasitic or
intrinsic to the system, the value of Z, represents a degree-of-
freedom that is available to the system designer. Heretofore,
this impedance, which represents the connection between the
module cold plate and the reference plane, was neglected
(i.e., Z = 0). This corresponds to a configuration with the
cold plate directly bonded to the reference plane. However,
to damp the CM resonance, a resistance may be introduced
in this position (i.e., Z, = Ry). Assuming that Cj, > Cp), the
resistance may be selected by solving for the critically damped
resistance of the second-order circuit using

Ryow~ |2 _Rio_ 43130,
h,crit ™~ - =
VG 2

The impact of the proposed damping resistance was demon-
strated by introducing the closest available value (R, =
405 ) into the realized testbed. The measured emissions
profile of this configuration is compared with that of the
configuration employing only the CM choke in Fig. 22. As
predicted, the introduction of Rj; damps the CM resonance
which was prominently observed when the CM choke was
introduced. At 1.1 MHz, the addition of R;, = 405 Q reduces
measured emissions by over 10 dB. Notably, introducing Ry,
provides this damping without diminishing the emissions im-
provements at low frequencies that are provided by the CM
choke.

It is noted that the attachment of the cold plate to the
reference plane (i.e., Z, = 0) may be desirable in some sys-
tems to maintain the cold plate at a touch-safe potential. For
such cases, the CEM can be further employed to determine
the maximum R;, value that can be introduced without ex-
ceeding a specified touch-safe potential (e.g., 50 V). For the
system under consideration, this resistance was determined to
be 87.5 Q. This scenario was also experimentally verified by
introducing the closest available value (R, = 83 2) into the
realized testbed. The experimental results for this configura-
tion are also presented in Fig. 22. This configuration provides

19)
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a measurable reduction in emissions at the CM resonance
compared to the un-damped case (>4 dB) while maintaining
touch safety. Overall, the examples included in this section
demonstrate that a thorough understanding of the sources of
CM behavior in a given system can lead to simple and effec-
tive EMI mitigation solutions.

VII. CONCLUSION

This article provides an analysis of the conducted emissions
characteristics of interface converters, which supply power
to downstream systems with unknown properties. Current
emissions standards provide limited and ambiguous guidance
for the evaluation of interface converters, because they are
typically written from the standpoint of qualifying end-use
equipment. This article introduces a CEM to evaluate the
influence of output terminations on the emissions profile of
a representative interface converter. This influence is found
to be considerable, with peak emissions varying as much as
40 dB depending on the selected output termination.

Further analysis is included to demonstrate that the effect
of output termination on interface converters in deployed sys-
tems can be more pronounced than in qualification measure-
ments. This study suggests that a system could comply with
all qualification requirements and nevertheless demonstrate
troublesome emissions when deployed due to the emergence
of CM resonances, which were masked during qualification.
The CEM is also leveraged to identify emissions mitigation
techniques that target emissions in specific frequency bands.
These mitigation techniques are demonstrated to yield emis-
sions reductions of 50 dB at the switching frequency and more
than 10 dB at the CM resonant frequency for the system under
consideration.

This paper demonstrates the influence of output termi-
nations on conducted emissions, both during qualification
measurements and in deployed systems. As demonstrated
herein, the influence of these terminations produces a degree
of variability in conducted emissions measurements, which is
believed to be generally undesirable. To reduce this variability,
future conducted emissions standards could introduce stan-
dardized output terminations for evaluating the emissions of
interface converters. Such a change would be analogous to the
introduction of LISNs to provide a reference impedance for
leakage currents at the system input. Adopting a similar circuit
on the converter output would establish known leakage paths
with well-defined impedance profiles, which could improve
the consistency of compliance measurements for interface
converters. Furthermore, alternative metrology such as current
probes or time-domain isolated voltage measurements could
be adopted as well. These steps could reduce the sensitivity of
compliance measurements to the input characteristics of the
measurement equipment and could also reduce the possibility
of circulating currents within auxiliary wiring. It is noted
that adopting these or similar approaches may introduce other
system-level influences that have not been anticipated by the
authors. Therefore, such changes would need to be carefully
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considered and discussed by subject-matter experts prior to
adoption.

Overall, this paper highlights an opportunity to improve
emissions standards with respect to interface converters by
standardizing output terminations, particularly in view of the
increased high-frequency emissions produced by systems im-
plemented with wide band-gap technology.
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