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Development of a Half-Bridge Cell-Derived
All-Inclusive Conducted Emission Noise Model for
S1C-Based Single Phase Boost PFC Converter

Connor Reece
and Ayan Mallik

Abstract—This work presents a novel all-inclusive power elec-
tronic converter noise model comprised of both differential-mode
(DM) and common-mode (CM) parasitic circuit components. Fur-
thermore, a thorough modeling method and novel experiment-
driven methodology to analyze the impact of the DM and CM circuit
components on the resultant conducted emission electromagnetic
interference in a single-phase power factor correction boost con-
verter rated for 1 kW 120 VAC/400 VDC utilizing silicon-carbide
MOSFETs is presented. This is achieved by predicting DM and
CM noise corner frequencies and observing DM/CM noise corner
frequencies in a novel half-bridge noise cell-based, all-inclusive con-
verter parasitic circuit model. Frequency spectrum results find that
eight DM noise corner frequencies are estimated by the proposed
all-inclusive noise model with low average error of 6.45%, and
the model further successfully identifies lumped CM capacitances
present in the power converter system.

Index Terms—Common mode (CM), differential mode (DM),
electromagnetic interference (EMI), power factor correction
(PFC).

I. INTRODUCTION

UTURE generation power electronic converter technology
F is anticipated to be dominated by wide bandgap (WBG)
semiconductor devices in most low- and high-voltage, high-
power applications areas currently implementing silicon (Si)
power MOSFET semiconductor devices [1], [2]. This owes to
the fact that GaN and silicone-carbide (SiC) devices exhibit far
superior electrical and thermal characteristics over Si MOSFET
technology [3], enabling a significant advancement in realizable
converter power density and efficiency. However, despite these
improvements in electrical and thermal performance, WBG de-
vices do pose a challenge regarding both differential-mode (DM)
and common-mode (CM) conducted emission (CE) electromag-
netic interference (EMI) stemming from the power converter [4].
This inherent increase in DM and CM noise results in a larger
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required volume of a passive EMI filter, which could be to the
extent that the volumetric reduction in the power conversion
stage is nullified [5]. This is especially likely if the filter is
oversized for the actual converter CE EMI noise spectrum, and,
on the other hand, if the filter is undersized the outcome is then
failure to meet CE EMI requirements and delay of product time
to market. Thus, it is of utmost importance in the design of
a power converter system to adequately model the power stage
capacitive C, and inductive L,, parasitic couplings, and to further
understand which L,,C}, combinations most impact DM and CM
noise compared to CE EMI standard requirements.

Therefore, the focus of this work is to address the impact
of WBG semiconductor devices on CE EMI, for which noise
interference within the typical standard 150 kHz-30 MHz fre-
quency band is largely impacted, most prominently within the
1-30 MHz high-frequency band [4], [6], [7], [8], [9]. Across
literature in the past few decades, modeling methods have in-
corporated both time- and frequency-domain calculations and
simulations for estimating the DM and CM CE EMI noise
spectrum. This is achieved by a variety of methods, such as
physics-based calculations and analysis tools, namely partial
element equivalent circuit analysis and finite element analysis
(FEA) [9], [10], [11], [12], [13], [14], [15], [16], [17], [18]. In
addition, physical measurements of the converter via a network
analyzer, pulsed voltage stimulus, or different short and open
circuit tests are commonly performed [19], [20].

In regard to DM CE EMI noise modeling, it has been found
that a major noise propagation source is the switched power
transfer inductor which may be modeled as an equivalent noise
source by fast-Fourier transform of the switched current wave-
form [10]. However, for a comprehensive modeling of the entire
DM noise path, it must be noted that the parasitic circuit elements
of the bulk capacitor and the connected converter load itself
can also contribute significantly to DM noise [11]. Moreover,
for accurate modeling of the DM current noise, the switched
inductor current and the effect of its current on the power loop
parasitic inductances should additionally be observed, similar to
as modeled in [12].

For CM CE EMI noise modeling, the main current propa-
gation paths are through cabling capacitances, switched node
capacitance, MOSFET heatsink capacitance, and the capacitance
between PCB power/return planes and the conductive test
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Fig. 1.  Single-phase totem pole boost PFC parasitic circuit model.

system protective Earth (PE) plane due to switched voltage
transients [11], [12], [14], [15], [16], [18]. Further, it has been
found that assuming balanced parasitic circuit components for
estimating EMI as a means to derive simplified equivalent circuit
models in [13] and [14] results in error for the high frequency
1-30 MHz band, again where WBG devices most impact the
noise spectrum. This is because a power electronic converter
oftentimes does not have matched parasitic components [9],
[15], [21]. Notably for CM CE EMI, the identification of CM
capacitances is a challenging task that typically involves itera-
tion of the initial model estimate, done by error minimization in
[22] and utilization of a Kalman filter in [23]. Although these
works are able to accurately identify CM impedance in unique
application scenarios, a universal method for identification of
CM capacitances in a power converter does not presently exist.

In consideration of the above-mentioned findings in literature,
this article proposes and experimentally validates a heteroge-
neous noise modeling framework for estimating DM and CM CE
EMI in a single-phase totem pole PFC circuit topology utilizing
650 Vpe SiC MOSFETs rated for 120 Vac/400 Vpe voltage
conversion at 1 kW. The goal of this characterization effort is to
put forth a widely applicable methodology to estimate parasitic
couplings earlier in the power converter design and development
process. This is accomplished by physics-based modeling, FEA
simulation, and measurement of the DM and CM parasitic com-
ponents of Fig. 1, excluding the CM capacitances from converter
nodes to the test system PE plane. A novel half bridge-cell
derived noise source model is next introduced which provides
the mixed-DM and CM noise relations of the half-bridge cell
and subsequent impact on the neighboring converter circuits.
Relevant noise corner frequencies arising from the half bridge-
cell noise model interaction with the PFC input/output circuits
are then analyzed, and noise corner frequencies internal and
external to the boost-cell found. A few works in [5],[24], and[25]
have put forth effort in characterization of CE EMI noise corner
frequencies, but none have comprehensively investigated both
DM- and CM-corner frequencies in a single work along with rel-
ative error comparisons between estimated and measured corner
frequencies. In [24], only the influence of the self-resonance
of the boost inductor in a PFC topology on a few observed

DM noise corners, omitting several noise corners observed in
the work, is investigated without a detailed error analysis to
validate the findings. Further, the work in [25] only provides a
theoretical analysis of noise corner frequencies arising from the
mathematical derivation of trapezoidal waveforms, however, no
experimental validation to the hardware platform is provided and
thus the work lacks in providing a practically useful noise corner
frequency framework. Finally, the study in [5] only provides es-
timation for two CM noise corner frequency estimates centered
around the MOSFET heatsink capacitance with no comprehensive
error analysis, and does not provide insight into several corner
frequencies also observed in the noise spectra results.

This work instead aims to characterize all major noise corner
frequencies found in both the DM and CM noise spectra of
a single-phase totem-pole PFC converter with comprehensive
error analysis. The objective of characterizing the DM and
CM noise corner frequencies is to aid in the design of EMI
filters, both by enabling EMI prediction during converter design
before hardware fabrication by use of analytical equations and
FEA simulation to construct an all-inclusive parasitic circuit
model, and also by experimental measurement during converter
prototyping. This allows the designer to anticipate unexpected
increases in DM and CM EMI noise magnitudes and avoid an
in-compliant DM/CM EMI filter design or an overdesigned filter
that detriments the system power density. Furthermore, estima-
tion of noise corner frequencies serves to aid in considering the
DM and CM frequency response of both the EMI filter design
and power converter, mitigating the risk of poor high frequency
filter performance that can be caused by parasitic circuit interac-
tion. Moreover, a novel method to experimentally characterize
CM capacitances of a power converter, that is adaptable for other
power converter typologies and output load types, is introduced
and thoroughly tested allowing for deterministic calculation of
ground leakage current. This aids in adhering to touch-current
safety standard requirements [26]. The theoretical analysis is
then validated via comparison to operational single-phase boost
PFC CE EMI noise spectrum measured across four operating
points of 1) 120 VAC/400 VDC 1 kW, 2) 120 VAC/400 VDC
500 W, 3) 85 VAC/400 VDC 500 W, and 4) 85 VAC/400 VDC
250 W.
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Fig. 2.  Single phase totem pole PFC boost inductor.

The key contributions of this work are as follows.

1) Development of a heterogeneous modeling methodology
comprised of physics-derived computations and FEA-
based simulation for initial estimation of parasitic cou-
pling components in a power converter to enable prehard-
ware prototype EMI prediction.

2) Formulation of a novel half-bridge noise cell derived
from parasitic coupling components, and the resultant
impact of the parasitics-integrated half-bridge cell on the
all-inclusive noise model of a single-phase totem pole
PFC converter using superposition of voltage- and current-
mode multitone noise sources.

3) A novel, experimentally driven methodology to validate
the derived noise circuit model by correlation of noise
corner frequencies observed in the measured CE EMI
spectrum of a power converter to estimated noise corner
frequencies formulated based on possible parasitic L,C),
couplings as per the all-inclusive noise model.

4) A novel experimental method to characterize the CM
capacitance of the power converter by reformulation of
the measured CE EMI noise spectrum through insertion
of a known-value external capacitance.

II. MODELING OF POWER COMPONENT AND PCB
CONDUCTIVE PLANE PARASITIC COUPLINGS

A. Boost PFC Inductor Model

The boost inductor installed in the single phase boost PFC
converter under study is shown in Fig. 2. Equation (1) is consid-
ered for analytically determining the inductance Lyoos, Where
magnetic core permeability i, cross-sectional area A., and
effective magnetic path length [, are found from core datasheet
parameters in [27] for 60 turns

N2 T AC
Loost = % (1)
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Then, for the analytical approximation of the parasitic capac-
itance Choost it is observed that, of the 60 total turns wound
upon the magnetic core in Fig. 2, 52 turns reside on a single
nonoverlapped layer while the remaining eight turns reside on a
second layer, overlapping the initial eight turns of the first layer.
First, the respective turn-to-turn capacitances Cy; 1, correspond-
ing to 01’2—051,52 and Cy3_44—Clyg_50 in Flg 3, and Ctt,g,
corresponding to 042,43, 01,43, 01,44,..., 07749, C7,50, and
Cy_50inFig. 3, are found by the method of [28]. To facilitate this,
the approximate angle of the electric field induced is computed
in (2), where d,,o and d,, correlate to the core outer and inner
diameter, respectively, and €, is the dielectric constant of the
winding coating material. Then, the elementary interturn and
airgap capacitances are found in (3) and (4) considering mean
length turn (MLT) I of a single winding. Here, it must be noted
that €,5 = 1 for nonoverlapping winding layers, and €,.5 # 1 for
overlapping winding layers to account for the green polyvinyl
chloride (PVC) tape installed in-between winding layers.

The resultant turn-to-turn capacitances are lastly found as
Cy,1 for the first winding layer in (5), and as Cy o for the
second winding layer in (6). All inputs to these expressions
are found considering the dielectric constant of PVC tape
at ambient temperature, approximate winding MLT from the
core datasheet in [27] for I, which is extended to find 7o
considering the geometry of two overlapping winding turns,
and the Litz wire datasheet parameters in [29]. Plugging these
parameters into (5) and (6) results in a Cy; = 6.8321 pF and
Cli,2 = 47.47 pF, respectively. The equivalent lumped capaci-
tance of the nonoverlapping capacitances is approximated as
3.366C,1, and the equivalent lumped capacitance of overlap-
ping capacitance approximated as 1.83Cj 2. As the lumped
capacitances appear in parallel with one another, the resul-
tant boost inductor parasitic capacitance Choos 1S computed

in (7)
In (wo
0 = cos™* (1——n(dw)> 2)

€r1
0
r1€o0l
Ci = 2/ O g 3)
0 2In (%ﬁﬁ)
T el
—o [T G2l 4
Cy /0 2In1 — cosf @)
160 0
0;171 =~ eplT _ 7 -+ cot (§> -1 5)
In (%ﬂl)
10 0
Ci,2 = eolra % + €79 cOt (5) -1 (6)
(i)
Choost ~ 3.366Ck1 + 1.83Ce. 7

B. SiC MOSFET Heatsink Capacitance Model

Generally, the installation of a MOSFET onto the thermal
heatsink is as depicted in Fig. 4(a), where the red arrow
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Fig. 4. SiC MOSFET heatsink installation. (a) Physical representation. (b) Equivalent circuit model.

demonstrates the thermal dissipation path. The mounting hard-
ware consists of a screw, nut, and thermal washer which guaran-
tee a flush surface between the MOSFET body thermal pad area,
thermal interface material (TIM), and heatsink. The physical
representation of the MOSFET-to-heatsink installation correlates
to an equivalent circuit model in Fig. 4(b), where Cogg is the
C3M0120065PD MOSFET output capacitance, C's the parasitic
capacitance between the MOSFET source terminal and TIM ther-
mal pad, and Cjrps the parasitic capacitance of the region
in-between the TIM thermal pad and MOSFET heatsink. Due to
the proximity of these regions, it is assumed that fringing electric
field effects are negligible, thus, (8) is then derived considering
the overlapping region. Here, ¢, 5s is the dielectric constant
of the TG-A126X-150-150-0.5 TIM pad Si elastomer material,
tys the TIM thickness from, and Ap,q the MOSFET thermal pad
area. As Cyrus > Cp, (8) is considered to be the approximate
parasitic capacitance of the heatsink, with a resultant value of
8.36 pF per parameters from [30] and [31]

€0€r, M Apad @)

Charas = ;
M

C. PCB Conductive Plane Capacitance and Inductance Model

In order to determine the mutual-capacitance and self-
inductance of PCB conductive planes without physical mea-
surement, FEA simulation is carried out by use of ANSYS Q3D.
The suggested PCB interconnect modeling and FEA simulation
process is depicted in Fig. 5. Referring to Fig. 1, FEA simu-
lation allows for partially determining all Lg; and Lp ; for
j €11,2,3,4]. In addition, interplane capacitances Cl,, Cyp,
Cun,Crp,Cyn,and Cpy of Fig. 1 which naturally arise in the
PCB design are further extracted. This is done as, if there were
to be significant capacitance between the conductive planes,
considerable switched noise current propagation could occur
and detriment converter operation.

Equation (9) demonstrates the general expression for com-
puting overlapping plane capacitance considering both parallel
plate and fringing field effects which, due to the per-segment
capacitances appearing in parallel to one another, is the summa-
tion of I number of overlapping areas considering the prepreg
material dielectric constants €, ,r,, overlapping area lo) ;wor s
per segment, height between conductive planes hp y, and the
conductive plane thickness t., [32]. In the single-phase PFC
converter under study, the only overlapping plane area is between
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the primary and neutral conductors, and therefore this expression
only applies to C'p, v in Fig. 1. From FEA simulation results con-
sidering the parasitic PCB capacitance between measurement
points M15-M16 in Fig. 6, it is found that C'p y = 125.70 pF,
which is large enough to be a contributor of CE EMI noise within
the 150 kHz-30 MHz frequency band, and is considered in the
parasitic circuit model.

For capacitance between adjacent conductive planes in the
same PCB layer (10) shown at the bottom of the next page, is
considered, where ¢, ,q; is the dielectric constant for material
medium between conductors, g. is the gap distance, l,4jwaqj the
overlapping area width and length, h. ;. the height of the planes
to the overall power return plane, and C.. 4nq the capacitance to
the return plane which is found considering (9) [32]. For the
single phase boost PFC, this applies to capacitances C,,,, Cy p,
Cun, Cy,p,and C,,n. From FEA simulation results, it is found
that all adjacent plane capacitances are < 1 pF. Therefore, these
capacitances are considered to be negligible contributors of CE
EMI noise, and are omitted in the parasitic circuit model

- Wol.i t 0.222
Col = ZQEOET,PTPZOIJ 1.15 (hOl’?) 428 ( cu )

PN hp N
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TABLE I
FEA SIMULATION RESULTS, SINGLE-PHASE TOTEM POLE BOOST PFC
INTERCONNECT INDUCTANCES

Measurement point Simulated inductance
M4 — M5 Lsy =12.57nH
M3 — M8 Lp; =2496 nH
MT7— M14 Lso =17.48 nH
M5 — M6 Lpgo 12.66 nH

M10 — M111 Lgs3 =12.76 nH
M8 — M9 Lps =2453nH
M13 — M14 Lsy =1326nH
M11 — M12 Lps =12.85nH
M8 — M15 Lp =27.00 nH
M14 — M16 L =55.66 nH

As for FEA simulation of the PCB interconnect, all electrical
excitation sources and load sinks are defined per Fig. 6 and
the measurement points listed in the left column of Table I,
for which the self-inductance of each segment is found for
derivation of parasitic inductances which are partial solutions
of Lg; and Lp ; for j € [1,2,3,4] in Fig. 1. In addition to
FEA simulation of the PFC PCB interconnect, a step file for the
C3MO0120065D MOSFET available from Wolfspeed is imported
into Q3D to extract the drain and source lead inductance. The
results of FEA simulation are presented in the right column of
Table I, which accounts for the sum of the PCB interconnect
and step file solutions for the overall parasitic MOSFET drain and
source inductance estimate

III. PARASITIC MEASUREMENT EXTRACTION OF
SINGLE-PHASE BooST PFC

Parasitic measurements for relevant parameters in Fig. 1
which are measurable by a Bode 100 vector network analyzer
(VNA) are performed. Referring to Fig. 6, measurements are
made in-between M1 and M2 for determining the boost inductor
lumped parasitic capacitance Choos, between various combina-
tions of M3-M11 and M 14, M 15 to extract the PCB trace induc-
tances and FET source and drain inductances which individually
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are partial elements of the Lg ; and Lp j, j € [1,2, 3, 4] para-
sitics, and between M 12 and M 13 to extract dc link inductance
Lpc and capacitance Cpc of Fig. 1. For the boost inductor, an
impedance adapter is employed with test setup per [33], which
enables accurate measurement of magnetic components over a
20 m$2 — 600 k€2 impedance range. Fig. 7(a) demonstrates the
resultant impedance magnitude over frequency, for which in the
low-frequency inductive region the measured boost inductance
is extracted by Lpoost = % The first resonant mode occurs
at f.1 = 566.8 kHz and therefore the first resonance para-
sitic capacitance is extracted by Choost = W, yielding
116.64 pF. Therefore, the estimated boost inductor parasitic
capacitance value Choosy = 109.87 pF found in Section III is in
close agreement with —5.8% error.

For the lumped half-bridge inductances Lg ; and Lp j, j €
[1,2,3,4], the Bode 100 VNA is setup in its shunt-through
measurement configuration, suitable for low impedance mea-
surements from 1 m¢2 — 100 €2 [33] with test leads oriented in
a kelvin connection to reduce any lead inductance error. For
any measurement in which an SiC MOSFET is not directly in
the path, the converter is completely de-energized. However,
for measurements between M4-M 15, M9-M15, M6-M 16, and
M11-M16, the respective MOSFETs in the path are biased on to
ensure the channel is conductive. Example measurement results
for both PCB interconnect and MOSFET drain-to-source induc-
tance are presented in Fig. 7(c) and (d). In both cases it is found
that a linearly increasing impedance region, which correlates to a
predominantly inductive impedance under measurement, begins
around a frequency of 100 kHz and lasts until 600-900 kHz
owing to the small impedance magnitude of the PCB traces and
MOSFET leads. Due to the equivalent inductance being very close
to what is expected, these regions alone are considered by taking
the average inductance in the linearly increasing impedance
region over the valid frequency range. The eventual inductances
present at the drain and source terminals, respectively, are de-
termined by assuming that half the measured drain-to-source
inductance can be equally distributed between the switch nodes.
The distributed drain-to-source inductances are then summed
with the measured conductive plane inductances found between
measurement points for the final solution of all Lg ; and Lp ;,
jell,2,3,4].

For the dc link impedance Zpc, the series-through measure-
ment setup is used, suitable for impedance measurements within
1k — 1 M€Q [33]. The dc link hardware consists of a 1 mF
capacitor Cpcy, with equivalent series inductance (ESL) Lpc1,
in parallel with five 22 uF capacitors Cpco, with respective ESL
Lpcs, for an ideal 1.1 mF capacitance. Equation (11) shown at
the bottom of the this page, then presents the equivalent dc link
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TABLE II
SIMULATED AND EXPERIMENTALLY MEASURED PARASITIC COMPONENTS OF
SINGLE-PHASE TOTEM POLE BOOST PFC

Parasitic component Simulated value Experimental value Error
Lioost 678.78 uH 676.00 uH +0.41%
Clhoost 109.87 pF 116.64 pF —-5.80%

C'be 1.10 mF 994.75 pF -9.57%
Lgs 12.57 nH 15.09 nH —16.70%
Lpi 24.96 nH 16.81 nH +48.48%
Lga 17.48 nH 13.37 nH +30.74%
Lpo 12.66 nH 15.33 nH —17.42%
Lgs 12.75 nH 16.91 nH —24.60%
Lps 24.53 nH 16.68 nH +47.06%
Lsy 13.26 nH 17.38 nH -23.71%
Lpy 12.85 nH 17.10 nH —24.85%
Lp 27.00 nH 26.10 nH +3.45%
Ly 55.66 nH 55.66 nH 0.00%

impedance expression, where it is evident that there is a purely
capacitive term expressed as the sum of parallel capacitances.
The dc link inductances are, however, evidently a more complex
solution.

From measurement of the installed dc link in Fig. 7(b), it is
found that the exact dc link capacitance is 994.75 pF with an
approximate lumped ESL of 851.78 nH, for which the average
values over the nearly constant inductance and capacitance
regions throughout the valid frequency range in the respective
plots are considered. These regions are observed due to the in-
herent resonance of the dc link, where the capacitive impedance
is predominant for frequencies f < f; jink, Whereas inductive
impedances are predominant for frequencies f >> f; jink. These
results are within the expected value as the 1 mF capacitor
used has a +20% tolerance and, considering the capacitive
term of (11), the remaining capacitors are approximately 22 uF.
Finally, the MOSFET heatsink capacitance is measured by the
series-through connection, with the network analyzer source
connected to the MOSFET drain pin and measurement input to the
heatsink bonding pin. From this, a value of Cps ns = 26.25 pF
is measured, which is three-times larger than the analytically es-
timated value of 8.36 pF, indicating that the interfin capacitance
in the heatsink structure must additionally be considered for an
accurate analytical estimate.

Table II consolidates all comparable analytically de-
rived/simulated and experimentally measured parasitic compo-
nent values with respective errors shown as appropriate. From
the comparison, an average estimation error of 19.44% is found.
Therefore, values found herein Section II may be used as a
benchmark for checking parasitic circuit values measured by
VNA herein Section III. Moreover, the power converter model-
ing framework developed in Section II can be used to develop an
early design phase power converter CE EMI noise model, and

Gelag;
Cadj = €0€radj .
c,r

1+ w*Lpc1 Lpc2Cpei Cbez — w? (Lpe1Cpet + Lpc2Cbes)

Wadj t 0.222 Wadi t n 0.222
L15 (=2 ) +2.8( 0.03 (4 4+0.83 (<) —0.07 [ - Cegnd-
(hc,r> - <h6>r) * (hC,T + hc,r hc,r + c.gnd

(10)

Y

Zpceq(w)

"~ jw (5Cpea + Cpei) — jw? (Lpc1CpeiCbea + LpcaCpe1Cne2)
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values may be updated posthardware fabrication by use of VNA
measurement.

For the remaining parasitic capacitances in the circuit, Cpy =
125.70 pF found via FEA simulation in Section II is considered,
the C3MO0120065PD MOSFET device datasheet [30] provides
estimated values for Coss(0V) = 700 pF and Coss(Vps) =
5.5 pF, and for the MOSFET heatsinks the VNA is again used,
where a measured value of Cys = 26.25 pF is considered.
Hence, owing to the close agreement of simulated and exper-
imentally measured values in Table II, estimated stray induc-
tance, magnetic component, and PCB interconnect capacitance
parasitic circuit parameters are verified via a combination of de-
vice datasheet inspection, FEA simulation, and VNA measure-
ment. In addition, as will be investigated further in Section V,
noise corner frequencies observed in the measured CE EMI
spectra provide a further validation point of the parasitic circuit
parameters found in Table II. For validation of CM capacitances,
such as Cyg, a novel experimental reconstruction of the CM
EMI noise spectrum by insertion of capacitors between the
input/output terminals and test system PE plane will be carried
out and discussed in detail in Section V.

IV. EQUIVALENT CURRENT-MODE AND VOLTAGE-MODE
NOISE SOURCE MODELING AND CE EMI NOISE
CHARACTERIZATION

Considering the convention for currents ipm, 4, ipm,n» tCM, A»
and icm,p, in Fig. 1, the overall power converter DM current as
seen by the source-side is split per (12) and (13). This allows
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Bode 100 measurement results for (a) boost inductor, (b) DC link, (¢) trace inductance from S3 drain to S5 drain, (d) drain-to-source inductance for S5.

for analysis of the DM and CM current spectra independently as
seen by an EMI test line-impedance stabilizer network (LISN)
and EMI receiver termination impedance [21]. From observing
these simple current expressions and the current paths of Fig. 1, it
is evident that the half-bridge cells performing the boosting func-
tion (switches S; and S,, which operate with f, = 100 kHz)
and inductor biasing (switches S3 and S, which operate with
2 fiine = 120 Hz) introduce a sizeable amount of terms to the
overall DM and CM current components. Moreover, the CE
DM and CM EMI noise is induced from switching instances at
the MOSFET drain and source terminals, causing high-frequency
oscillation voltages Vp and Vg which then propagate as high-
frequency currents throughout the parasitic coupling compo-
nents. Therefore, a novel half-bridge noise cell model is pro-
posed, consisting of seven total nodes containing both DM and
CM current components, as presented in Fig. 8

DM, A — 'DM,n

DM = 5 (12)

. IcM, A + icM,n

13)

A. Half Bridge-Cell Equivalent Noise Source Model

Fig. 8 demonstrates the model for the half bridge-cell equiv-
alent noise source. Comparing to Fig. 1, this model individually
considers the current propagation paths nearby the complemen-
tary switch pairs S1/S and S3/Sy. As the model is generic
and applies to both switching legs in the single-phase PFC
converter, Fig. 8 generically denotes the top-switch as S and
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Fig. 8. Half bridge cell noise model.

bottom-switch S5. Node (1) corresponds to the switching node
comprised of both DM- and CM-components, node (2) the
neutral current and voltage as seen by the power source, and
similarly two output nodes (3) and (4) are further defined as
the output voltage/current and load-side neutral connection as
seen downstream from the half-bridge noise cell. Again, nodes
(2), (3), and (4) consist of mixed DM- and CM-components, but
nodes (5)—(7) finally represent the current flow from MOSFET
heatsinks and switch node capacitance to the PE plane, and
therefore are comprised of CM current components only.
Considering these parasitic elements as equivalent voltage-
and current-sources by Vi, = L% and ic = C % in tandem
with switched MOSFET voltages Vg1 (t) and Vpsa(t), all resul-
tant current and voltage expressions are derived in appendix
equations (A.1)—(A.6). Moreover, the internal half-bridge cell
heatsink voltages are estimated in appendix equation (A.7) for
the case of 1) heatsink bonded to power converter PE plane by
bond impedance Rq ., Lg, , in Fig. 1, or 2) without connection
of heatsink to PE plane, resulting in a coupling impedance of
Chis,»- In either case, the eventual impedance is in series with the
CM current components arising from the heatsink capacitances.
Moreover, the defined model is not only applicable to SiC
power devices, and can be applied generally to half bridge
circuits employing Si or GaN devices, regardless of whether
hard-switching or soft-switching modulation techniques are
incorporated. Furthermore, Fig. 9 depicts the generic process
for adapting for extending the modeling framework presented
herein this work to other power converter topologies, where
guidance regarding analytical modeling, FEA simulation, and
network analyzer measurement of parasitic circuit components
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is provided in Section II, and guidance regarding analysis of
possible noise corner frequencies elaborated in Sections IV-C
and V.

B. Impact of Boost-Cell on Totem Pole Single-Phase PFC EMI

Considering the half bridge-cell noise models, the overall
boost PFC parasitic circuitin Fig. 1 is re-arranged and simplified
in Fig. 9, where all voltages and currents flowing in/out of
the boost-cell equivalent models are as defined in appendix
equations (A.1)—(A.7). Subsequently, denoting the respective
voltage potentials present at the boost cell parasitic noise models
as Vin,l (t), V}mg (t), Vn71 (t), Vmg (t), VN,l (t), and VN}Q (t), along
with noise currents flowing in and out as ipwm(¢), ipma(t),
ipm3(t), and ippma4(t), the influence of the intrinsic cell model
parasitic components on the DM and CM EMI noise of the
interfacing converter circuits may then be expanded in appendix
(A.8)—(A.15). As can be seen by considering the combination of
currents going into the load, the DM noise components present
bothin the dc link and load are strongly dependent on the induced
DM noise from both equivalent cell noise models. These currents
then propagate to the neutral terminal ipy (), which then all
recombine with the intrinsic neutral current noise of the line
frequency cell model.

For the CM currents, however, each will flow out of the
relevant ports from intrinsic cell model heatsink impedances and
switch node capacitances, in addition to coupling capacitances
to the test system PE plane present at the boost inductor and load
terminals. These currents are thereby defined by voltages present
at their respective nodes per i¢(t) = C VZ—E”. For the currents
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TABLE III
ANALYTICALLY ESTIMATED DM NOISE CORNER FREQUENCIES OF
SINGLE-PHASE TOTEM POLE BOOST PFC

DM LC parasitic coupling | Noise type | Estimated corner frequency
Lioost Coss (0V) DM 231.37 kHz
Lioost Coss (Vbc) DM 2.61 MHz
Lipoost Cboost DM 566.79 kHz
LboostCHS CM 1.19 MHz
2 Lpoost CHs CM 844.83 kHz
4 Loost C'ris CM 597.38 kHz
LssCrn DM 2.57 MHz
LpsCrn DM 2.59 MHz
LssCrn DM 2.61 MHz
Lp3Cin DM 2.63 MHz
LnCIN DM 2.75 MHz
LcpmCpm DM 3.41 MHz
LpcCoss(0V) DM 6.52 MHz

flowing out of the half bridge cell models, the heat-sink capac-
itance voltage is found per appendix (A.7), and switch-node
voltage per appendix (A.1). For the CM current induced by the
boost inductor input node, the voltage is defined by appendix
(A.8a), and voltages imposed across the primary- and neutral-to
PE plane found by considering the voltage drop across the load
impedance Z)y,q in appendix (A.12). The overall CM current is
then simply found as the summation of all terms in appendix
(A.15), where subscript “,1” denotes currents stemming from
the switching frequency half bridge cell, and “,2” currents from
the line frequency half bridge cell.

C. Noise Corner Frequency Synthesis

In observation of all derived equations, it is evident that
there are a significant number of possible parasitic coupling
paths. However, certain combinations exist which will not be
strongly coupled within the standard CE EMI bandwidth of
150 kHz—-30 MHz, and therefore do not significantly contribute
to the overall DM or CM EMI spectrum, or exhibit corner
frequencies which exceed its maximum bound of 30 MHz. Such
parasitic couplings are therefore instead a consideration for RE
EMI noise effects where such equivalent circuit models become
invalid. It is hypothesized that strong parasitic couplings present
in the converter noise model will result in observable noise
corner frequencies in the CE EMI frequency spectrum. This is
indicated by a change in slope of the measured noise envelope.
Further, it is anticipated that a series L, C), coupling will result in
contribution of a rising noise envelope slope after the respective
corner frequency due to the coupling impedance being minimum
at resonance, whereas a parallel L,C), coupling will result in
contribution of a falling noise contour owing to the coupling
impedance being maximum at resonance. This hypothesis will
be addressed next in Section V.

Table III presents estimated noise corner frequencies from the
parasitic component parameter values found in Table II. In the
converter under study, there is a 220 nF capacitor Cpy installed
across the power and neutral conductors, which forms DM filter
with the boost inductor. This capacitor is additionally considered
as a potential cause of noise corner frequencies in the DM current
spectrum, with its ESL measured as Lcpv = 9.88 nH. Aside
from the resonance of the dc link impedance, all other potential

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

TABLE IV
CE EMI TEST SETUP EQUIPMENT

Test article Equipment part number
Spectrum analyzer RSA503A
DM/CM noise splitter TBLMO1
Auxiliary power supply ODP3033
LISN LI-125C
BNC cable S-LMR240
Dc electronic load IT8514B
1-¢ ac power source APT 8520
DAQ/control PC Dell Optiplex XE3

parasitic couplings to the dc link capacitance Cpc are neglected
as these equivalent resonant frequencies are <150 kHz. Fur-
ther, the estimated corner frequencies for the coupling of Lg ;
and Lp j, j € [1,2,3,4] and Coss are disconsidered, as these
all present resonant frequencies from 45-50 MHz, and 120-
200 MHz for Coss(0V) and Coss(Vpe), respectively. For the
possible CM noise corner frequencies only the MOFSET heatsink
capacitance Cjs s iS able to be estimated due to the large
distance between the PFC converter and PE plane shown in
Fig. 9. For possible parasitic couplings, there only exists one
that lies within the 150 kHz-30 MHz frequency span, which
is the coupling of LpeesCys = 1.19 MHz. This is because the
coupling of Lp, Ly, Lg j, and Lp j, j € [1,2,3,4] and Cys
result in estimated corner frequencies from 324-355 MHz.

V. EMI NOISE MEASUREMENTS FOR TOTEM POLE
SINGLE-PHASE PFC AND RECONSTRUCTION OF ESTIMATED
PARASITICS

A. Experimental Characterization of DM + CM CE Spectrum

CE EMI noise measurements are performed over the fre-
quency span of 150 kHz-30 MHz using the test setup in Fig. 11,
with all test equipment utilized listed in Table IV. The single-
phase ac power source supplies the 120V ¢ input voltage to the
PFC, the auxiliary power supply provides a £=15Vp¢ voltage
to power voltage and current measurement sensors, and the dc
electronic load is set to 1602 for 1 kW output power, 320 2
for 500 W output power, and 6402 for 250 W output power.
For measurement of CE EMI noise, two LISNs are installed
in-series with the power source primary and neutral wires and
the PFC converter input. The radiofrequency (RF) output ports
of the LISNs then connect to a DM/CM noise splitter box via a
LI-125C 50 €2 low-loss BNC cable, which then connects to the
RF input of the RSA503A real-time spectrum analyzer through
another LI-125C BNC cable. Overall, the test system error is
expected to be low with the LI-125C cables having a maximum
insertion loss of < 0.5 dB [34], the TLBMI1 noise splitter an
average DM insertion loss of —0.53 dB and CM insertion loss
of —0.93 dB over the 30 kHz-30 MHz frequency band [35],
and the amplitude accuracy of the RSA503A error being within
4+1.0dB [36]. For data acquisition of the frequency spectrum
measurements, the RSAS03A spectrum analyzer utilizes a 14-bit
analog-to-digital conversion that executes at 112 x 10° samples
per second with £0.8 dB amplitude accuracy. Results are then
provided through Signal Vu-PC software interface. The device is
further configured to use a Hanning window with positive-peak
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Fig. 11. Experimental test setup.

detection, where spectrum measurements are processed using
an average-of-VRMS function over a 60 Hz acquisition length.
Further, the resolution bandwidth is set to 1 kHz with 10 401
total spectrum trace points collected.

Experimental results for the DM and CM EMI noise spec-
tra of the single-phase totem pole PFC converter are pre-
sented in Fig. 13, with Fig. 13(a) and (b) demonstrating the
120 VAC/400 VDC, 1 kW DM and CM noise, respectively,
Fig. 13(c) and (d) demonstrating the 120 VAC/400 VDC, 500 W
DM and CM noise, Fig. 13(e) and (f) the 850 VAC/400 VDC,
500 W DM and CM noise, and Fig. 13(g) and (h) the
85 VAC/400 VDC, 250 W DM and CM noise spectra. Be-
tween these results, it is found that the unique noise corner
frequencies are consistent between operational voltage/power

f,=13.25MHz
f.,=16.88MHz

:\ f.,.=5.83MHz
f.;=3.86MHz :Cg\

1 = 10 30

Impedance
(kD)
(=Y

Phase
0
;

10
Frequency (MHz)

Fig. 12.  Boost inductor higher order resonant modes.

levels, proving that the noise corner frequencies are dependent
upon the unique LC coupling components in the PFC converter
topology. Now, an attempt is made to match the estimated DM
current corner frequencies of Table III to corner frequencies
observed from measurement results in Fig. 13. Considering that
series L, C}, coupling components cause a rising noise envelope
slope, and parallel L,,C,, components a decreasing noise lower
envelope slope, it is found that three such possible parasitic
couplings closely match the measured DM EMI frequency
spectrum. Specifically, the coupling of LpoostChoost closely
matches f.pmi with +11.749% error, (Lp2 + Ls2)Com
closely matches f.pmz with 0% error and, LpcCoss(0V)
closely matches f. pms With —17.47% error. For the remaining
measured noise corner frequencies, the initial estimates in Table
IIT do not yield close matches. Hence, an investigation into other
possible parasitic coupling components is performed.

First, by observation of the higher order resonances exhibited
by the impedance measurement of the boost inductor in Fig. 12,
it is found that the second, f.o = 3.86 MHz, and third, f,3 =
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Fig. 13.  Powered converter CE EMI 150 kHz-30 MHz frequency spectrum results. (a) 120 VAC/400 VDC 1 kW DM noise. (b) 120 VAC/400 VDC 1 kW CM
noise. (¢) 120 VAC/400 VDC 500 W DM noise. (d) 120 VAC/400 VDC 500 W CM noise. () 85 VAC/400 VDC 500 W DM noise. (f) 85 VAC/400 VDC 500 W
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5.83 MHz, resonant modes closely match f.pm2 = 3.7 MHz
and f.pwma = 5.3 MHz closely with +4.32% and +10% error,
respectively. Moreover, the boost inductor impedance increases
after f.o and subsequently decreases after f,.3, matching the
decreasing noise envelope in the f.pwm2 < fopm3 frequency

band and increasing noise envelope in the f.pma < f < fepms
frequency band. For the other unknown DM corner frequen-
cies, Fig. 14 represents the parasitic inductance network which
may be referred to DM capacitances in unique series and
parallel combinations, where Lswi = Lp1 + Lg1, Lswe =
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bridge with Y-equivalent output inductance.

Lpa+ Lsa, Lsws = Lps + Ls3, Lswa = Lpsa + Lgy. The
ESL of the DM capacitor installed in the test setup mea-
sured as Lo pm = 9.88nH by the Bode 100 VNA setup in its
series-through measurement configuration. Fig. 14(a) presents
the input inductance network, Fig. 14(b) the output inductance
network, and Fig. 14(c) the output inductance network after
performing A — Y transformation of the output interconnect,
where Lp o = 5.36 nH and Ly oy = 5.45 nH are additionally
measured by the VNA, included to improve noise corner fre-
quency estimation.

Equation (14) provides the equivalent parallel output in-
ductance of S3, S4, and the A-equivalent output interconnect
network shown in Fig. 14(b). Considering a parallel coupling
with Coss(0V), an estimated frequency of 20.96 MHz is found
yielding a close match to f.pm7 = 20.6 MHz with +1.75%
error. Next, considering the connection of S1 and S2 along
with S3 and S4 to the A-equivalent output interconnect, the
output inductance may then be rearranged as a Y-equivalent
circuit in Fig. 14(c). An exact match to f.pme = 12.6 MHz
is found by the potential coupling of L, onCp,ny = 12.6 MHz.
Finally, considering the high-frequency switch state when S1 is
disconnected from the rest of the PFC interconnect due to S2
and S3 being in the OFF-state, the series coupling of the stray in-
ductance path of (Lsw1 + Lp)Coss(0V) = 27.64 MHz yields
a close match to f.pms = 26.2 MHz, reporting only +5.5%
error, and moreover it is found that the similar stray inductance
path of st2 + LP, and similarly st3 + LN/LSW4 + LN in
the neutral conduction path, yield similar results considering a
Coss(0V') coupling. Table V provides a comparison for the DM
noise corner frequencies where, from comparison of analytically
derived DM noise corner frequencies and experimentally mea-
sured noise corner frequencies, all eight unique DM noise corner
frequencies have been estimated with a low average error of
+6.45%. However, it has been found that the first-order inductor
model must be extended to include the first three resonant modes
to account for f. pm2 and fe pma

LDC(LP,out + LN,Dut)
LDC + LP,out + LN,out

Lpar,oul = (14)
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Parasitic inductance paths. (a) Equivalent PFC input inductance. (b) Equivalent PFC bridge with A-equivalent output inductance. (c) Equivalent PFC

TABLE V
COMPARISON OF ANALYTICAL AND EXPERIMENTAL PARASITIC COUPLINGS
CAUSING DM NOISE CORNER FREQUENCIES

. Analytical Experimental
LC coupling foom fo.DM Error
Lioost 1 Choost 1 566.79 kHz 500 kHz +11.79%
(LDQ + Lsg) CD]\/[ 2 MHz 2 MHz 0%
LbnostZ Cboost2 3.86 MHz 3.7 MHz +4.32%
Lioost 3Choost 3 5.83 MHz 5.3 MHz +10%
LpcCoss (0V) 6.52 MHz 7.9 MHz —17.47%
La,outCp.N 12.6 MHz 12.6 MHz 0%
LegoutCoss(0V) 20.96 MHz 20.6 MHz +1.75%
(Lsw1 + Lp)Coss(0V) 27.64 MHz 26.2 MHz +5.5%

(Lsws + Lswa) (Lp + L + Lpar.out)

L = 15
caout LSWS + LSW4 + LP + LN + Lpar,out ( )
L. = LSWB(LP + LN + Lpar,out) (16)

“ " Lsws + Lswa + Lp + Ln + Lyarou
L, = LswsLswa (17

Lsws + Lswa + Lp + LN + Lparout

_ LSWS(LP + LN + Lpar,out) (18)
“" Lsws + Lswa + Lp + Ly + Lparout

For the CM noise corner frequencies, the only estimated CM
capacitance is the MOSFET heatsink capacitance Clys. The series
coupling of the boost inductor’s primary inductance Lioost1
and the parallel four MOSFET heatsink capacitances results in
an estimated corner frequency of 597.38 kHz, closely match-
ing fc.om1 = 600.6 kHz with a low —0.54% error. In order to
characterize the other CM noise corner frequencies, a novel
experiment is conducted by inserting 22 nF capacitors between
the PFC converter input and output terminals to the PE con-
ductive plane. By doing so, the distributed capacitance seen
between these nodes and the PE will be predominantly the
22 nF capacitor term. The insertion of the 22 nF capacitor
is expected to thereby cause a shift in the observed noise
corner frequencies and effectively reconstruct the CM noise
spectrum.
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B. Reconstruction of Measured CM EMI Noise Spectrum
Through External Capacitor Insertion

In order to identify the unknown lumped equivalent CM
capacitances of the PFC, novel experimental method is pro-
posed. Identification of the lumped CM capacitance of the
power converter enables an accurate calculation of the inherent
ground-leakage current for touch-current safety requirements
[26]. Further, this provides an accurate estimate of the CM
frequency response for checking the interaction of EMI filter
design and power converter parasitic components to ensure
adequate filter performance in the high-frequency band. As
outlined in Fig. 16, the objective of this experiment is to es-
tablish artificially created LC networks that cause shifts in the
CM EMI noise corner frequencies observed in Fig. 13. The
artificial LC networks are formed by symmetrically inserting
a pair of 22 nF capacitors between the converter input/output
positive and neutral nodes and PE plane. Fundamentally, the
insertion of the capacitors forces the lumped capacitance at the
input/output terminals to be the experimental value, and the noise
corner frequencies observed in the CM EMI spectrum will shift.
The shifted noise corner frequencies may then be correlated to
equivalent lumped stray inductance networks resonating with
the inserted capacitors. Then, by knowledge of the shifted noise
corner frequency and lumped stray inductance network, lumped
CM capacitances at the converter input and output are estimated
from the original EMI spectrum. Moreover, installing the 22 nF
capacitors between either the input or output terminals and the
PE plane will not detriment the expected operation of the PFC,
as the resultant phase angle displacement on the input current
will not exceed 5°, maintaining a good operational power factor
> 0.995.

Fig. 15 demonstrates the measured CM EMI spectra for each
test case by following the experimental methodology outlined
in Fig. 16, with Fig. 15(a), (¢), (d), (e), and (g) depicting the
results of inserting a 220 nF capacitor between the converter
input terminals and chassis for 120 VAC/400 VDC 1 kW,
120 VAC/400 VDC 500 W, 85 VAC/400 VDC 500 W, and
85 VAC/400 VDC 250 W test cases respectively. Fig. 15(b),
(d), (e), (f), and (h) then demonstrate the results of inserting
a 22 nF capacitor between the converter output terminals and
chassis for 120 VAC/400 VDC 1 kW, 120 VAC/400 VDC
500 W, 85 VAC/400 VDC 500 W, and 85 VAC/400 VDC
250 W test cases, respectively. It is found that the ob-
served CM EMI noise spectra between unique test case re-
sults are similar across the different operational voltage and
output power scenarios, consistent with the observations of
Fig. 13.

First, observing the effect of inserting 22 nF capacitors be-
tween the input terminals and PE plane, it is found that f. cwmi
shifts up from 600.6 to 798.7 kHz indicating that the coupling
of the four parallel heatsink MOSFET capacitances and boost
inductor is influenced by the 22 nF capacitor insertion. Further,
fe,om2 is unchanged, and the third noise corner f.cms then
increases from 4.3 to 5.9 MHz. The fourth and fifth noise
corner frequency are no longer observed in the spectra, and
fe,ome shifts from 13.71 to 13 MHz, f.cwmr from 21.88 to
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TABLE VI
EXPERIMENTALLY OBTAINED PARASITIC INDUCTANCES, INSERTED 22 NF
CAPACITANCE AT V4, V,, INPUT NODES TO PE PLANE

Corner frequency L
fe.cM3 = 5.9 MHz 33.1nH
fe.cma = 13 MHz 6.81 nH
fe.oM5 = 19 MHz 3.19 nH
fe.oMe = 25.3 MHz 1.8 nH

TABLE VII
EXPERIMENTALLY OBTAINED PARASITIC INDUCTANCES, INSERTED 22 NF
CAPACITANCE AT Vp, Vy OUTPUT NODES TO PE PLANE

Corner frequency L
fe,cm2 = 3.8 MHz 79.7 nH
fe,om3 = 6.2 MHz 30 nH
fe,oma = 13.7 MHz 6.13 nH
fe,oms = 20.1 MHz 2.81 nH
fe,com6 = 25.2 MHz 1.81 nH

19 MHz, and f. cms from 24.68 to 25.3 MHz. Next, the impact
of inserting 22 nF capacitors between the output terminals and
chassis is analyzed. As is found in the insertion of 22 nF
capacitors between the input terminals and chassis, f. cmi shifts
up from 600.6 to 798.7 kHz. However, f. cm2 uniquely shifts
from 2.7 to 3.8 MHz, a result which was not observed when
inserting the 22 nF capacitor at the input terminals. The third
noise corner is then observed to shift from 4.3 to 6.2 MHz,
and the fourth and fifth noise corner frequencies are again
no longer observed. The sixth noise corner frequency has not
shifted, but the seventh noise corner frequency f. cm7 has shifted
slightly from 21.88 to 20.08 MHz, and f. cms from 24.68 to
25.2 MHz.

Next, an estimation of the parasitic inductances resonating
with the inserted 22 nF CM capacitors is performed by con-
sidering the observed shifts in noise corner frequencies, which
are considered as f. cy in Fig. 16. It is assumed that, for noise
corner frequencies which have uniquely shifted between the two
measured cases, the changed corner frequency indicates a reso-
nance of a stray inductance network with the inserted 22 nF ca-
pacitors per the second-to-last step outlined in Fig. 16. Tables VI
and VII present the experimentally obtained inductance values
found by insertion of the 22 nF capacitors between the PFC input
and output terminals, respectively, and PE plane. For estimating
what parasitic inductances in the PFC converter are resonating,
Fig. 14 is used to derive equivalent path inductances, which may
couple with the CM capacitances in Fig. 1. Equations (19) and
(20) are the equivalent input inductance between the primary-
and neutral-to-ground capacitances C,g and C), g, respectively,
and (21) the equivalent output inductance observed in series with
Cpc. These analytically derived inductances, along with L; and
L. found per equations (17) and (18), result in values close to
the experimentally obtained coupling inductances in Tables VI
and VIL

Table VIII summarizes the comparison between experimen-
tally and analytically found parasitic inductances according to
Fig. 14, yielding an average estimation error of 18.87%. From
these results, it is deduced that the CM currents measured in the
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Fig. 15. Reconstructed powered converter CE EMI 150 kHz-30 MHz frequency spectrum results. (a) 120 VAC/400 VDC 1 kW CM noise, 22 nF capacitor
inserted at VIN terminals. (b) 120 VAC/400 VDC 1 kW CM noise, 22 nF capacitor inserted at VOUT terminals. (c) 120 VAC/400 VDC 500 W CM noise, 22 nF
capacitor inserted at VIN terminals. (d) 120 VAC/400 VDC 500 W CM noise, 22 nF capacitor inserted at VOUT terminals. (e) 85 VAC/400 VDC 500 W CM noise,
22 nF capacitor inserted at VIN terminals. (f) 85 VAC/400 VDC 250 W CM noise, 22 nF capacitor inserted at VOUT terminals. (g) 85 VAC/400 VDC 250 W DM
noise, 22 nF capacitor inserted at VIN terminals. (h) 85 VAC/400 VDC 250 W CM noise, 22 nF capacitor inserted at VOUT terminals.

original EMI spectrum are predominantly caused by the cou-
pling of lumped parasitic inductance networks and the lumped
parasitic capacitance present in the air medium between the
conductive PCB and PE planes. Finally, estimated lumped CM
capacitance values present at the converter input and output
terminals are found considering the original EMI spectrum

results by the final step in Fig. 16 in Table IX, where f. cm2
is the corner frequency of the original EMI spectrum, and Ly
is considered from the results in Tables VII and VIII. From
the experimentally estimated CM capacitances, it is evident that
the CM EMI spectra noise corner frequencies are caused by the
lumped equivalent capacitance network comprised of distributed
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Fig. 16. Power converter CM EMI frequency spectrum reconstruction experiment, methodology flowchart.
TABLE VIII results, yielding an average error of 15.06% for the para-
COMPARISON OF EXPERlMENTg;Sg;ﬁg&LYTICAL PARASITIC CM PATH sitics of the converter boost inductor, dc link capacitor, and
switch node self-inductance. Subsequently, a proposed novel
Experimental | Experimental Analytical Error all-inclusive noise cell model is experimentally validated by
Lin Lour L measurement of the CE EMI noise spectrum. It is found that
33.1nH 30 nH L.=32.01nH +1.46% 11 eich . . f . b d in the DM
68Tl 613 nH Topom = 655 nfl ~5736% all eig t unique noise corner frequencies observed in the
3.19 nd 281 nH Lcncin = 4.09 nH 136.33% EMI noise component are accurately estimated by the model,
1.8 nH 1.81 nH Ly =1.22nH —-3241% with a low average error of 6.45%. For the CM EMI noise
spectrum, one estimated corner frequency caused by the cou-
pling of the PFC boost inductor and analytically estimated SiC
TABLE IX

EXPERIMENTALLY OBTAINED LUMPED PARASITIC CAPACITANCES FROM
RECONSTRUCTED CM EMI NOISE SPECTRA

Corner frequency Crn Cour
fe,om2 = 2.6 MHz N/A 22.01 nF
fe,om3 = 4.2 MHz 43.34 nF | 47.87 nF
fe,eme = 13.6 MHz | 20.11 nF | 22.34 nF

fe,om7 = 21.88 MHz | 16.59 nF | 18.83 nF
fe,oms =247 MHz | 23.07 nF | 22.94 nF

discrete CM capacitors

L,(L,, + Lcpm)

Lp + Ln + LC,DM
Ln(Lp + LC,DM)

Ly+Lp+Lopm

19)

Lepgin =

Leng,in (20)

VI. CONCLUSION

A comprehensive heterogeneous parasitic component model-
ing method consisting of physics-derived modeling, FEA sim-
ulation, and measurement for a 1 kW-rated 120 VAC/400 VDC
single-phase totem pole boost PFC converter utilizing SiC
MOSFET devices has been thoroughly defined, investigated, and
experimentally validated. Most derived parasitic component
values show a close agreement with respect to measurement

MOSFET heatsink capacitance is validated, with —0.54% error.
For unknown system CM capacitances, a novel experimental
method extracted the lumped CM capacitor components by
reconstruction of the CM EMI noise spectrum, and it is found
that CM noise currents are caused by the coupling of multiple
parasitic inductance components with several distributed CM
capacitances.

APPENDIX

Derived equations for the half-bridge noise cell model and all-
inclusive noise model are provided here. Equations (A.1)—(A.7)
shown at the top of the next page, are all derived considering
the half-bridge noise cell model of Fig. 12 in Section IV-A.
Specifically, (A.1) and (A.2) represent the switched-node input
voltage and current, and (A.3) and (A.4) depict the half-bridge
output voltage and current. Equations (A.5) and (A.6) then show
the neutral voltage and current, and equation (A.7) shows the
heatsink voltage expression.

Equations (A.8)—(A.15) shown at the top of the next page, are
all derived considering the all-inclusive noise model of Fig. 13 in
Section IV-B. Equations (A.8) and (A.9) correlate to the power
line input noise expressions, and (A.10) the switch node voltage
of the high-frequency half-bridge cell. Equations (A.11)-(A.14)
then depict the dc-link and output-load noise expressions, and
(A.15) the total CM noise current expression
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