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A Mathematical Design Approach to Volumetric
Optimization of EMI Filter and Modeling of CM
Noise Sources in a Three-Phase PFC

Saikat Dey

Abstract—Designing an efficient, compact, and optimized elec-
tromagnetic interference (EMI) filter for the next generation high-
frequency switched mode power converter while maintaining a
small form factor with high power density, requires adequate
research and development effort. This article presents a systematic
as well as unified approach to design the EMI filter for any power
electronic converter, particularly for three-phase ac—dc active boost
rectifier systems. Since the differential mode (DM) filter stage con-
sumes a major part of the EMI filter volume and weight, DM filter
design optimization is a necessary yet challenging task to attain a
higher power density. This article theoretically demonstrates the
design steps for choosing the appropriate filter component values
and number of filter stages to achieve the smallest volume of the
DM EMI filter. Furthermore, to design an optimized common mode
(CM) filter stage, a research effort has been made for estimation
of the CM noise corner frequencies followed by multiconstraint
volume optimization through a detailed mathematical noise mod-
eling of the converter. While the validation of the proposed design
methodology is done through MATLAB simulation, an experi-
mental verification is also performed by designing the optimized
EMI filter for a 2.3-kW proof of concept of a three-phase boost
power factor correction converter to comply with the stringent EMI
requirements of DO-160F standard.

Index Terms—AC-DC power converters,
interference, pulse width modulation converters.

electromagnetic

I. INTRODUCTION

OR THE emerging fields of power electronics such as:

Avionics or marine applications, the modern ac—dc rectifier
systems like active boost power factor correction (PFC) convert-
ers [1]-[4] need to comply with stringent requirements in terms
of efficiency, reliability, volume, weight, line harmonics, and
finally electromagnetic interference (EMI) [5]-[7]. To protect
the ac mains from the electromagnetic emissions originating
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from the high-frequency switching of such converters and to
comply with the respective harmonic standards, common mode
(CM) and differential mode (DM) front-end EMI filters are
imperatively needed.

While there are works that discuss the DM filter design
for a certain power converter topology, a few studies [8]-[15]
have been done to showcase the systematic CM filter design
approach. It is challenging to design the adequate CM filter
for any converter including the three phase PFC rectifiers due
to the difficulty in identification and quantification of the CM
noise sources. A few research have been carried out to model
the CM noise sources in single phase PFCs [8], [9] and to
identify their ways of propagation in three phase rectifier systems
[10]-[16]. But these works fail to incorporate the CM noise
models within the filter design methodology. An approach to
identify the relation between the CM noise spectrum and the
noise sources in a three phase PFC is made in [18], but it does not
include the estimation of amplitudes and frequencies of different
CM noise components that are necessary to design the CM filter.
To address the abovementioned limitations, a CM noise corner
frequency estimation-based approach is adopted in this article
to design an optimized CM filter for a three-phase PFC rectifier.
The article presents all the possible CM noise corner frequencies
by identifying the resonating circuit paths, through which the
noise current can flow to the earth. Furthermore, through a
constrained design optimization approach, this work accounts
for the maximum allowable ground leakage current that often
acts as a stringent constraint for the power converter used in
avionics and space applications, which is not covered in any of
the previous works. This sets an upper bound on the total CM
filter capacitance in the filter design stage.

On the other hand, although some studies have been carried
out to estimate the emitted DM noise [17], [18] and attenuate
them by employing specific single or multistage DM filter, a
systematic design approach that takes care of the following as-
pects is still missing: 1) selection of the optimum LC component
values for minimum per-stage filter volume, 2) optimum count of
filter stages considering power factor constraint and attenuation
requirement, and 3) accurate volumetric model of filter compo-
nents. The work in [18] demonstrates a simplified approach to
design the optimum DM EMI filter based on estimated DM noise
voltage at the filter design frequency. However, theoretically es-
timated DM noise amplitudes at switching frequency harmonics
do not match with the real hardware as the noise model does
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not account for side band harmonics and circuit nonidealities,
such as: Device or circuit parasitics. Therefore, in this work, the
experimentally measured unfiltered EMI spectrum is taken as a
more reliable design input for the filter synthesis process, which
leads to the elimination of design errors and hence yields to a
more precise and optimized design.

The presence of power stage nonidealities in any power
converter, such as: stray inductances, parasitic capacitances of
switching devices, and inter/intra winding capacitances of the
inductor/transformer give rise to voltage- and current-mode EMI
noise sources that tend to propagate toward the ac grid and/or
chassis (or potential earth), resulting in increased leakage current
and grid pollution. Compared to Si devices, the wide bandgap
(WBG) devices, such as: gallium nitride (GaN) and silicon
carbide (SiC) have higher dv/dt and di/dt switching transient
rates. Therefore, the noise peak amplitudes in the EMI spectrum
would be even higher for WBG-based power converters. The
noise attenuation requirement that needs to be met by the EMI
filter stage in a WBG-based power converter is likely to be
higher than a Si-based design at the same switching frequency,
which makes the filter bulkier and heavier in a WBG-based
design. Notably, one of the major motivations of using WBG
semiconductor technology is to perform a high-density power
conversion while also enhancing the efficiency. With that said,
although the power converter stage can be made higher power
dense with WBG employment, the front-end EMI filter volume
and weight tend to be higher, which, may not give us a signif-
icant net benefit of power density. Therefore, there needs to be
significant research focus on EMI filter volumetric optimiza-
tion for enabling WBG-based high-density power conversion,
which is highly overlooked in the current research. Volume-
and weight-optimized filter design solutions are critical for EMI
stringent applications with power density being the priority, such
as: Power electronics for avionics and space because a stricter
noise attenuation requirement naturally makes the filter to be
bulkier and heavier. Since the DM filter components contribute
to a major part of the converter size and weight [13], [18], DM
EMI filter power density improvement is as critical as that of the
power conversion stage. Although a few techniques on volume
optimization for the DM filter have been proposed in [13] and
[18], the accuracy of the filter optimization process is largely
compromised due to improper formulation of the quantitative
cost functions, corresponding to the volume of the DM filter
stages. This article presents a multiobjective constrained design
optimization methodology for volume minimization of the DM
filter. Through a comprehensive evaluation, we hereby propose
a precise volumetric cost function model, in which, the volumes
of passive components (i.e., toroidal core filter inductors, film
type X capacitors) are quantified as a scaled linear combination
of current/voltage, element value and the stored energy. Further,
in this work, a rigorous mathematical formulation between the
optimum count of filter stages and resultant filter volume for
a given attenuation requirement is established and presented
graphically.

The major contributions of the work are as follows.

1) Presentation of a unified and systematic approach for

designing an optimized EMI filter for a three-phase ac—dc
power converter.
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Fig. 1. 3-phase boost PFC rectifier noise model with LISN.

2) Successful identification and modeling of CM noise
sources in a three phase PFC rectifier.

3) Accurate estimation of the CM noise corner frequencies
and mathematically corelating them to the CM EMI spec-
trum.

4) A unified and generalized multiconstraint design method-
ology accounting for all constraints, such as: Maximum
common mode leakage current and input power factor at
light load operations, in the EMI filter design strategy.

5) Error variance minimization-based statistical modeling
that quantitatively corelates the DM filter components vol-
ume with rated current/voltage and filter element values.

6) Multiobjective constrained volume optimization of the
DM and CM filters based on the proposed volumetric
models of the filter elements.

This article is organized as follows. Section II presents the
modeling of different parasitic CM and DM noise sources that
are present in a three-phase boost PFC rectifier. Comprehen-
sive filter design methodologies are introduced and analyzed in
Section III. Section IV describes a multiobjective constrained
design optimization-based volume minimization technique for
the DM filter. The filter design process is validated through
simulations and experimental results, presented in Section V.
Finally, Section VI concludes this article.

II. PARASITIC NOISE SOURCES AND THEIR MODELING IN A
THREE-PHASE PFC

A key step for an effective design of an EMI filter stage for
a power converter, is to effectively model the parasitic noises,
generated from the circuit operation. EMI noise sources in a
three-phase PFC converter mainly originate from several stray
capacitances such as semiconductor—heat sink capacitance, heat
sink-to—ground capacitance, and dc link-to-ground parasitic ca-
pacitances and stray inductances due to PCB traces and physical
connecting cables. Fig. 1 shows the different possible sources of
parasitic noises in a three-phase active boost rectifier, in which
the parasitic components are shown in red color to distinguish
from power stage components. The stray capacitances of the
MOSFET’s drain to the heat sink and the antiparallel diode’s
cathode to the heat sink are denoted by C'y; and C'p ,respectively.
There is an additional capacitance (C'g7 ;) that appears between
the heat sink and the ground, if the heat sink is not grounded
externally. The presence of these three vital capacitances along
with PCB trace and device’s lead inductance Lgtrqy produce a
very high-frequency overriding signal on the switching pulses
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and shift the CM noise level up in the EMI spectrum. The in-
terwinding capacitances of the line inductors will also affect the
EMI performance of the converter at high switching frequency.
To include that in the noise model, we have assumed a lumped
value of such capacitances (C'1) and placed it across the line
inductor L. C'pg and Cy ¢ are the parasitic capacitances from
the dc link positive and negative terminals to the ground, respec-
tively. All the three input phases will have parasitic capacitances
developed between the phase and the protective earth, which are
shown as C' 4, Cpa, and Coq. To establish a CM noise model
of the converter, each MOSFET is replaced by a combination of
a bipolar square-pulsed voltage source of the same frequency
as the switching frequency and the drain-to-source capacitance
Cg4s. The dc link capacitor C, is modeled as short-circuit as it
will provide minimal impedance at the switching frequency and
its higher order harmonics.

From the summarized noise model, it can be shown that a
significant amount of EMI noise is generated from the heat sink
connected to the semiconductors. According to Fig. 1, irrespec-
tive of the polarity of the phase current, the parasitic capacitance
between the semiconductor switch and the protective earth can
be expressed as

(Cym + Cp); HeatSink is Grounded
Cswa = |:CHG~(CM+CD)
Cua+Cu+Cp

ey

When the heat sink is connected to the earth, there is no
existence of Cy¢g, and only C; and Cp appear across the
device and the ground. On the contrary, if the heat sink is left
floating, the total capacitance between the switching device’s
drain node and ground becomes C' as C'yq is far less than
(Ca + Cp). This analysis shows that the impedance provided
by Cswe to the high-frequency ground noise current will be
higher if the heat sink is grounded, compared to the case when it
is left floating. In most of the power electronic applications, the
heat sink is connected to the earth for safety reasons, leading to
a higher amount of ground leakage current due to the formation
of resonating CM path.

In addition, there are parasitic capacitances from phase to
ground, which are not same for all three phases; rather, the
parasitic values depend on the instantaneous switching combi-
nation of the three half-bridges. To design the EMI filter stage,
it is important to determine the frequencies of the resonant
oscillations caused by the parasitic parameters; thus, the related
equations governing these oscillation frequencies are presented
in Table I. The corner frequencies of the CM filter stage are
determined from the parasitic resonance frequencies, which are
difficult to be calculated deterministically, but they could be
calculated with a reasonably high accuracy using the proposed
noise modeling equations (Table I). Such CM noise modeling
approach can be used for any converter topology undergoing
switching events, because the switching device parasitic capac-
itances or the interwinding capacitances, and stray inductances
can be modeled for any power converter similarly as shown in
our example of three phase PFC.

} =~ Cpy¢g; HeatSink is Floating.
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TABLE I
CM NOISE CORNER/RESONANT FREQUENCY ESTIMATION

Approximate Resonant A d
. . Frequency Value ssume
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Fig. 2. Unfiltered EMI spectrum of the 3-phase boost PFC under study.

In a three-phase boost active rectifier circuit, the input boost
line inductance L takes part in resonance with line—ground par-
asitic capacitances and semiconductor parasitics, generating the
noise corner/resonant frequencies: froisel» fnoise2, and froises-
The value of “k” could be 1 or 2, depending on the number
of conducting high-side switches in the PFC converter. Also,
the stray PCB inductance and the device parasitics will provide
another resonant frequency fyoise4, Which is much higher than
the other noise frequencies. The corner frequency estimation
shows if the heatsink is grounded, which is the case for most
of the converters, the order of the noise frequencies on the EMI
spectrum will be: figise4 > froisel > fnoise2 > fuoise3- As per the
calculation, fyeises 1S found to be higher than 30 MHz and hence,
falls outside the conducted EMI standard range. As the noise2
and noise3 appear at relatively lower resonating frequency, these
can be partly attenuated by the DM filter stage along with CM
stage. Therefore, fy0ise1 can be one suitable choice of resonant
frequency for the CM filter design as it is greater than the
DM noise frequencies. Also, the other high-frequency resonant
oscillations should be significantly attenuated through the CM
filter implementation if the filter is designed to attenuate the
fnoise1 frequency component.

In this work, an ANSYS based Q3D simulation has been
carried out to extract the parasitic models of the converter power
stage including stray inductances. Calculation of the possible
resonant frequencies from the extracted L and C values suggests
appearance of CM noise peaks at 2.37, 8.1, 15.3, 28.6 MHz,
and higher order multiples. Validation of our claimed correlation
between the converter circuit parasitics model and the CM mode
EMI spectrum can be found from the unfiltered EMI spectrum
of the converter, shown in Fig. 2. It shows prominent CM noise
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peaks appearing at 2.3, 15 MHz that match closely with the
model outcomes, and thus, verifies our parasitic modeling of the
converter power stage.

III. EMI FILTER DESIGN APPROACH

In this article, the filter design is performed based on the
specifications of a three-phase boost PFC, with an input of a
three-phase alternator with variable frequency (360-800 Hz),
typically used in shipboard and aircraft applications. Target
for the filter design is to meet the EMI standard requirements
according to DO-160F. The DM and CM EMI filter design
approach for such a converter is separately shown below.

A. DM Filter Design

The EMI noise spectrum of any power converter will exhibit
DM noise peaks at the switching frequency and its higher order
harmonics. Each of such harmonics will need different level of
attenuations to comply with the specific EMI standard. There-
fore, for a given switching frequency (100 kHz in this design),
making an appropriate choice of the DM filter corner frequency
is the first important design step for a DM filter design. Next step
would be to determine the attenuation requirement profile as a
function of frequency. For the converter-under-test (CUT), the
EMI amplitude spectrum of the converter without any filtering
action is shown in Fig. 2, which implies that the highest peak
of 84 dBuA occurs at 200 kHz in the conducted EMI band.
Other peaks are located at the higher multiples of the switching
frequency. Therefore, the attenuation requirement for the DM
noises, as mentioned in (2), are obtained by subtracting the
conducted EMI standard DO-160F from the spectrum without
any filter with a design margin. As our converter is intended
to be used for avionics application holding harsh environments,
looking at the aspects of system reliability and satisfactory EMI
performance under the case of health degradation of power
stage components, a ~15-dB buffer margin is introduced in the
attenuation requirement calculation for the DM filter stage.

Attreq(DM) (fD) [dB]
=wvpny (fp) [dB - pA] — Limit(fp)[dB - pA] + Margin[d B|
—50dB (at fp = 200 kHz). )

Also, our proposed filter design optimization methodology
is adaptable toward any adjustable margin that can be decided
by the designer. Choosing a different value of margin only
changes the attenuation requirement, while not affecting the
mathematical steps of the design optimization process.

Now, a DM filter that can deliver at least the required at-
tenuation, Att,cq(par), at the design frequency fp needs to be
designed. Determining the fp is straightforward and in most
cases, it would be the switching frequency or its higher order
harmonic (fp = mfs, , m = +ve integer), whichever peak
appears first in the EMI spectrum. In our design example, the
converter switching frequency is kept as 100 kHz. Hence, the
switching harmonic that appears first in the EMI spectrum within
the DO-160F EMI standard range (that starts from 150 kHz),
has a frequency of 200 kHz, i.e., the 2nd switching harmonic.

3-phase| i i
R, Boost
PFC

Fig. 3. Distortion of grid side input phase current due to a single LC filter
stage before a PFC circuit.

Therefore, the design frequency (fp) for the DM filter is chosen
as 200 kHz.

In case of the DM filter design, while meeting the required
attenuation, another crucial aspect to consider is the displace-
ment of input phase currents due to the added filter components,
specifically the phase-to-phase X-type capacitors. In case of any
power converter with a front-end PFC circuit as shown in the
Fig. 3, the PFC input phase currents (7,) and voltages ( v,) are
in phase due to a high-bandwidth current controller. However,
due to the input side DM filter stage, comprising of lumped L ¢
and Cy , the input phase current (4;,,) shows a displacement of
angle © with respect to the input phase voltage (v;,,) , which will
resultin power factor degradation. A calculation using the phasor
diagram, shown in Fig. 3, leads to the following relationship
between the filter components and the phase displacement angle:

% [Lf — RquCf + Req20f2Lf(27Tf1ine)2 = tan ©
€q

3)
where fiine is the line frequency i.e., 60 Hz and R., represents
input impedance of the PFC and its following power stage,
respectively, which as a whole is resistive in nature under a
proper PFC action. R, can be represented as the ratio of voltage
and current peaks of phase “A,” Req = (Upk high/%pk,low)- 1O
ensure a maximum allowable phase displacement of Oy,ax, a
maximum allowable filter capacitor size must be determined
keeping the worst condition in mind. The relation in (4) as shown
at the bottom of the next page, sets the worst-case condition,
where R, is maximized to find the solution for maximum filter
capacitor size, Cf max, Which is shown in (5) as shown at the
bottom of the next page.

In (4) and (5), IDF denotes the input displacement factor,
which is the cosine of angle between fundamental input phase
voltage and fundamental input phase current. vy nign is the peak
value of maximum possible phase voltage, and i, 10w 1S the
minimum possible peak value of phase current at a certain load
condition. If the maximum phase displacement needs to be lim-
ited to 5° (i.e., IDF = 0.996) at the rated output power, the total
DM filter capacitors are limited to a total capacitance value of Cp
= 3.5 uF per phase, as obtained from (5) considering %y, 10w and
Upk,high values to be 4.28 A and 358 V, from the specifications
of the converter. For a multistage cascaded configuration of DM
filter, the parallel combination of all the capacitances, required
per stage, must not exceed 2.63 pF to meet a PF requirement of
> 0.996.

Fig. 4 shows the EMI filter circuit topology that is used
in this work. Here, the DM filter stage comprises of total
six decoupled line inductors and six line-line X capacitors
connected in a star fashion, and the CM stage has a set of



466
Cea Lo Lpma Lpwm Lo
3-Phase e L
2T s T, Ty —rsre L
C,= Converter - >
Il (EMI ¢ X gi‘_ z
[ Source) T T T J_‘["":”:r’WN
~CnG = ==j— === Ry T ==j— == Rp
Comal | [T T Comz - 4_—,&
(YCap) = X Cap) LCemt DMI
(Y Cap) (X Cap)
Fig. 4. EMI circuit topology used for 3-phase boost PFC in regulated trans-
former rectifier unit (RTRU).
DM Noise Source DM EMI Filter
(EUT) Stage LISN
LDz:rZL 2Ly | }r 2Lu1 2Lown B A
Cop2 | o]
Tou(1) | |5 o2} o2
Z Co, "7 -

Fig. 5. DM equivalent of the EMI filter for 3-phase boost PFC.

two CM chokes and six line-ground Y capacitors. For syn-
thesizing the DM filter parameters, the per phase equivalent
circuit of the filter, as shown in Fig. 5, needs to be analyzed.
Here, the DM noise source in the converter is modeled as
a current-mode noise source /pjys with a parallel impedance
Zp that equivalently represents the pulse width modulation
(PWM) converter. Furthermore, for the simplicity of analy-
sis, we assume the following: The input-side impedance of-
fered by both Y-capacitances and the effective series inductive
path should be very large in comparison with the total line
impedance stabilization network (LISN) in order to complete
a DM noise path, i.e., w - 2(Lpyt + Lome + Ligt + Lige) >
2Ry1sN, where Ryisn, Ljg1, and Ljie represent the LISN
impedance, per phase leakage inductances for the CM chokes
Lot and Lene, respectively. Keeping these assumptions in
mind, the per phase DM equivalent circuit can be treated as
two back-to-back LC filter stages, where the two equivalent DM
inductors are obtained as Lp; = 2(Lpwmi + Lig1) and Lps =
2(Lpmz + Lik2). Besides, two equivalent DM capacitors can
be represented as Cp; = (Cpyi + Con1)/2 and Cps =
(Cpamaz + Coarz)/2. Therefore, on the basis of abovemen-
tioned assumptions and parameter values, the DM filter cutoff
frequencies can be determined as frp1 = 1/(27vLp1Cp1)

and frp2 = 1/(2mv/Lp2Cp2). Thus, the total attenuation
provided by the whole DM filter stage at a design frequency

of fp can be obtained as

Attpar (fp) [dB] = 4010g( Io >+4010g< Io )dB
fr.D1 fr.p2

which should surplus the required amount of noise attenuation
at fp frequency, Att,cqpar) (fp)[dB].
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Fig. 6. CM equivalent of the EMI filter for 3-phase boost PFC.

B. CM Filter Design

An effective CM noise modeling approach has been adopted
in this work, as mentioned in Section II, to estimate all possible
CM noise corner frequencies. These estimated noise frequen-
cies can be experimentally verified from the EMI spectrum of
the power stage. To simplify the filter design analysis a per
phase CM equivalent circuit of the whole EMI filter (Fig. 4)
topology is obtained in Fig. 6. Here, the CM noise source in
the converter is modeled as a noise current source /s with a
parallel impedance Zp' that equivalently represents the PWM
converter. To analyze this circuit, one critical assumption is that
the equivalent CM impedance should be very large in com-
parison with the LISN impedance when all the phases contain
CM noise, i.e., Cd(LC]\,{]_ + Loye + LD]WI/S + LD]\/[Q/3> >
Ryisn/3. Thus, the two equivalent CM inductors can be ob-
tainedas Loy = (LD]Ml /3 + LCAjl) and Lo = (LDM2 /3 +
Leaz). Thereby, the CM noise returns to the ground or the
protective earth through the two equivalent CM inductances
Lcy and Les and two equivalent CM capacitances Cq and
Ceco. As shown in Fig. 6, the equivalent capacitors can be
formed with the three line-ground Y capacitors (C'cpr), which
are parallel in the CM equivalent circuit: Cco1 = 3Cconn
and Cgo = 3Cc 2. This two-stage LC filter (Fig. 6) has
two corner frequencies at  fr.c1 = 1/(2nv/Lc1Ce1) and
fr,c2 = 1/(27y/Lc2Ceo2) , providing a total filter attenuation
of [401log(fp/fr,c1) +40log(fp/fr,c2)] dB to a CM noise
of fp frequency.

Thus, an appropriate choice of the CM filter stage corner
frequency is critical to optimize the filter design. In this work,
the CM corner frequency is chosen as fj,ise1 among all possible
resonant frequencies shown in Table I. Although itis challenging
to determine the exact value of corner frequency unlike the DM
equivalent, a good approximation to start the design could be
obtained by plugging in the parasitic parameters with the correct
order of magnitudes in the estimated noise frequency formulas
given in Table I.

27Tfline

[CRRTE | Ly — (0pk high /ipkjow) *Cy + (27Tf1ine)2(Upk,high/ipk,low)ZCf2Lf:| > —tanfcos ' (IDFim)]  (4)
PpR,mg. pk,low
1 87 fiine L fipk ow [ tan[cos™ (IDF )]
famax = oo |1 [ 1= P 2 fine L ightons 5)
2(27Tfline) L‘f Upk;high VUpk,high
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TABLE II

COMPARISON OF DIFFERENT FILM-TYPE DM CAPACITOR VOLUME MODELS
L Cocfficient of Decision Variables

Capacitor
Volume Decision Variables C v cr? Const. Madelfjccumcy
Models N (%)

[em?/uF] [em*/V]  [em*/(uF-V?)] [ecm?]

Model 1 CV?, Constant 5.597x10° 1.49 96.49
Model 2 V, CV?, Constant 5.853x107  5.608x107° 1.63 96.98
Model 3 C, CV?, Constant 1.646 4.941x10° 1305 97.80
Model 4 C,v,cv? 2.186 3.01x10%  4.668x10° 0 98.01

IV. VOLUMETRIC OPTIMIZATION OF DM AND CM
FILTER STAGES

From the DM filter design approach presented in the previous
section it is evident that the LC filter component values are
decided from the required DM noise attenuation level. But there
are multiple possible combinations of filter inductor (Lp) and
capacitor (Cp) that can attain the same attenuation at a certain
design frequency fp. This uncertainty calls for choosing the
optimized Lp and Cp values, which will lead to the minimum
DM filter volume because the DM filter contributes to most
of the EMI filter stage weight and volume. It is proven that
for multistage DM filter the volume will be minimum if the
L—C component values of all the stages are kept the same
[13]. Considering that, to minimize the total DM filter volume,
the quantitative cost function models for the volumes of the
per-stage inductors and capacitors are required. In the proposed
filter volume optimization method, the filter components (L, C)
are considered lossless as they contribute to minimal portion
of the total power loss in the three phase PFC converter. The
thermal management volume as well as the system dimension
are largely decided by the total power loss, which mostly occurs
in the power stage components including the switching devices,
boost inductors, etc. Due to low power loss per component,
forced convection alone can be sufficient to establish a thermal
equilibrium in the EMI filter stage of the converter. Thus, design-
ing the EMI filter under the smallest volume using our proposed
process is often not influenced by the existing or required thermal
management system or the dimension of the converter power
stage.

Though in general practice, the filter inductor or capacitor
volume is considered to be proportional to the stored energy, a
more accurate volumetric cost function model while accounting
for other combination of system variables is necessary to carry
out the filter optimization task. In this article, we have compared
four different regression models of the filter capacitor volume
considering different combinations of the chosen decision vari-
ables, i.e., rated voltage (V), capacitance (C), a scaled factor
of the stored energy (CV?), and a constant factor; as shown
in Table II. For example, in model 4, the capacitor volume is
approximated as

Ve=ke - C+Ek.-V+E .C-V? (7)

where the coefficients k., k., and k." describe the proportional-
ity of capacitor volume with the capacitance, the rated voltage,
and the stored energy, respectively. After preparing an archive of
commercially available film type X-capacitors datasheets of 310,

Fig. 7.
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Proposed DM capacitor volume model: Model 4.

TABLE III
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COMPARISON OF DIFFERENT TOROID CORE DM INDUCTOR VOLUME MODELS

Capacitor Coefficient of Decision Variables Model
Volume Decision Variables L 1 LP Const. ) o0
dels N N 5 N 5 Accuracy (%)
Models [em’/mH] [em’/A] [em’/(mH-A%)] [cm’]
Model 1 LI%, Constant 0.285 0 91.93
Model 2 L, LI, Constant 0 0.259 3.18 94.07
Model 3 I, LI, Constant 0.311 0.246 1.125 94.79
Model 4 L, I, LI, Constant 091 0.38 0.237 0.36 95.66
Inductor Volume Approximation with Toroid Core
60

Vy=tky Lk I+kp - L-1% +ki"

+ 15A Data

ky, = 091 cm?/mH
ki =0.38cm®/A ®
ki’ = 0.24 cm® /(A2 -mH)
k" =036cm* /

'S

+ 15A Model

10A Data
10A Model
5A Data
5A Model

Inductor Volume, V, (cr)
g
~N

® 1A Data
- ~==1A Model
20 7 A
/ =T
R4 -
0 ot
0 -‘—.; ----- e —mmmmmmm———= hd
0 0.5 1 1.5 2 2.5 3
Toroid Inductance, L (mH)
Fig. 8. Proposed DM inductor volume model: Model 4.

400, and 530-Vac voltage ratings from different manufacturers, a
complete dataset is generated to fit the models using the variance
minimization method. This process outputs the value of the
coefficients k., k', and k.” or any constant factors, mentioned
in Table II. It is found that if the capacitor volume model is built
with all the three decision variables (C, V, and C V2 ), the model
accuracy turns out the highest. Thus, model-4 is found to be the
most precise fit for the filter capacitor volume quantification, as
shown in Fig. 7.

In a similar fashion, the toroidal core filter inductor volume is
also modeled in four different ways, as can be found in Table III.
It is found that the filter inductor volume can be best modeled
as

Vi=kp -L+ky I+K -L-I?+k] (8)
/

where ky,, k7, k7, and k; are the coefficients of the inductance
(L), rated current of the designed inductor (/), the scaled factor
of the stored energy (LI?), and a constant factor, respectively.
The percentage accuracies of the different filter inductor vol-
ume models conclude that while the inductor volume majorly
depends on the stored energy, its inductance and the rated current
also have significant effects on its volume. Thus, in this work,
we have approximated filter inductor volume using model 4 (the
best fit candidate), as graphically depicted in Fig. 8.
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Considering the DM filter components of each filter stage to
be equal (i.e., Lpys = Lpye; Cpavs = Cpume, and Lpy = Lpy
= Lp; Cp; = Cps = Cp), the total volume of the DM filter for
Ny filter stages can be expressed as

Viom = 3+ (Vipy + Vopa) - N ©

where Vi, ,,, and V¢, are the volumes of each Lpy; and
each Cpyyy, respectively, which can be expressed similarly as
done in (7) and (8). To attain minimum filter volume, V¢ par
is to be minimized with a constraint of the required level of
attenuation as shown in (6). The DM LC filter (Fig. 5) attenuation
considering Ny filter stages can be expressed as

AttDM (fD) = (27TfD)2Nf . (LD . CD)Nf.

Assuming the CM filter capacitances (C ¢js) do not contribute
much to the Cp because of their lower value in general, Cp can
be assumed to be C'p s /2. Similarly, ignoring the contribution
of the leakage inductance of the CM choke in DM inductance,
Lpcanberepresented as Lp = 2L pjs. Considering these, total
DM filter attenuation of (10) becomes

Attpa (fp) =
@2nfp)*™ - (Lpum - Cpm)? (11)

Minimizing (9) while satisfying the constraints given by (7),
(8), and (11) outputs the optimized values of the filter compo-
nents as

(10)

NI > Attpas req-

I N{/ AttDM req k"V2 + k‘c) (12)
PMopt = @nfp)® - (kg + KLI2)

Contont = 1] AttDM neg * (KL EL) g
’ (27 fp)? - (ke + kLV?)

This shows that the optimized values of the DM filter stage
components depend on the required amount of attenuation
(Att p s req), number of filter stages (/N¢), the rated filter capac-
itor voltage, and the rated current of the designed filter inductor.

Using (12) and (13), the optimized volume of the whole DM
filter can be expressed as

Vi, DM.opt = 3Ny (k/LI +heV + kL)

N{/Att req
+6Nf\/ DM.req

(kZV2 + k)

- (kL + KLI?)
(2nfp)? )

(14)

In order to validate this proposed filter volume optimization
method, a design effort is made to optimize the DM EMI filter of
a2.3-kW three-phase boost PFC converter switching at 100 kHz
(fsw), as discussed in Section I1I. With the following available in-
formation (Att pas,req = 50 dB or 10% =3 16.2; fp =200kHz;
I =15 A; V = 310 Vac) and using the governing equations
(12)—(13), the DM filter LC components can be synthesized
for a given number of filter stage. However, filter stage count
should also be incorporated within the volumetric optimization
problem, so that global minima of filter volume can be reached
for an optimum synthesized design space (N}, Cpr, L)
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Fig. 9. Optimized DM filter volume for varying attenuation requirements
(Attreq, par) and different number of filter stages (Ny).

To study the dependency of DM filter volume (Vy par,opt) ON
Ny, a characterization study is performed between Vi pas.opt
and the required attenuation (Att,eq pas(fp)), at a design fre-
quency of 200 kHz while sweep ing Ny from 1 to 5. Fig. 9
shows the optimal DM filter volume as a function of attenuation
requirement (Att,eq,ppyr) for different number of filter stages
(Ny). It can be concluded that the optimum number of filter stage
increases in steps, as the attenuation requirement becomes more
stringent. Furthermore, Fig. 9 also suggest that a two-staged DM
filter will be the best choice for our design targeting minimum
volume.

Table IV depicts the optimized DM EMI filter component
values as per our requirement for different filter stages using
(12)—(13). We hereby consider the maximum tolerable displace-
ment angle for the PFC as 5°, which imposes a constraint on the
total allowable DM filter capacitor per phase and per filter stage
(Cp,max) and thereby limits the sample size of C'p s in the vol-
ume optimization technique. It is clear from the data presented in
the table that for a 50-dB 1A attenuation requirement at 200-kHz
design frequency, the minimum DM filter volume is obtained as
66.32 cm?, if a two-staged filter is employed with L-C values of
37.2 uH and 302.7 nF.

Results from the proposed volumetric minimization proce-
dure are also presented through DM filter volume and attenuation
surface plots in Fig. 10. The volume surfaces are built depending
on the developed inductor and capacitor volume models using
an extensive dataset, shown in (7) and (8). It can be found that
all the (Lpys, Cpas) combinations that satisfy the 50-dBuA
attenuation requirement are present on the parabolic periphery
on the attenuation surface. Looking from this analysis perspec-
tive, we find the optimal (L p s, Cp ar) cross-section point using
the color map, which indicates the minimum possible DM filter
volume to be 66.3 cm® for Ny = 2 in our design.

The CM filter stage of the power converter can be optimized
similarly as done for the DM stage with the help of the math-
ematically derived volumetric models of the filter components.
The CM LC filter (Fig. 6) attenuation considering N filter stages
needs to be higher than the required attenuation level at the
design frequency, which can be expressed as

g1 (Lo, Co, Ny) = Attenr (fp) =

(Lo - Co)™ > Attens req

(27 fp)*N

15)
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OPTIMIZED DM FILTER COMPONENT VALUES FOR DIFFERENT NUMBERS OF FILTER STAGES

TABLE IV

L or C or Total Allowable Total
Sow /o Attreqipry Ny Lpsopd! Cortopt' Viope > LD c o /2 allowable  Cpyopimayy 0r  Displacement
DM,opt DM, opt Coma * 2-Coma/ Ny Angle
(kHz)  (kHz) (dB) (HH) (nF) (cm’) (HH) (nF) (HF) (HF) (@]
100 200 50 1 156.9 1276.6 72.15 313.8 638.3 2.63 5.26 1.16
100 200 50 2 37.2 302.7 66.32 74.4 151.4 2.6 2.6 0.55
100 200 50 3 23.0 187.4 85.63 46.1 93.7 2.592 1.728 0.51
100 200 50 4 18.1 147.4 107.77 36.2 73.7 2.59 1.295 0.54

469

'LDM and CDM are optimized for an inductor current rating and capacitor voltage rating of 15 A and 310 Vac respectively.
*Total allowable C p, max is calculated based on the maximum displacement angle of 57, Vpk, high & ipk, 10w 0f 384 Vand 4.3 A, respectively.
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where CC = CCl = CC2 and LC = LCl == LCQ .

While designing the CM filter stage, the maximum allowable
leakage current flowing to the earth or converter chassis becomes
an important design constraint. Due to the safety reasons, the
maximum value of protective conductor current, as specified in
the regulation IEC 60990, will limit the total CM capacitance
in the following way: Ccas max = %;i‘i‘ﬁ , where fgid
is the grid frequency; V,;,—ps is the phase-to-phase rms volt-
age; lieak,max 15 maximum leakage current allowed. Under a
selection of “N¢” stage volume optimized LC filter, each CM
capacitor needs to follow the constraint, shown as follows:

C’C'M,maux

N, < 0.

g2 (Cem) =Com — (16)

The cost function to be minimized is the total CM filter
volume, expressed as: V¢, car = f (Coms Lo, Ny) = 3+
(Veon + Veen ) - Ny, where inductor and capacitor volumes
have been modeled earlier as function of filter elements and cur-
rent/voltage ratings. Using the method of Lagrange multipliers,
we formulate the following Lagrangian function:

L (Com, Lem, Ny, d,22) = f(Com, Lom, Ny)
—*1.91 (Lewms Cems Ny) — r2.92 (Con) - (17)

For global minimization, any direction perpendicular to all
gradients of the constraints is also perpendicular to the gradient

Minimum Volume Point

Minimum Volume Point Jfor 50 dB Attenuation

for 50 dB Attenuation P g
2 L ) Loy = 23uH 00 %
¢ < Comop = 187nF g
2 W S
5 g
2 e &
i
150 g
on =
100 400 §
w §
100 1 §
S
S
% 1 w3
100 /‘1 \ = o 7
0o 0 Ly (uH) (Y Ly (uH) o
om Cpppg 1F) DM 86 cm’
Minimum Volume Point g _ Minimum Vulwnel’{)im _
for 50 dB Attenuation B for 50 dB Attenuation z
e 5
) 3 g
s 00 3
= ]
d1s0 i LR
150 & g
oo = B
00 s . 2
s < 2
w ket 2, i o
e o IR g
o ko 3 x Vou W0 S
100 66.3 cm l S 13 - 3 < 86”;[}. 3

oa (H) C G 0 0 Ly (2H)

DM filter volume and attenuation surface plots obtaining minimum filter volume points for different filter stages. (a) Ny = 1. (b) Ny = 2. (c) Ny = 3.

of the function. Another way, we can state that the direc-
tional derivative of the function is O in every feasible direc-
tion. The method generalizes readily to functions on five vari-
ables: Voo, Lo, Ny, P (CC’M, Lo, Ny, )»1,)»2) =
0, which amounts to solving five equations in five unknowns,
resulting in the optimal solution set for the CM filter LC param-
eters and optimum number of stages. Results from the proposed
volumetric minimization procedure leads to an optimized two-
staged CM filter for our design with filter parameter values of
CCM = 3.9nF and LCM = 1.76 mH.

Finally, summarizing the proposed unified approach for a
constrained design optimization of a three-phase front-end EMI
filter, a comprehensive flowchart is presented in Fig. 11.

V. EXPERIMENTAL RESULTS

For concept validation purpose, a laboratory prototype of a
2.3-kW three-phase boost PFC converter integrated with the
EMI filter stage for avionics application is designed, developed,
and tested. The employed EMI filter stage, as shown in Fig. 3, is
comprised of two LC filter stages (Ny = 2) with optimized DM
components values, fetched from Table I'V.

Figs. 12 and 13 show the simulated DM (from 150 kHz
to 5 MHz) and CM (from 3 to 25 MHz) EMI spectrums of
the converter integrated with the filter circuit, respectively. The
simulated spectrum stays below the DO-160F conducted EMI
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DM Filter Design Steps
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sol- | tion technique, we present a comparison between the designed
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2 UMMM three-phase PFC conversion in Table V. The comparison data
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0 suggest that our designed filter has been able to achieve a 12.12%
40 and 10.53% less volume than the filters reported in [14] and
70 . . . i) . [15], respectively, which upholds the benefits of utilizing our

4 6 8 10 12 14 16 18 20 22 24 . . .
: proposed volume-optimized filter design procedure. Moreover,
Frequency (MHz) .
the total volume of our employed DM filter components is mea-
3 . . .
Fig. 13.  Simulated CM EMI spectrum with filtering action. sured as 61.45 cm”, which was predicted through our volumetric

standard while maintaining a margin of over 3 dB, thus verifying
the EMC compliance. Furthermore, the experimentally obtained
conducted EMI performance of the converter, integrated with the
filter stage, is demonstrated in Fig. 14 for the whole spectrum
range from 150 kHz to 30 MHz. The result establishes the EMI
performance to satisfy the DO-160F standard within its whole
frequency range.

model to be 66.31 cm?>. Therefore, this proves the accuracy of
the proposed DM filter volume estimation model.

Fig. 15 represents the experimental waveforms for the input
phase currents i 4, i g, phase “A” voltage v 4 _,,, and the output dc
link voltage v p ¢ of the designed PFC-EMI integrated stage. An
input power factor of 0.998 and a THD of 4.1% are measured
from the reported results. The power conversion efficiency of the
combined EMI and PFC stage is measured as 98.92%, whereas
the standalone EMI stage efficiency is 99.7%.
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TABLE V
COMPARISON OF DESIGNED EMI FILTERS FOR THREE PHASE BOOST PFC
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DM Total EMI
EMI Filter Filter Component | Filter Board Volume
Designs Component Value  Quantities Specs Volume (cm’) (cm’)
Predicted | Measured Measured
X-capacitor  0.22pF 3 Film capacitor, 530V AC
[11] Y-capacitor ~ 4.7nF 7 Film capacitor, 330V AC 68.9 o’ _ _
CM Choke 1.4mH 2 ‘W409 core, Iron based; Bmax = 1.2T
DM Choke  400pH 1 T90 core (90% Tungsten)
X-capacitor ~ 0.33pF 6 X2 Film capacitor, 310Vac
[12] Y-capacitor ~ 4.7nF 6 Y Film capacitor, 310Vac 69.56 cm’  67.92 cm’ 203 e’
CM Choke  1.5mH 2
DM Choke 70pH 6
X-capacitor  0.33uF 6 X2 Film capacitor, 310Vac
Olfr Y-capacitor 3.9nF 6 Y Film capacitor, 310Vac 6631 cm’®  61.45cm’ 158 em®
Design  CM Choke ~ 1.76mH 2
DM Choke 37uH 6

Voc

Fig. 15.  Waveforms of the 3-phase active boost PFC converter integrated with
EMI Stage: Vpc =400 V; V4, = 115V (rms); Poyt = 2.3 kW.

VI. CONCLUSION

This work presents a rigorous and comprehensive procedure
for the EMI filter design for any power converter with a primary
example of a three-phase boost PFC rectifier unit used in avionics
applications. To optimize the overall filter volume, the article
mathematically demonstrates a volume optimization technique
of the DM and CM EMI filter based on the derived volumetric
models of the filter components — inductor (Lp) and capacitor
(Cp). This analysis shows the filter volume primarily depends on
the noise attenuation requirement (Att,), the design frequency
(fp), the number of filter stages (Ny), the rated voltage for Cp,
and the rated current for Lp. The unfiltered EMI spectrum of
any power stage would give the required attenuation profile and
hence the noise attenuation criteria at the design frequency,
based on which the filter parameters are selected and then
optimized while satisfying the design constraints. Therefore, due
to the generic nature, the proposed filter design optimization
strategy can be applied to any power converter topology with
modified design constraints, according to the converter applica-
tion and design demand.

Based on our analysis, for a given DM noise attenuation
requirement of 50 dB, a globally optimized DM filter for our
PFC converter with Ny = 2 will have a total volume of 66.31 cm’,
whereas an intuitive design with Ny = 1 and Ny = 3 will lead
to a volume of 72.15 and 85.63 c¢m?, which are 8.8% and

29.1% higher than the optimized result, respectively. Extension
of the proposed volume minimization method to the CM fil-
ter stage leads to an optimized two-staged CM filter for our
design with filter parameter values of Ccps = 3.9 nF and
Loy = 1.76 mH. Thus, the application of our volumetric
optimization technique results in the total EMI filter board
volume of 158 cm?, which is 22.1% less than reported in the
existing literature. Experimental measurements of conducted
EMI spectrum are performed with a proof-of-concept of 2.3-
kW ac—dc active boost PFC-EMI integrated stage operating at
100-kHz switching frequency, which exhibits a thorough com-
pliance with the conducted EMI standard DO-160F while main-
taining a sufficient margin. The volumetric comparison of the
designed filter with similar SOA filters for the same application,
reported in the literature, shows a clear advantage of the pro-
posed multiobjective optimization technique. With the proposed
EMI solutions, the PFC converter maintains an efficiency of
98.92% with an input power factor of 0.998, hence signifying a
good power quality.
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