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Abstract: This paper presents a volumetric comparison among three possible optimized three phase
EMI filter structures, a three phase PFC converter used in cutting edge applications, such as avionics,
space or shipboard power systems. The size minimization of each of the filter structures, described
in the paper, was performed utilizing the volumetric optimization methodology proposed in the
paper. This paper 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 filter stage
for any given EMI filter structure. While the validation of the proposed design methodology was
done through a MATLAB simulation, an experimental verification was also performed by designing
and comparing the optimized EMI filter structures for a 2.3 kW proof-of-concept of a three-phase
boost PFC converter for more electric aircraft (MEA) applications to comply with the stringent EMI
requirements of the DO-160F standard.
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1. Introduction

The recent research trend in the emerging fields of high-density power electronics,
such as avionics, space or marine applications, has imposed new design challenges to
make the modern AC-DC rectifier systems, like active boost Power Factor Correction
(PFC) converters, comply with the stringent requirements in terms of efficiency, reliability,
volume, weight, line harmonics and, finally, EMI [1-5]. Moreover, as the industry demands
more power dense converters with lighter weight and volume, the switching frequency
of the converter must be increased in order to lower the passive component volume. In
order to restrict the frequency-related losses in the switching semiconductor devices, the
employment of wide-bandgap semiconductor devices, such as Silicon-carbide (SiC) and
Gallium Nitride (GaN) MOSFETs, become an obvious choice due to their faster switching
transients and lower device parasitics. The presence of power stage non-idealities 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 towards the AC grid and/or chassis
(or potential earth), resulting in increased leakage current and grid pollution. Compared to
Si devices, the 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 [6,7]. This challenges
the major motivation behind the use of the WBG devices, because while the converter stage
can be made to be more power dense with WBG employment, the front-end EMI filter
volume and weight tend to be higher, which may not give a significant net benefit of power
density. Therefore, there needs to be significant research focus on EMI filter volumetric
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optimization 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.

The conducted EMI noise in any power electronic circuit can appear in two forms:
differential mode (DM) and common mode (CM). Two separate filters, commonly named
as DM and CM Filters [8-17], are designed and employed in the front end of the power
converter to sufficiently attenuate the conducted DM and CM EMI noises.

Although there are studies which have been carried out in order to optimally design
the DM and CM EMI filter stages for any specific power converter application [13-19], a
systematic and mathematical design methodology that takes care of the following aspects
is still absent: (a) selection of the optimum LC component values for minimum per-stage
filter volume, (b) optimal number of filter stages considering the power factor constraint
and attenuation requirement, (c) precise volumetric model of filter elements and (d) best
choice of EMI filter structure with optimum arrangement of X and Y capacitors leading
to the smallest volume. As the DM filter components form a major part of the converter
size [13,18], EMI filter power density improvement is as critical as that of a converter
power stage. Although a few techniques on volume optimization for the DM filter have
been proposed in [13,16-18], the precision of the filter optimization process has been
largely negotiated due to the compromise of precision in the quantitative cost function
formulations, corresponding to the volume of the DM filter stages. In [16], a volumetric
comparison between two EMI filter structures for a three phase PFC is presented. However,
both the filter structures were not optimized using a particular volume optimized filter
design procedure. Thus, such a comparison may lead to an erroneous conclusion while
choosing the best filter arrangement for any application. In this paper, firstly, a systematic
and detailed design optimization methodology for volume minimization of the DM filter
has been presented. Furthermore, we have proposed precise volumetric cost function
models of the DM filter passive elements, in which the volumes of passive components are
quantified as linear combinations of current/voltage, element value and their stored energy.
Furthermore, applying this filter optimization technique on three different three-phase
EMLI filter structures, a volumetric comparison study was performed, which showed the
dependency of the filter element arrangements on the maximum attainable power density.

The major contributions of the work are as follows:

(a) A systematic approach to design the EMI filter for any power converter, while
addressing all possible design constraints, such as input power factor at light load and
maximum allowable leakage current.

(b) Variance minimization-based statistical modeling that quantitatively corelates the
DM filter components” volume with rated current/voltage and filter element values.

(c) Multi-objective constrained volume optimization of the DM filter based on the
proposed quantified models of the filter element volumes.

(d) A volumetric comparison study showing the dependency of the filter element
arrangements on the maximum attainable power density.

This paper has been organized as follows. Section 2 presents a brief overview of
the three phase noise components present in any three-phase power converter. Compre-
hensive design criteria and constraints for the DM and CM stage EMI filter design are
introduced and analyzed in Section 3. Section 4 explores the synthesis of possible three
phase EMI Filter structures and their DM, CM equivalent circuits. The proposed volu-
metric optimization methodology is described in Section 5. This section also examines
the volumetric comparison between the various optimized filter structures under study.
The filter design process and the mathematically deduced comparative volume data are
validated through simulations and experimental results, presented in Section 5. Section 6
sums up the conclusions of this work with relevant discussions.
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2. Three Phase Noise Components: A Brief Review

To design the EMI filter stage of a three-phase power converter to meet the standard
requirements, an effective action would be to build a generalized model of the system
noises appearing across the circuit. Some of the strong sources of EMI noise generation
in any power converter are parasitics (such as drain-source-gate junction capacitances)
corresponding to the semiconductor devices, attached heatsinks, inter/intra-winding
capacitances and stray inductances. Here, a detailed review of the DM and CM noise
components in a three-phase active boost rectifier, shown in Figure 1, is provided.
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Figure 1. Simplified Circuit of Three Phase AC-DC Boost PFC Rectifier.

Modeling of the noise components in a three-phase power converter system has been
explored in [1,2]. A similar method to model the DM and CM noise components in our
designed three phase PFC rectifier is taken up in this work. The CM current, for a three-
phase power electronic converter, is defined as the total current that flows out through the
phases and returns via protective earth. Therefore, it can be expressed as the sum of all
three phase currents, as expressed in (1).

icM =11+ +1i3 1

On the other side, the DM current runs through the one phase and comes back through
the other two phases. This essentially indicates that the sum of the three phase DM current
components is zero, as shown in (2).

ipm1 +ipm2 +ipm3z = 0 ()

The generalized high-frequency noise model of the three-phase power converter sys-
tem is depicted in Figure 2. Here, the three 50 () resistors, represented as Ry sy, model the
line impedance stabilization network (LISN). The DM noise source corresponding to each
phase is presented as vpy; ; , with their respective source impedance Zpy; ;. Conversely,
the CM noise source vcy is denoted as a lumped model with a single lumped impedance
(Zy) to earth. The proposed noise model indicates separate current propagation paths
for the CM and DM mode, which, however, may not hold true in real case scenarios. If
current and voltage signals at the interconnections of the device under test to the LISN
are considered, the definition of (1) is still valid, even if coupled noise propagation paths
exist. The CM voltage at LISN, given in (3), is determined by the per-phase equivalent

noise model. R
oow = iow N = 120 ®)
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Figure 2. Converter Noise Model with LISN.

The noise source in each phase is formed by a combination of corresponding CM and
DM components; the equivalent DM voltage at the i phase is computed by employing KVL

at the specific loop:

_ _ U1+ 0+ U3 4
UDMi = Ui —UeM =0 - 4)

Therefore, the phase 1 DM voltage component is expressed as %(22}1 — vy —03). As-
suming a symmetrical distribution of the CM current icy in all the three phases, each phase
current can be stated as:

. . icMm
1, = ipm, + 3 ®)

Furthermore, if the CM current is not distributed symmetrically among the three
phases due to the difference in impedances of the three phases to earth, then the per phase
current expression will deviate from (5). If the CM current in phase 1 deviates by Ai from
the current iy of the two other phases, according to (1), the resulting CM current is given by:

icm = 3ig + Al (6)

Hence, the input currents can be written as:

. . i 2Ai
i1 = ipm1 + % T3 @)
. . 1 Al
ip = ipmp + % ey 8)
. . 1 Al
i3 = ipm3 + % -3 )

This calculation yields the common mode voltage as:
AV
vcm = Resn (10 + 3) (10)

By subtracting the CM voltages from the respective phase voltages, vpyp i = v; — vem,
the DM voltages result in:

. 2Ai

upmMM,1 = Rrisn <1DM,1 +5 ) (11)
. Ai

vpmMM,2 = Rrsn | ipm2 — 3 (12)

. Al
vpMMM,3 = Rrisn (1DM,3 Y > (13)
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Hence, unbalanced CM noise also causes unequal distribution of per phase DM noise,
which is called “non-intrinsic DM noise” or “Multi-Mode (MM) noise.” There are additional
DM voltage drops of 24, —%i and — %i across three phases due to unbalanced CM current.
This can practically occur if there is a lack of symmetry or any minor mismatch in the
printed circuit board (PCB) layout between any two phases, which could be an extremely
common situation in practical implementations.

3. Design Criteria for Three-Phase EMI Filter

In this section, the design requirements of the EMI filter stages, DM and CM, based
on the specifications of a three phase PFC used in aircraft application, is presented in a
comprehensive manner. Such converters are used inside the aircraft with a three-phase
alternator at the input side, with a variable AC voltage of 150 V to 260 V RMS and an AC
frequency range of 360-800 Hz. The desired target for this filter design is to achieve the
EMI standard requirements of DO-160F. The design requirements of the DM and CM EMI
filter stages of such a converter is separately shown below.

3.1. DM Filter Design Requirements
3.1.1. Attenuation Requirement and Choice of Design Frequency

The first and foremost design step for the DM stage EMI filter is the selection of the
design frequency and identification of its corresponding required attenuation level. The
EMI spectrum of the converter-under-test (CUT) exhibits DM noise peaks at its switching
frequency and its higher order harmonics. To comply with the specific EMI standard, each
harmonic needs a different level of attenuation. However, in general, the amplitude of
the DM noise peak, as well as the attenuation requirement, decreases gradually as the
order of switching harmonics increases. Thus, determining the DM filter design frequency,
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 designed converter, the switching frequency is 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 second
switching harmonic. Therefore, the design frequency (fp) for the DM filter is chosen as
200 kHz.

The EMI noise spectrum of the three-phase PFC under test without any filtering action
is shown in Figure 3, which shows the highest peak of 84 dBuA appearing at 200 kHz in
the conducted EMI band. Therefore, the attenuation requirement for DM filter is obtained
by subtracting the conducted EMI standard DO-160F from the spectrum without any filter
with a sufficient design margin of ~15 dB, as shown in (14)

Attreq(DM) (fD)[dB] = UDM (fD) [dB - pA] — Limit(fp)[dB -pA] + Margin [dB] = 50 dB (at fp =200 kHz). (14)
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Figure 3. Unfiltered EMI spectrum of the three-phase boost PFC under study.

Now, a DM filter, delivering at least the required attenuation (Att,eq(DM)) at the design
frequency fp, needs to be synthesized.

3.1.2. Maximum Acceptable Phase Displacement of Input Current

While fulfilling the attenuation requirement criteria, another crucial constraint for
the DM filter design is quantified by the displacement of input phase currents due to the
added filter components, exclusively, the phase-to-phase X-type capacitors. For any general
power electronic converter with a front-end PFC, as shown in Figure 4, the PFC input
phase currents (i) and voltages ( v,) are in phase due to the presence of a high-bandwidth
current controller included in the PFC stage. However, the input side DM filter stage,
containing lumped Ly and Cy, originates a phase displacement (6) in the input phase
current (i;,,) with respect to the input phase voltage (v;,). Hence, the input power factor
gets degraded. From the phasor diagram, presented in Figure 4, a relationship between the
phase displacement (0) and the filter component values can be formed using (15).

27[fline

Reg (15)

[Lf — quZCf + REQZCfZLf(Zﬂfline)Z} = tan 6
where f;,,, depicts the AC line frequency, i.e., 60 Hz, and the input impedance of the PFC
and its following power stage, which is resistive in nature under a proper PFC action, is
presented by R,. In order to ensure a maximum acceptable phase displacement of 6,4y, a
maximum allowable filter capacitor size must be determined, keeping the worst condition
in mind, i.e., when R,; is maximized as (vpk,h / ipk,l)- Upk,n and iy are the highest and
lowest peak value of the phase ‘A’ voltage (v;) and current (i;), respectively. Thereby, the
maximum filter capacitor size, Cf ;qy, is solved from the quadratic Equation in (15) and
hence determined using (16).

1 87 fline L1 L
. [1 - \/ 8 fiineLsipi ( tan[cos~ (IDF,in )] + 72"1";“:;%’ ) ] (16)
27t fline) Ly Upk v,
Lin Lf ia PFm—————— -
Y il |
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Figure 4. Distortion of grid side input phase current due to a single LC filter stage before a PFC circuit.
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Here, IDF represents the input displacement factor that is cosine of the angle between
fundamental input phase voltage and current. The calculation in (16) suggests that to limit
the maximum phase displacement of our converter within 5° (IDF = 0.996) at the rated
output power, the total DM filter capacitors are to be kept limited to a total capacitance
value of 3.5 pF per phase, considering i, ; and vy, values to be 4.28 A and 358 V.

3.2. CM Filter Design Requirements
3.2.1. Attenuation Requirement and Choice of Design Frequency

Similar to the DM filter design, the primary step in the CM filter design is the selection
of the optimal filter design frequency and the corresponding attenuation requirement
criteria. However, the choice of the CM filter design frequency is not as straightforward as
for the DM stage. The appearance of the CM noise peaks depends on the circuit parasitics,
such as device parasitic capacitances, interwinding capacitances, stary inductances, dv/dt
and di/dt rates of the switching transients, etc., which are challenging to be quantified.
A detailed and mathematical approach towards the CM noise source modeling, and thus
estimating the CM noise corner frequencies, is provided in [11]. This effective technique is
adopted in this work to estimate all possible CM noise corner frequencies. These estimated
noise frequencies can be experimentally verified from the EMI spectrum of the power stage.
Although it is challenging to determine the exact value of design frequency, unlike the DM
equivalent, a good approximation to start the design can be obtained.

Upon the selection of the design frequency, the required attenuation is determined
from the unfiltered EMI spectrum of the CUT, which acts as the primary design criteria for
the CM filter design.

3.2.2. Maximum Allowable Ground Leakage Current

While designing the CM filter stage, another important design criteria is the maximum
allowable leakage current flowing to the earth or converter chassis. Due to safety reasons,
the maximum value of the protective conductor current for any particular application is
specified by the regulation IEC 60990. Such constraint sets an upper bound on the total used

Ileak,max
Zﬂfgrid Vphfph
frequency, Vy;,_,p, is the phase-to-phase RMS voltage and Ijgk yuqx denotes the maximum
allowable leakage current. For a ‘N¢’ LC stage CM filter design, per stage equivalent CM

capacitance needs to follow the constraint, shown in (17).

CM capacitance in the following manner: Con max = , where fg,;; is the grid

CeM, max
Cc < —7—= 17
¢S TN (17)
Considering these two design criteria, mentioned above, the CM EMI filter stage of
the three-phase PFC is to be synthesized.

4. Synthesis of Various Three-Phase EMI Filter Structures

The conventional EMI filters in the power electronics field typically consist of one
or two stages of undamped or damped LC filters. In this section, the possible options
for building three-phase EMI filter stages have to be reviewed and analyzed in detail. In
contrast with single-stage EMI filters, the number of possible topologies in three-phase
filters is considerably larger. Furthermore, damping resistor-based compensation methods
extend the number of possible topologies for the three-phase EMI filter design even further.
To avoid the complexity of analysis, damping resistor utilization is kept as beyond the scope
of this paper. Generally, the EMI filter consists of two types of building blocks, namely,
inductor and capacitor. The number of possible arrangements for inductor elements is very
small. Common mode and differential mode chokes with or without integrated structure
represent two possible inductor stage topologies. On the contrary, there can be different
possibilities of arrangements for the capacitor stages, based on several connection types.
The primary connection types for the capacitors in a three-phase EMI filter are:
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X-capacitors (DM stage) placed between phases

X-capacitors (DM stage) connected to a star node

Y-capacitors placed between the star node and the protective earth (integrated CM
and DM stage capacitors)

Based on the connection types mentioned above, we have developed three distinct
possible EMI filter structures that can be employed to attenuate the noise level of our CUT.
Figure 5 depicts the three different two-staged EMI filter structures (Filter Structure 1 to
Filter Structure 3) under study and their corresponding DM and CM equivalent circuits.
In each of the two-staged filter structures, there are a total of six decoupled DM line
inductors (Lpyg and Lpyyz ), while the CM stage comprises of a set of two CM chokes. The
filter structure 1 has six phase—phase X capacitors, forming the DM stage, connected in a
delta fashion, whereas the DM stage of the filter structure 2 has six line-line X capacitors
connected in a start fashion. The CM stage for both the filter structures 1 and 2 is formed
by six line-ground Y capacitors. It is noteworthy that for the phase—phase connection, X
capacitors with a higher voltage rating (ph—ph voltage = 230, /3 = 400 V applied across
each capacitor) must be used compared to line-line connected capacitors.

Crs a Lemz Lome Lomi Lemr Cec a Lewz Lowme Lowms Lo . l(_:iPG - a Lemz Lomz Lomt Lch‘ L
LT aphase L L 3 T 3phase * * L T -Phase
N ¢, BoostPFC T 4 S, I 1l S, (| .- ¢, L BoostpFC b S. N C,+ BoostPFC b S. X é
T & N IS8 o &m = S8 L o] > ~
I Source) i CT d T CT N Source) j:_ T 3 T T . N I < T - N
=C ==L DM2 == DML =C 4Ll Ll [ T e “Cne DMz = ==
e Com T (X Cap) Coml ] (XCan) e Com T T Icome Conl 1 TLICom (X Cap) \ig e ES .
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Figure 5. EMI filter structures under study and their corresponding DM and CM equivalent circuits: (a) filter structure 1;
(b) filter structure 2; (c) filter structure 3.

On the other side, the filter structure 3 has an integrated DM and CM capacitor stage
formed by six line-line X capacitors placed in a star fashion and two Y capacitors connected
between the star point and the ground. The component count in this filter structure is
less than the other two structures. Furthermore, in this topology, the values of X and Y
capacitors influence both the CM and DM filter stages.

The design of the filters through deriving the DM and CM filter stage attenuation
equations for each of the filter structures are separately presented below.

4.1. DM Filter Design

In order to synthesize the DM filter stage parameters, the per phase DM equiva-
lent circuits of the filter structures, as presented in Figure 5, need to be examined. In
all the three DM equivalent filter circuits, the CUT DM noise source is modeled as a
current source Ipy; with a parallelly connected impedance Zp, which essentially rep-
resents the PWM converter. Moreover, for the sake of simplicity in analyzing the cir-
cuits, we have considered the assumption: the input-side impedance offered by both
Y-capacitances and the effective series inductive path is considerably higher than the to-
tal line impedance stabilization network (LISN) in order to complete a DM noise path,
ie., w'Z(LDMl + Lpme + Ly + leZ) > 2Rpsn, where Rrsn, Ly and Ly, signify LISN
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impedance, leakage inductances for the CM chokes Lcyg and Lo per phase, respec-
tively. Considering this assumption, the per phase DM equivalent circuit is deduced
for all the three filter topologies. The equivalent circuit comprises two back-to-back
connected LC filter stages with the DM inductors Lp; and Lpy (Lp1 = 2(Lpwi + Lixr),
Lpy = 2(Lpmz + Lixp)) and capacitors Cpy and Cpyp, the values of which for different filter
topologies are given below.

e  Filter Structure 1: Cp; = (Cpwm1 + Cemi/2) and Cpy = (Cpwve + Coma /2)
e Filter Structure 2: Cp1 = (Cpwmi1 + Cemi)/2 and Cpy = (Cpme + Ceomz) /2
e  Filter Structure 3: Cp; = Cpmi1/2 and Cpy = Cpype /2

Hence, based on the above-mentioned assumption and the derived circuit parameter
values, the cut-off frequencies for different DM filter structures can be expressed in the
generalized form: frp1 = 1/ (271v/Lp1Cp1) and frp2 = 1/ (271v/Lp2Cp2). Thus, the total
attenuation offered by the total DM filter stage at a design frequency, fp, can be determined
using (18).

Attpm(fp)[dB] = 4Olog<f1]:l;1> —I—4Olog(f£1;2)dB (18)

To attain the smallest filter volume, the DM filter components of each filter stage
should be equal [10], i.e., LDMl = LDMZ} CDM] = CDMZ and LDl = LDZ = LD,' CDl = CDZ = CD~
Considering this, the DM LC filter attenuation considering Ny filter stages can be ex-
pressed as:

Attpm(fp) = (27fp)™™N - (Lp - Cp)™f (19)

which should satisfy the required amount of noise attenuation at fp noise frequency,
Attreq(DM) (fD) [dB] :

4.2. CM Filter Design

Like the DM filter stage, the per phase CM equivalent circuits of the EMI filter topolo-
gies are obtained in Figure 5. Here, the CM noise source present inside the CUT is repre-
sented as a noise current source Icy with a parallel impedance Zj,. While analyzing the
circuits, a critical assumption is that the equivalent CM impedance should be large enough
compared to the LISN impedance, i.e., w(Lemi + Lemz + Lom1 /3 + Lpome /3) > Rysn/3.
It is further assumed that all the phases contain symmetric CM noise current distribu-
tion. Keeping the stated assumptions in mind, the per phase CM equivalent circuits are
deduced for all of the three filter topologies. All the CM equivalent circuits comprise
similar structures of two back-to-back connected LC filter stages with the inductors L¢q
and Ly (Ler = (Lpm1 /3 + Lemi); Lea = (Lpmz /3 + Lomz) ) and capacitors Cep and Cep,
the values of which for different filter topologies are presented here.

Filter Structure 1: Ccq1 = 3Ccyvn and Cer = 3Comp
Filter Structure 2: Ccq1 = 3Ccyn and Cer = 3Comp

e  Filter Structure 3: Ccp = SComiCemi anq Cer = SComaComz.

— Com1+3Cpmi ~ Com2+3Come
This two-staged CM LC filter, having two corner frequencies at fg c1 = 1/ (271v/Lc1Cer)
and frcx = 1/ (27T\/LC2CC2)/ generates combined total filter attenuation of

(40log(fp/ fr,c1) +40log(fp/frc2)) B to anoise of fp frequency.

For a Ny staged CM EMI filter, containing same per stage components (i.e., Lcm1 =
Lemz; Comn = Comp and Loy = Lep = Le; Cep = Cep = C), it can provide an attenuation as
expressed in (20).

Attem(fp) = @7fc)™ - (Le - Co)™ (20)

5. Filter Volume Optimization and Volumetric Comparison between the EMI
Filter Structures

In this section, a generalized optimization of the EMI filter size is performed through
development of volumetric cost function models of the filter components, particularly for
the DM stage, as it contributes to most of the filter volume. It is evident from (17) that
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multiple combinations of the LC parameter values along with a different number of filter
stages for the DM filter will satisfy the attenuation requirement criteria. This opens up the
possibility to optimally choose the filter parameters, Lp, Cp and N, for any general EMI
filter structure.

In order to start with minimizing the total DM filter volume, the basic requirement is
of a quantified cost function model of the per-stage DM capacitor and inductor volume.
Though the work in [10] presents such developed volumetric models, due to involvement
of less component related design variables, it lacks accuracy. A similar research effort has
been placed in this work to determine the near accurate volumetric model of the filter
components. Although, conventionally, the inductor or capacitor volume is considered to
be proportional to the stored energy, here, we have come up with more accurate regression
models for the filter capacitor and inductor volume, considering different combinations
of the chosen decision variables: rated voltage (V), rated current (I), capacitance (C),
inductance (L), a scaled factor of the stored energy (C V2 or LI?) and a constant factor. Thus,
the capacitor volume is presented as:

Ve=ke - CH+k.-V+kl.C-V? (21)

where the coefficients k,, k., and k; describe the proportionality of capacitor volume with
the capacitance, the rated voltage and the stored energy, respectively. The values of the
coefficients are determined by fitting the volumes of the commercially available Film
type X-capacitors into the proposed model, as shown in Figure 6, while applying the
variance-minimization technique.

X-Type Film Capacitor Volume Approximation

40
V.=ke-C+kl-V+k! -C-V? ® 530Vac Data
35 cm — - 530Vac Model _a
BN ke=219—0 4 400Vac Data :
L - — -400Vac Model-
o k. =3.01x 10‘3T 310Vac Data
= 25 em3 310yae'Modgl N
2 k! = 4.67x1075 3 R
3 pF - v 1P -
g 20 7 -~
S _ -
o " «
S 15 n 7 _-
Y - A_—
10t e, -
= 7 L=
L 5 ,:' —
L A
Ko
0 L L L L L L L L
0 025 05 075 1 125 15 175 2 225

Capacitance, C (uF)

Figure 6. Proposed DM Capacitor Volume Model.
Likewise, the toroidal core filter inductor volume is found to be best quantified as:
Vi =kp-L+k-I+k] -L-I*+k] (22)

where k, k7, k’L' and k'{ represent the coefficients for the filter inductance (L), rated current
of the inductor (I), the stored energy (LI?) and a constant factor, respectively. The fitting
of the raw inductor volume data into the proposed model is depicted in Figure 7, which
outputs the coefficient values.
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Inductor Volume Approximation with Toroid Core

60
Vo=ky-L+k,-T+k) L-I1?+k]" ¢ 15A Data
k, =091 cma/rgl-l — - 15A Model
= 50 ki =0.38 cm33/A . 10A Data
5 igf_ 0623460" [ - ) 10A Model
&\]40 L <, = U CT- A 5A Data
< e = - 5A Model
S 30 / ® |A Data
S ; ---1A Model
5 4
S A
$20 - .-
g A e -
= K3 -
10 4 A _.=-"" 4
0 >--..—----'l—-".“"."'-'_".-__" L L
0 0.5 1 1.5 2 2.5 3

Toroid Inductance, L (mH)

Figure 7. Proposed DM Inductor Volume Model.

Now, the DM filter volume for Ny symmetrical filter stages can be shown as:
Vf,DM =3- (VLDM + VCDM) . Nf (23)

where Vi, and V¢, represent the volumes of each Lpyi; and each Cpyy, respectively.
To accomplish the least filter volume, (23) needs to be minimized while satisfying the
attenuation requirement constraint, given in (19). While solving these two equations, we do
not consider the minimal contribution of the Ccy capacitors towards Cp due to their lower
value. Using similar logic, we also ignore the contribution of the leakage inductance of the
CM choke in forming the net DM inductance, Lp. While considering these assumptions,
analyzing the DM equivalent circuits of the three filter structures under study, total DM
filter attenuation (19) is modified as:

e  Filter Structure 1:

Attpm(fp) = (27fp)™™ - (2Lpw - Com) > Attpu e (24)

e  Filter Structure 2 or 3:

Attom(fp) = (27tfp)™ - (Lom - Com) ™ > Attpw,reg (25)

Now, Cpym can be expressed in terms of Lpy and Attpyreq for all the filter structures
using (24) and (25). Putting the quantified volumetric models of Lpy and Cpy into use
(as given in (21) and (22)), the total DM filter volume, given by (23), can be minimized as

av, .. .. X . .
d{S\T = 0. This yields the optimized values of the filter components for the different filter
structures.

e  Filter Structure 1:

N,( / AttDM,req . (k/cl V2 4 kc) (26)

L =
PPN nfp)? - (kg + KL )
N{/AttDM’req . (kZIZ +kL)
CDM,opt = (27)

@2rfp)* - (ke + K. V2)

e  Filter Structure 2 or 3:

N¢/AttpMreg - (ke V2 +ke) 8)

L =
Phop! (rfp)? - (kL +K )
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N/ AttDM,req . (kz 12+ kL) (29)

Q2rfp)? - (ke + K. V?2)

CDM,o pt =

These results show that the optimized values of the DM filter components for the
Filter Structure 1 will be different than the rest of the filter topologies. Furthermore, it is
found that the optimized component value does not just depend on Attpy g, but it also
depends upon Ny and the rated capacitor voltages.

For the purpose of validation of the volume-optimized filter design methodology
described above and to compare the filter volumes, three EMI filters comprising the three
topologies under study is designed to employ in the front end of a 2.3 kW three phase
boost rectifier. The optimized DM filter parameters for our designs are determined using
(24)-(27) while varying the number of filter stages from 1 to 4, as shown in Table 1. In the
table, we have considered the maximum allowable displacement angle for input side PFC
as 5°, which sets an upper bound to the total employable DM filter capacitance per stage
(Cp,max) and thus, limits the Cpy sample space in the volume optimization methodology. It
can be inferred from the data presented in Table 1 that for a 50 dB attenuation requirement
at fp of 200 kHz, all the three filter structures attain their lowest volume with two filter
stages. While Filter Structure 1 achieves a minimum volume of 73.58 cm? with Lpy and
Cpwm values of 28.2 pH and 200 nF, respectively, Filter Structures 2 and 3 attain a better
power density with a minimum DM filter size of 66.32 cm?, with Lpy and Cpy values of
37.2 uH and 302.7 nE.

Table 1. Optimized DM Filter Component Values for Ny =1 to 4.

Lpm Cpm Total Al- Allowabl Total Dis-
fsw fo Attpyom) Ny Current Volatge  Lpm,opt Comopt Viopt Lp Cp lowable C owable placement
Rating Rating Cp,max DM,opt(max) Angle
(kHz) (kHz)  (dB) (A) (\%) (uH) @F)  (m’) (uH) (P (uF) (uF) ©)
Filter 1 1569 12766 7215 3138 6383 2.63 5.26 116
2 372 3027 6632 744 1514 2.6 2.6 055
Structure2 100 200 30 3 15 310 230 1874 8563 461 937 259 1728 051
or3 4 181 1474 10777 362 737 2.59 1.295 054
1 11877  843.04 81.07 23754 843.04 262 262 1.58
Filter 2 2816 19992 7358 5633 19992 259 1.30 0.75
Structure1 100 200 50 3 15 530 1743 12374 9464 3487 12374 259 0.86 0.69
4 1372 9735 11892 2743  97.35 2.59 0.65 0.73
Finally, the volumetric optimization procedure of the DM filter stage is extended to
the CM counterpart as well, and the globally optimized EMI filter volumes for the three
filter topologies are mathematically determined, as presented in Table 2. The data suggest
that although the optimized DM stage filter volumes for Filter Structure 2 and 3 are found
to be same, the presence of integrated CM and DM mode capacitors leads the structure 3
to reach a better total EMI filter power density, when compared to the structure 2. Hence,
when compared in terms of better system volume, the Filter Structure 3 has come up as the
superior to rest of the filter structures under study.
Table 2. Volumetric Comparison of Designed EMI Filter Structures.
. . Total EMI Filter
EMI Fllter Component Value Quantities Specs DM F11ter3 (DM + CM)
Designs Volume (cm®) 3
Volume (cm’)
X-capacitor 0.33 uF 6 X2 Film capacitor, 310 Vac
Filter Structure Y-capacitor 3.9nF 6 Y Film capacitor, 310 Vac 3
2 CM Choke 1.76 mH 2 W409 core, Iron based; Bmax=12T 66.31 cm’ 110.2 em®
DM Choke 37 uH 6 T90 core (90% Tungsten)
X-capacitor 0.2 uF 6 X2 Film capacitor, 510 Vac
Filer S ] Y-capacitor 3.9nF 6 Y Film capacitor, 510 Vac 3 N
iler Structure CM Choke 1.76 mH 2 73.58cm 117.5 cm’
DM Choke 28 uH 6
X-capacitor 0.33 uF 6 X2 Film capacitor, 310 Vac
Filer S 3 Y-capacitor 6.8 nF 2 Y Film capacitor, 310 Vac 3 3
iler Structure CM Choke 242 mH > 66.31 cm 94.8 cm
DM Choke 37 uH 6
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6. Experimental Results

To validate the filter design-related mathematical formulations, a proof of concept
of a 2.3 kW rated three-phase boost PFC along with the EMI filter stage was designed,
developed, and tested.

Figure 8 portrays the simulated DM EMI spectrum ranging from 150 kHz to 5 MHz of
the converter upon application of the filter structure 2 with the optimized filter parameters.
It shows that the EMI performance of the converter integrated with the EMI stage satisfied
the DO-160F conducted EMI standard, with a sufficient margin of 3dB. Moreover, the EMI
compliance of the fabricated experimental setup of the EMI+PFC stage was verified through
Figure 9. It demonstrates the EMI spectrum of the converter for the whole conducted EMI
range from 150 kHz to 30 MHz, which achieved the DO-160F EMI standard.

50

BLA)
—_ ) w N
=) =3 o =)
T

EMI Amplitude (dBpA

=)
T

S
T

150 kHz
20 - :

Frequency (MHz)

Figure 8. Simulated DM Noise Spectrum after filtering action.
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Figure 9. Hardware EMI Spectrum satisfying the DO-160F EMI Standard.

In order to verify the accuracy of the developed mathematical models for filter volume
optimization and to perform the volumetric comparison between different possible EMI
filter structures, all of the three filter structures comprising the optimized component values,
as presented in Table 2, were fabricated and tested for EMI compliance. The fabricated
Filter Structure 3 was measured to achieve a total volume of 98 cm3, which was 16.3% and
22% less than the Filter Structure 2 and 1, respectively. Thus, these measurements aligned
with our mathematically derived conclusions.

Figure 10 shows the experimental waveforms for the input phase currents iz, ig, phase
‘A’ voltage v, and the output DC link voltage vpc of the fabricated PFC integrated with
the EMI stage. The measured data reported a THD of 4.3%, and the input power factor was
0.998. The overall efficiency of the integrated EMI and PFC stages was found to be 98.87%,
while the efficiency of the standalone EMI stage was 99.5%.
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Figure 10. Waveforms of the 3-phase active Boost PFC converter integrated with EMI Stage: Vpc =
400 V; Vo =115V (RMS); Poyr = 2.3 kW.

7. Conclusions

This paper discussed a detailed step-by-step procedure for the development of an
optimally designed EMI filter for a three-phase boost PFC converter used in EMI stringent
applications, such as more electric aircrafts (MEA). A mathematical foundation for the
volume optimized design of the DM and CM EMI filter stages comprising any filter
structure was also developed and presented. The optimized filter parameter values were
derived based on the proposed volumetric models of the filter elements, which suggested
that the EMI filter volume primarily depends on multiple factors, including the noise
attenuation requirement (Att,), the filter design frequency (fp), the count of filter stages
(Ny), the rated voltage for Cp or Cc and the rated current for Lp or Lc. In this work,
the volumetric optimization methodology was applied on the three different EMI filter
structures with different X and Y capacitor arrangements in order to find the best-suited
filter structure for our three-phase PFC unit in terms of highest power density. Based on
the analysis, for the same attenuation requirements, the filter Structure 3 achieved the
smallest volume (94.8 cm3, which was 24% and 17% less than the optimized filter volumes
of filter structure 1 and 2, respectively) as it benefits from its CM-DM integrated design,
with only one Y-capacitor per LC filter stage, compared to three in the other two filter
structures. To verify the theoretical analysis, the EMI spectrum evaluation was performed
on a proof-of-concept of 2.3 kW rated AC-DC active boost PFC-EMI integrated stage. The
experimental results revealed a complete agreement with the conducted EMI standard
DO-160F while maintaining a sufficient margin. With the proposed EMI structure solution
2, the PFC converter maintained an efficiency of 98.87%, with an input power factor of
0.998, hence demonstrating good power quality.
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