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Guideline for a Simplified Differential-Mode
EMI Filter Design
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Abstract—The design of electromagnetic interference (EMI)
input filters, needed for switched power converters to fulfill the
regulatory standards, is typically associated with high develop-
ment effort. This paper presents a guideline for a simplified
differential-mode (DM) filter design. First, a procedure to estimate
the required filter attenuation based on the total input rms current
using only a few equations is given. Second, a volume optimization
of the needed DM filter based on the previously calculated filter
attenuation and volumetric component parameters is introduced.
It is shown that a minimal volume can be found for a certain
optimal number of filter stages. The considerations are exemplified
for two single-phase power factor correction converters operated
in continuous and discontinuous conduction modes, respectively.
Finally, EMI measurements done with a 300-W power converter
prototype prove the proposed filter design method.

Index Terms—Design guideline, electromagnetic compatibil-
ity, electromagnetic interference (EMI), noise estimation, volume
optimization.

I. INTRODUCTION

WITCHED POWER supplies with power factor correction

(PFC) have become very popular in the past in order to in-
crease the power density and to fulfill low-frequency harmonic
standards [1]. However, due to the high-frequency switched
current, high-frequency conducted emissions will also appear.
To protect the mains from these emissions and comply with
the high-frequency harmonic standards [2], electromagnetic
interference (EMI) filters are imperatively needed.

Since the differential-mode (DM) noise typically leads to the
major filter part and is therefore mainly determining the power
density of the converter, the focus of this paper will be laid only
on DM noise emissions.

In the past, high effort has been carried out in order to
estimate the emitted DM EMI noise [3], [4], reduce the emitted
noise by specific circuit designs [5]-[8], or design a proper
filter to attenuate the noise emissions [9]-[13] prior to an
experimental testing in order to achieve an optimal filter and
converter design and avoid trial and error in the design process.
The focus of this paper will be to estimate the appearing noise
emissions, derive the needed filter requirements, and design a
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DM EMI filter with minimal volume in a simple straightforward
procedure.

In this paper, a new simplified method to estimate the ap-
pearing noise voltage at a specific design frequency fp will be
presented. With the introduced method, a designer only has to
simulate or calculate the converter input current. After a short
explanation of the conventional DM filter design routine in
Section II, a new method to estimate the expected attenuation
by only using a few equations is given in Section III. Subse-
quently, a guideline for the selection of the filter component
values which lead to a minimum volume filter is given in
Section IV. Two examples for the filter design by calculation
and simulation of the converter input current are presented
in Section V. Final measurements, which prove the proposed
design guideline, will be shown in Section VI.

II. CONVENTIONAL DM FILTER DESIGN APPROACH

The realization of an EMI filter to attenuate the DM noise
emissions is shown in Fig. 1, together with a simplified circuit
of the line impedance stabilization network (LISN), which is
defined in the standards [2] in order to guarantee repeatable
measurement results independently on the mains impedance.
As for the used filter, ny LC filter stages are used to attenuate
the DM noise emissions sufficiently. The symmetrical arrange-
ment of the filter inductors leads to an additional attenuation of
the so-called mixed-mode noise emissions in combination with
the DM capacitors [14], [15]. As shown in [16], realizing the n s
filter stages with the same inductance L1 = Lo = - -+ = Ly =
L and capacitor values C; = Cy = --- = Cyy = C leads to a
minimum volume design.

The filter component values are mainly depending on the
required filter attenuation, which has to be provided by the EMI
filter at a specific design frequency fp. The calculation of this
required attenuation Att,.q is done in the following way [3]:

1) simulation or calculation of the converter input current;

2) calculation of the voltage Upsn(t);

3) transferring Upjsn(t) into the frequency domain by
Fourier analysis;

4) bandpass filtering of Upisn(f) with 9 kHz [2] around a
sweep frequency fsweep;

5) transferring the bandpass-filtered voltage into the time
domain by inverse Fourier analysis;

6) calculation of the quasi-peak (QP) noise voltage
Uqp (fsweep) at the sweep frequency foweep Dy a QP
detection circuit being defined in [17];
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Fig. 1. Topology of a DM input filter with n s filter stages and the simplified LISN together with the EMI test receiver.

7) lowpass filtering (with a time constant of 160 ms [17]) of
the voltage in the time domain;

8) repeating steps 4) to 7) with fowecp varying in the fre-
quency range of 150 kHz-30 MHz;

9) comparing the noise voltage Uqp(f) in the frequency
range of 150 kHz—30 MHz with the limits given in [17].
The height of the first voltage peak appearing beyond
150 kHz leads to the required attenuation Att,.q at the
“design frequency” fp (defined as a positive value)

Attreq(fp) [dB] = Uqp(fp) [dB - 1V]
— Limit(fp) [dB - uV] + Margin [dB] (1)

including a margin to accommodate parameter tolerances
and drifts.

Now, a DM filter has to be applied, which, at least, delivers
the required attenuation Att..q at the design frequency fp in
order to fulfill the standards.

The attenuation Attpc of an LC filter with ny filter stages
and same component values for all filter stages is generally
given by [3], [16]

Attro(fp) = (2m - fp)*™f - (2L)™ - O™ > Attreq(fp) (2)

and has to be larger than the required attenuation Atf,eq as
mentioned before.!

One can see that this conventional EMI filter design leads
to time-intensive and complex calculations, particularly con-
cerning the calculation of the QP noise voltage. Therefore, a
simplified design routine for DM filter design will be presented
subsequently.

III. NOVEL SIMPLIFIED DM FILTER DESIGN APROACH

The main idea of the new introduced method is shown
in Fig. 2. It is based on the assumption that the total high-
frequency rms noise current is an adequate measure for the
estimation of the QP detection voltage at the EMI test receiver.

Tt has to be stated that, for very high switching frequencies (fg >
500 kHz), the parasitics of L and C' also have to be taken into account, which
is not done here for the sake of simplicity.
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Fig. 2. Main idea of the noise estimation by (b) summing up all high-
frequency current components in (a) to only one component at the switch-
ing frequency fg and (c) calculating the estimated noise voltage at the design

frequency fp.
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TABLE 1
CALCULATION OF THE NOISE ESTIMATION ERROR
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For the estimation, it is assumed that the total noise current
Thoise,rms [Which consists of several harmonics at multiples of
the switching frequency with according sidebands, cf. Fig. 2(a)]
would appear as a single peak only at the switching frequency
[cf. Fig. 2(b)]. This peak would then cause a noise voltage at
the test receiver, which is very easy to calculate. Only, it has
to be considered that, for switching frequencies below the EMI
measurement range 150 kHz-30 MHz and/or for interleaved
operation of parallel converters, the estimated voltage has to
be adjusted adequately [cf. Fig. 2(c)], as will be shown in the
following.

The estimation can be interpreted such that practically the
whole noise energy is present in the first harmonic peak.
In order to estimate the accuracy of this approximation, an
analytical calculation is presented in Table I. Here, for several
high-frequency input current waveforms,? namely, a pulse wave
current (a) with the duty cycle d, a square wave current (b), and
a triangular (c) and a sawtooth waveform (d), the magnitudes
|¢1 |rms of the first peaks appearing at the switching frequency
fs =1/Ts are compared with the total rms current cyot, rms
(calculated in the time domain). The error, by assuming that
the whole noise energy is present in the first appearing peak,
can now be calculated by

_ Ctot,rms (3)

|C1 |rms
and is compiled in Table I, for all four waveforms. One can see
that the errors for the signals (a)—(d) are in the range of 2 dB.
Only for pulse-shaped waveforms with duty cycles d < 0.3
or d > 0.7, the error will be larger (i.e., 6.7 dB for d = 0.1).
However, this error will be smaller in practice since the duty
cycle is varying over one mains period. In this estimation, it
is further assumed that the noise energy of eventual sidebands
of the first harmonic is already included in the calculated
value. In this case, the input signal of the QP detector is only
given by a single sine wave, and the output signal would be

2Tt has to be noted that the fundamental input current frequency, which
corresponds with the mains frequency, can be neglected for this consideration.

exactly the rms value of this signal [due to the gain of 1/v/2
(cf. [3])]. The validity of this assumption will vary from case
to case, depending on the specific shape of the sidebands (due
to different topologies and modulation schemes), but it will
be quantitatively shown by simulations in Section V that, for
typical waveforms, the error is in an acceptable range.
Concerning the calculation of the noise estimation, the total
rms input current i, s 18 equal to the converter input current
Icony prior to the filter design (cf. Fig. 1) and can be derived by
analytical calculation and/or circuit simulation (cf. Section V).
This current can generally be separated into one part I ,ains,rms>
caused by the delivered power and appearing at the mains
frequency fmains, and a second part [oise rms CONtaining all
high-frequency harmonics appearing at the switching frequency
fs [cf. Fig. 2(b)]. Consequently, the rms value of this total noise
current can be written as
_2

Iﬂall’ls rms

I? = J2
nome rms m I‘IIIS

“4)

with I 4ins,rms depending on the delivered power P, and the
rms mains voltage Uiy, s

Imains,rms = - COS @ (5)

Uin,rrns
with ¢ being the phase difference between the input current [j;,
and the input voltage Ui,, whereby ¢ is equal to zero in case of
an ideal PFC.

Looking at Fig. 1, the high-frequency current I, 4is¢,rms 1 in @
first simplification blocked completely by the LISN inductance
and leads furthermore to the voltage drop Upisy (the LISN
capacitance acts as a short circuit for high frequencies). On the
contrary, the low-frequency current I ains rms Will be blocked
by the LISN capacitor, and thus, no voltage drop Ursn will
appear due to this current. Therefore, the appearing voltage
UL 1sn in the time domain can now be calculated easily as

ULISN ~ 509 - Inoise,rms~ (6)

As for the design frequency, the first noise peak is appearing
at the switching frequency fg. As a result, the design frequency
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Fig. 3. Typical envelopes of the input current spectrum I, (f) of rectangular
and triangular shapes.

fp can be found directly to fp = fg for switching frequencies
higher than 150 kHz and to fp = n - fg in case of n parallel
(interleaved) converter stages. However, for design frequencies
below 150 kHz, not the first appearing peak but the mth multi-
ple appearing first beyond 150 kHz [cf. Fig. 2(c)] is relevant for
the input filter design. Therefore, the design frequency is then
generally given by

fo=m-n-fs (7
with the factor m
1
m = ceil (5OkHZ> ()
n- fs

where the function ceil represents the round-up operation.
The estimated voltage peak in the frequency domain at fp
can now be calculated under consideration of the decay of the
voltage peak height with increasing frequency (cf. Fig. 3)
Unisn 1 >

el )

Uest (fp)[dbuV] = 20 - log <
with a = 1 for the case of a rectangular input current waveform
and a = 2 for the case of a triangular input current shape.

Summing up, the introduced simplified estimation of the

EMI filter requirements is given by the following:

1) simulating or calculating the total converter rms input
current fiy rms;

2) defining the design frequency fp according to (7);

3) calculating Ut (fp) according to (9);

4) calculating the required filter attenuation by inserting
Uest (fp) instead of Ugp(fp) in (1).

IV. FILTER VOLUME OPTIMIZATION

In the previous section, the DM filter requirements have
been derived by a straightforward approximation. Out of these
requirements, the goal of this section will be to design a DM
filter, as shown in Fig. 1, with a minimal volume. It has to be
stated that, in order to avoid filter resonances, an additional
passive damping network can be applied [3], which is not
done here for better illustration. The filter inductor volume
is generally proportional to the stored energy and therefore
given by

Vi < kp - L-I2 (10)

whereby k7, is a constant factor that describes the proportional-
ity between the stored energy £z, = 1/2 - L - I2, and the induc-
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tor volume. This factor can be calculated from manufacturer’s
data for different inductor core dimensions, inductance values,
and current ratings. However, for practical inductor designs
with several cores from various manufacturers, it has been
found that linear terms dependent on the input current and the
inductance value also appear in the volume function. Thus, an
approximation according to [13]

Vi =k Lo I3+ ko L+ ks - Iin (1D
can be defined. The resulting inductor boxed-volume curves in
dependence on the inductance value and the current is shown in
Fig. 4(a) along with the specific volumetric values k1, k1,2, and
krs. Here, only toroid cores from [18] have been considered
due to their highest volume/inductance ratio [16].

The capacitor volume, on the other hand, scales with the
stored energy plus a constant offset factor, which is also de-
pendent on the voltage [13]

Vo = ko1 - C - Uf, + koo (Uin) (12)
whereby the factor kcy describes the proportionality of the
capacitor volume and the stored energy and k¢o is a voltage-
dependent factor. These factors can be derived analogously to
kr1, kro, and kp3 from manufacturer’s data. In Fig. 4(b), the
volume function (again for boxed volumes) is shown for a
selection of available filter capacitors with 275-V rms rating
together with the constant factors k¢ and kgs.

As a result, a volume optimization of the DM filter volume
utilizing the constant factors ky1, kr2, k3, ko1, and kco can
be done by minimizing the filter volume function [13]

Y/tot:nf-(Q-VL+VC)—>min (13)
whereby (2) must be fulfilled.

Solving (11)—(13) with (2) leads to the optimum filter com-
ponent parameters for a certain number of filter stages ny
and a specific required attenuation Att,., (as calculated in
Section III) at the design frequency fp

(km 12+ kLz) - 4/ Altreq, DM
C= ; ' (14)
2-ke1-UZ - (2n- fp)
ke - U2 - ni/Att,
I = C1 Am eq,DM ) (15)
2. (km IR+ k’Lz) (27 fp)?
The total DM filter volume can finally be found to be
Viot = g - koo 4 2np - krz - Iin + 30y
(km T2+ kLz) : (kc1 01%1) - () Attreq, DM
(16)

2(271’ . fD)2

and is dependent on the volumetric constant factors, the input
current and voltage (or the input power, respectively), the
required attenuation Atf,q, and the number of filter stages 7.

Looking at (16), one can see that the filter volume is also
depending on the number of filter stages ny. However, which
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(a) Inductor boxed-volume approximation for DM filter inductances using Magnetics toroid cores [ 18] in dependence on the inductance value. (b) Volume

approximation for DM filter capacitors with 275-V rms rating in dependence on the capacitance value.

number of filter stages will lead to a minimum volume filter? To
answer this, a differentiation of (16) with respect to n, equal-
izing with zero and solving by n, would deliver a solution.
However, since the n ¢th root of the required attenuation Att,qq
is part of (16), an analytical solution is associated with a very
high mathematical effort. Therefore, a graphical solution will
be presented subsequently.

Fig. 5 shows the resulting DM filter volume curves for differ-
ent input power P, and design frequency fp combinations in
dependence on the required attenuation Att,., and the number
of filter stages ny.

One can see that the resulting filter volume strongly depends
on the input power P, and the required attenuation Att,eq,
whereas the optimum number of filter stages is almost inde-
pendent on P;,. For higher power levels, similar results can
be drawn, which are not shown here for the sake of brevity.
However, since power converters for higher power levels are
typically driven with three phases, a three-phase EMI filter
would also be necessary. The shown optimizations can be
carried out for such filters in an analogous manner.

Concerning the design frequency fp, it can be seen in Fig. 5
that the filter volume as well as the optimum number of filter
stages are depending on fp. As mentioned in the previous
section, the design frequency fp means the first multiple of
the switching frequency fg within the measurement range of
150 kHz-30 MHz. This leads to the fact that two converters
with fg = 100 kHz and fg = 200 kHz will have the same
design frequency. However, the resulting required attenuation
Attyoq will show a lower value for the converter with fg =
100 kHz, since the amplitude of the noise peak is decreasing
with 40 dB/dec (if the inductor current ripple values are chosen
equally) and only the second harmonic falls within the EMI
measurement range.

For the case of multiple parallel boost PFC cells (cf. Fig. 6),
a converter with just one boost cell and fg = 200 kHz will
lead to the same design frequency fp as a converter with
two parallel boost cells and a switching frequency of fg =
100 kHz. Here, the second one will lead to a lower required
attenuation compared with the first one (if the inductor current
ripple are again chosen equally), since the total input current
ripple and, therefore, the required attenuation are reduced by
interleaving.

V. DESIGN EXAMPLES

A. Example I: Analytical Calculation of I,,pise rms for a Boost
PFC Driven in Single CCM Operation

This section deals with the calculation of the appearing noise
current Iy4ise,rms €xemplarily for a standard boost topology as
shown in Fig. 6 but with only one boost cell. To ensure PFC, the
inductor current is controlled in continuous conduction mode
(CCM) [19]-[23].

The exemplary input current waveform with average current
control [22], [23] can be seen in Fig. 7. To keep the focus on the
essentials, the detailed calculations are given in Appendix A,
and only the solution is presented here. The global noise rms
current is given then with (28) by

—64-a+1274+9-a27
187

0[2 'AI%/,CCM,maX
(17)

with the voltage ratio o = Uin /Uy and the chosen maximum
inductance current ripple Al7, com, max- With this, the required
attenuation, which has to be provided by the EMI filter, can be
found by inserting (17) into (6), (9), and (1).

In Table II, the resulting estimated noise voltages U.s and
calculated QP noise voltages Uqp, found by circuit simulations
and calculations according to the steps mentioned in Section I
for verification, for a boost converter with one boost stage
driven in CCM and a rated input power of P, = 300 W for
different switching frequencies fg are summarized. One can see
that the estimated noise voltage Uyt only differs in the range of
a few decibels in comparison with the exactly calculated QP
noise voltage Uqp.

Additionally, the optimum number of filter stages 1 op¢ and
the resulting filter components together with the estimated filter
volume Vi, are summarized in Table II. Interestingly, for high
switching frequencies, an EMI filter with only one filter stage
leads to a minimum volume design, whereas in all other cases,
a filter with two stages will be preferably concerning a minimal
volume.

I2 =
noise, CCM,rms —

B. Example II: Estimation of I,oise,rms by Circuit Simulations
for a Boost PFC Driven in Dual Interleaved DCM Operation

For topologies with a complicated or even unknown input
current waveform, it is recommended to derive the resulting
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input current rms value by numerical circuit simulations.
One exemplary topology with a complicated input current
is shown in Fig. 6 with two or more (n) parallel (inter-
leaved) boost cells driven in discontinuous conduction mode

(DCM) [24].
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Fig. 7. Exemplary input current waveform for a boost converter with one

boost stage driven in CCM.

In the case of n = 2, the total input current value I;;, ;,s can
be found by circuit simulations and used to calculate the noise
rms current value Ipoise,rms 0oUt of (4) and (5) with the known
rated input power P;;,. Again, this current leads, together with
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TABLE II
ESTIMATED PEAK AND CALCULATED QP NOISE VOLTAGE SPECTRUM VALUES IN DEPENDENCE ON THE CONVERTER SWITCHING FREQUENCY fg
FOR A BOOST PFC ON SINGLE CCM OPERATION FOR CONSTANT BOOST INDUCTANCE VALUES FOR ALL SWITCHING FREQUENCIES.
FOR THE CALCULATION OF THE REQUIRED ATTENUATION Attreq AND THE FILTER COMPONENT VALUES, A SAFETY
MARGIN OF 6 dB WAS TAKEN INTO ACCOUNT BY EVALUATING (1)

Boost PFC in Single CCM Operation

fs fD UQP Uest Error Attreq ’Ilf,opt Vtop C L
kHz] [kHz] [dBuV] [dBuV] [dB]  [dB] [em®] [nF]  [uH]
75 150 135.0 137.5 2.5 65.5 2 222 214 114
100 200 133.8 135.0 1.2 63.0 2 184 150 80
200 200 139.0 141.0 2.0 69.0 2 20.1 178 95
400 300 135.0 135.0 0.0 63.0 2 14.4 75 40
TABLE III

ESTIMATED PEAK AND CALCULATED QP NOISE VOLTAGE SPECTRUM VALUES IN DEPENDENCE ON THE CONVERTER SWITCHING FREQUENCY fs
FOR A BOOST PFC IN DUAL DCM OPERATION. FOR THE CALCULATION OF THE REQUIRED ATTENUATION Attreq AND THE
FILTER COMPONENT VALUES, A SAFETY MARGIN OF 6 dB WAS TAKEN INTO ACCOUNT BY EVALUATING (1)

Boost PFC in Dual DCM Operation

fs
[lkHz]

Ip
kHz]

Lrsst
[dBuV]

LTQ P

[dBuV] [dB]

Error

Attyeq
[dB]

V;ot C L
[em®] [nF]  [pH]

T fopt

50
100
200
400

200
200
400
800

132.6
145.7
147.0
147.5

137.0
149.0
149.9
151.3

4.4
33
2.9
3.8

65.0
77.0
77.9
84.3

18.9
227
16.4
13.7

160

224
115
69

84
120
61
37

[N NI NS

(6), (9), and (1), to the required attenuation Att,eq at the design
frequency fp according to (7). As in the previous section, the
expected noise voltage Uest in dependence on the switching
frequency for a PFC boost converter with two parallelized boost
cells driven in DCM and a rated input power of P, = 300 W
has been calculated and is summarized in Table III. For reasons
of comparison, the exactly calculated QP noise voltage Uqp is
also shown in Table III.

One can see that the estimated and calculated noise voltages
only differ in the range of 3-6 dB (cf. Table III), which
represents a sufficient accuracy. In all cases, a positive error is
obtained, which means a slight overdimensioning of the filter.

Again, the resulting optimum number of filter stages 1 opt,
together with the filter component values and the total filter
volume, has been calculated according to (14)-(16) and is
compiled in Table III. An interesting result is that, for DCM
operation and the chosen power range, two filter stages are
always preferable concerning a minimum volume design. Com-
pared with single CCM operation, the resulting filter volume is
in the same range for equal switching frequencies and shows
decreasing behavior for increasing switching frequencies. As a
matter of fact, reduced EMI filter requirements can be achieved
by interleaving. This is particularly interesting for DCM opera-
tion, where the inductor current ripple is higher than for CCM
operation.

VI. EXPERIMENTAL VERIFICATION

For the verification of the previously done examinations, a
laboratory setup of the boost converter, as shown in Fig. 6, with
two parallel boost cells driven in DCM operation, a switching
frequency of fg = 200 kHz (resulting in a design frequency
of fp =400 kHz), and a rated input power of P, = 300 W
has been built up. Since the noise-emission limit for industrial

Filter Stage 1

Filter Stage 2

W T

Fig. 8. DM EMI filter for the laboratory boost converter setup with two
parallel boost cells, a switching frequency fs = 200 kHz, and a rated output
power Py = 300 W.

equipment (class A) is given by Limit(400 kHz) = 78 dB - uV
according to [2], the required attenuation for this setup can be
found with the estimated value in Table III and an additional
margin of 6 dB according to (1) as Attyeq = 149.9dB - uV —
78 dB-puV+6 dB =779 dB. This leads to an optimum
number of filter stages ny = 2 [cf. Fig. 5(d)]. According to
(14)—(16) and as given in Table III, the filter component values
canbe foundas Ly =Ly, =L =61 pyHand C; =Cy, =C =
115 nF. This results in a theoretical total boxed filter volume
of approximately 16.4 cm3. The EMI filter of the laboratory
setup is shown in Fig. 8, and the real volume can be calculated,
according to the dimensions shown in Fig. 8, as 16.1 cm?,
which also confirms the parametric model as shown in Fig. 4.
Conducted EMI measurement results done with this labora-
tory setup with and without the designed DM filter are shown in
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Fig. 9. EMI measurements done with a laboratory boost converter setup
with two parallel boost cells, a switching frequency fs = 200 kHz, and a
rated output power Py = 300 W. For both measurements, a sufficiently large
common-mode filter has been employed in order to verify only the proposed
DM filter design approach. For the measurement without the DM filter, a
20-dB attenuator was used in order to not exceed the measurement range.

Fig. 9. Hereby, a sufficiently large common-mode filter, which
is not shown in Fig. 8, has been employed additionally in order
to verify only the proposed DM filter design guideline. For
the measurement without the input filter, the measured signal
had to be attenuated by an external 20-dB attenuator in order
to keep the signal within the measurement range. One can see
the highest appearing peak at 400 kHz, which represents twice
the switching frequency fg, due to two parallel boost cells
[cf. fp in Table III and (7)]. This peak shows a magnitude
of approximately 148 dB - 1V, which matches well with the
estimated value [149.9 dB - uV (see Table III)]. As for the
curve with DM filter in Fig. 9, one can see that the imple-
mented EMI filter is sufficient to fully comply with the Comite
Internationale Special des Perturbations Radioelectrotechnique
(CISPR) Class A standards in the whole measurement range.
The first appearing peak still has a resulting margin to the class
A noise-emission limit of approximately 5 dB, which is due to
the included safety margin.

The realized laboratory setup was designed for industrial
usage, wherefore the CISPR Class A limits (cf. Fig. 9) had to
be fulfilled and were inserted in (1). In order to comply with
the CISPR Class B limit for commercial applications, the same
design routine can be used by using the Class B limits for (1).

VII. CONCLUSION

In this paper, a straightforward guideline for a simplified
DM EMI input filter design has been given. In a first step, the
filter requirements are estimated out of the converter input rms
current by using only a few simple equations. Furthermore, a
law to calculate the design frequency, which is needed for the
input filter design, is introduced.

In a second step, a volume optimization of the DM EMI filter
based on volumetric parameters of the filter inductances and ca-
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pacitors is given. The resulting filter volume mainly depends on
the previously found attenuation Att,q, the design frequency
fp, the delivered power P,,, and finally, the number of filter
stages n . It has been shown that an optimum number of filter
stages in dependence on the previously mentioned parameters
exists. This optimum number of filter stages has been evaluated
exemplarily for different power levels (100, 300, and 500 W)
and design frequencies (200 and 400 kHz) in dependence on
the required attenuation in the range of 0-150 dB.

Two examples, where the total rms converter input currents
have been calculated and simulated, prove the done examina-
tions. The occurring error between the estimated noise voltage
and the real QP noise voltage lies only in the range of a few
decibels. Finally, experimentally conducted EMI measurements
done with a laboratory setup of a PFC driven in dual DCM
operation with a rated input power of P, =300 W and a
switching frequency of fs = 200 kHz prove the correctness of
the introduced guideline.

Summing up, with the guideline presented in this paper, a fast
and simple design of a DM EMI filter is possible, providing the
required filter component values and the resulting filter volume.

APPENDIX
DETAILED ANALYTICAL CALCULATION OF Iygise,rms FOR A
BooST PFC DRIVEN IN SINGLE CCM OPERATION

The turn-on t¢,, and turn-off ¢,g times of the switch 7] in
Fig. 6 to ensure the continuous current behavior are generally
given by

1
ton(wt) = — -

fS (1 — a sin(wt))

(18)

toff(wt) = — - a sin(wt) (19)

fs

respectively, with the switching frequency fg¢ = 1/Ts and
the voltage ratio o = Usn /Up. The appearing current ripple
Alr cem(wt) (cf. Fig. 7) is generally defined by the induc-
tance law

ton(wt
Al com(wt) = U (wt) - 7 (1) (20)

CCM

with the boost inductance for CCM
Uo

L = 21
com 4- fS : AIL.,CCM,rnaLx ( )
and the chosen maximum inductor current ripple

Alr, coM,max- For the subsequent calculation of the global
input rms current, the current decays during the on-time
(ion(t)) and off-time (i (t)) have to be known. These currents
can be assumed to be linear functions

AIL,CCM(Wt) AILchM(wt)

bon (1) = I (wt) — 22

fon(1) = =S o () = = 22)

o (1) = — SO (ot 4 DAL o
toff(wt)

respectively.
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For the derivation of the global rms current I, first,
the local rms current i,,s of one switching cycle has to be
calculated, since the switching frequency is much higher than
the mains frequency

s 1

Yrms = Tis
Ts

i(t)%dt. (24)

Integrating the local rms current 72, . out of (24) over one

mains period leads to the global rms current
I2zi/ﬂ@mm (25)
rms 27T rms

Inserting the before mentioned on- and off-currents in (24)
leads to the local rms input current

ton tott
, 1 . .
Zi2n,CCM,1rmS(L‘Ut) = T75 ' /Zgrl(t)dt + /Zgﬁ'(t)dt (26)
0 0
and, furthermore, by solving the integral as
. AT? wt
ii2n CCM,rms (Wt) = Ilgn (Wt) + LM() . (27)
’ ’ —— 12
Part 1 Parvt 9

Looking at (27), one can see that this current consists of two
parts, namely, the input current I;,, (Part I), and the current rip-
ple Al com(wt) (Part 2), which represents the noise current
(cf. Section III). Integrating Part 2 over a half mains period with
(18), (20), and (21) finally leads to the global rms noise current

—64-a+127+9-a?71
187

a2 : AI%,CCM,max‘
(28)

I2 _
noise, CCM,rms —
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