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Abstract—For a three-phase buck-type pulsewidth modulation
rectifier input stage of a high-power telecommunications power
supply module, a differential-mode (DM) electromagnetic com-
patibility (EMC) filter is designed for compliance to CISPR 22
Class B in the frequency range of 150 kHz–30 MHz. The design
is based on a harmonic analysis of the rectifier input current and a
mathematical model of the measurement procedure including the
line impedance stabilization network (LISN) and the test receiver.
Guidelines for a successful filter design are given, and components
for a 5-kW rectifier prototype are selected. Furthermore, formulas
for the estimation of the quasi-peak detector output based on
the LISN output voltage spectrum are provided. The damping of
filter resonances is optimized for a given attenuation in order to
facilitate a higher stability margin for system control. Further-
more, the dependence of the filter input and output impedances
and the attenuation characteristic on the inner mains impedance
are discussed. As experimentally verified by using a three-phase
common-/Differential-Mode separator, this procedure allows ac-
curate prediction of the converter DM conducted emission levels
and therefore could be employed in the design process of the
rectifier system to ensure compliance to relevant EMC standards.

Index Terms—Electromagnetic compatibility (EMC), input fil-
ter design, pulsewidth modulation (PWM) rectifier, test receiver.

I. INTRODUCTION

THERE are three main reasons for employing input filters
for pulsewidth modulation (PWM) rectifier systems with

impressed output current: 1) to ensure sinusoidally shaped
input currents by filtering the switching-frequency harmonics
of the pulse-shaped rectifier input currents; 2) to prevent elec-
tromagnetic interference of the considered power electronic
converter with electronic systems present in the neighboring
environment; and 3) to avoid disturbance of the power con-
verter operation by sources of electromagnetic noise in the
surrounds [1], [2]. With this aim, international organizations
have defined standards, which have to be considered when
designing the electromagnetic compatibility (EMC) filter of a
power electronic system [3]. However, inserting an input filter
to a converter takes influence on the function, stability, and size
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of the whole system. Therefore, for the input filter design, the
following design targets can be formulated:

1) fulfillment of international EMC standards on conducted
emissions that consist of a differential-mode (DM) and a
common mode (CM) part;

2) limitation of the physical size/energy stored in the filter
components;

3) sufficient passive damping in order to avoid oscillations
for no-load operation;

4) minimum losses in passive damping elements;
5) minimization of input current fundamental displacement

factor (cos φ1);
6) avoidance of filter resonances at multiples of the switch-

ing frequency;
7) minimization of the filter output impedance in order

to ensure system stability and minimize control design
restrictions; and

8) minimization of the filter costs.

Obviously, the requirements are partially conflicting and
therefore cannot all be met at the same time. Additionally, the
following aspects have to be considered:

1) uncertainty in the mains impedance could shift resonant
frequencies or introduce new resonant circuits with low
damping;

2) different filter topologies can be realized for fulfilling an
attenuation requirement;

3) a modeling of the EMC test receiver in the frequency and
the time domain is necessary for predicting the quasi-
peak (QP) measurement results;

4) availability of merely certain discrete capacitor values
complicates a filter optimization procedure;

5) the filter has influence on the overall system control
stability;

6) prediction of the high-frequency filter behavior is influ-
enced/determined by parasitics of the filter elements.

In the past, the performance and stability of input filters for
dc–dc converters were investigated in numerous publications
[4]–[12]. However, as stated in [13], the issues in designing
an EMC filter for ac–dc three-phase power are different and
more complex than those for dc–dc converters. Certain aspects
in the filter design of three-phase circuits were investigated. In
[14], sufficient stability criteria for three-phase circuits were
formulated. In [15], an optimization procedure (concerning

0278-0046/$20.00 © 2006 IEEE



1650 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 53, NO. 5, OCTOBER 2006

the total harmonic distortion of the input current) for a one-
stage filter for ac–dc converters has been proposed. In [13]
and [16], multistage filters were designed and compared re-
garding input displacement factor and system stability. In [17],
coupled inductors were employed for improving input filter
characteristics. In [18], guidelines for selecting an appropriate
filter structure and the advantages of multiple filter stages were
given.

However, none of these publications has presented a
general filter design and/or optimization procedure that
takes the aforementioned design tasks into account. Fur-
thermore, the EMC test process has not been included in
the filter design, which, however, takes significant influence
on the measurement results and therefore on the required at-
tenuation and the characteristics of the input filter. In [19], it
was found that neglecting the measurement process leads to
a discrepancy between the predicted and measured conducted
emission (CE) levels.

In this paper, a filter design procedure that includes the
modeling of the EMC test receiver for QP measurements is
presented. This enables a prediction of the measurement result,
which gives the basis for the calculation of the required atten-
uation and the design of the input filter. This is an important
step for virtual prototyping and has not been treated in literature
so far. Furthermore, guidelines for the dimensioning of filter
components are given in order to fulfill the design targets
previously mentioned. In order to focus on the essentials,
the proposed input filter design procedure is restricted to the
following points:

1) Only DM noise emissions are taken into account since
they are mainly determining the volume, the power fac-
tor, and the stability of the overall system. The CM
filter design is then done in a separate step, which shall
not be discussed here. By using a three-phase CM/DM
noise separator [20], the two designs can be evaluated
separately.

2) The parasitics of the components are not considered
in the design step in order to simplify the procedure.
Since the design method is based on the analysis of the
noise emission of the first switching-frequency harmonic
present within the measurement range, i.e., at 150 kHz,
where parasitics do not have influence yet, this does not
represent any deficit. Furthermore, the layout of the filter
elements is not considered here since this will only take
influence for frequencies above 3 MHz and will not have
any influence on the power density, power factor, and
stability of the system.

3) Due to the complexity of the design task, the filter will
not be designed in a single step; in fact, a recursive
design procedure is considered (cf. Fig. 1), where for the
appropriate filter topology component value ranges are
calculated based on derived formulas. This will lead to
different results, depending on the specific application,
but the main design procedure and formulas will remain
the same. Here, selection of the filter components is
shown exemplarily for a 5-kW three-phase buck-type
PWM rectifier system.

Fig. 1. EMC input filter design procedure shown in graphical form.

4) A sufficient passive damping without major increase of
the filter volume and without major decrease of the high-
frequency attenuation is very important for practical op-
eration. However, since this is not the primary task in the
filter design, this topic is treated in a separate section.

This paper is organized as follows: in Section II, the input
filter design procedure is explained stepwise, where the main
topics are the analysis of the QP measurement process of the
EMC test receiver (Section II-A, II-C, II-D), calculation of
the required filter attenuation (Section II-E), selection of the
filter topology (Section II-F), and calculation of the ranges
for the filter component values (Section II-G). Exemplarily,
component values are selected for a two-stage filter topology
for a three-phase buck-type PWM rectifier in Section II-H. The
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Fig. 2. Three-phase buck-type PWM rectifier topology.

filter design is discussed in Section II-I, and approximations
of the measurement result in order to facilitate the design are
given. In Section III, measures for damping the filter resonances
are discussed in order to guarantee high system stability for
open-loop and closed-loop control operations. In particular, a
coupled inductor with low implementation effort is added to the
input filter in order to provide more damping within the control
bandwidth, and an additional RC damping path is inserted in
order to avoid resonances due to unknown mains impedance.
Furthermore, the input and output impedance of the filter and
the control stability of the system are discussed. Finally, in
Section IV, the theoretical considerations are verified by mea-
surements of the DM CEs on a 5-kW hardware prototype of
the PWM rectifier and the realized input filter, and the resulting
sinusoidal shape of the rectifier mains current is demonstrated.

II. FILTER DESIGN

A. Converter Topology

Exemplarily, the EMC input filter shall be designed for a
5-kW three-phase three-switch current source (buck-
type) PWM rectifier system (cf., Fig. 2), which features
a sinusoidal input current, direct start-up, and overcurrent
protection in case of an output short circuit and therefore is
of potential interest for the realization of the input stage of
high-power telecommunications rectifier modules [21], [22].
Here, compliance to the standard CISPR 22 Class B [3] has to
be ensured, where frequencies within the range of 150 kHz–
30 MHz are considered for CE measurements and the
measurement technique is defined in CISPR 16 [23].

B. Input Current Spectrum

Considering a rectifier system with a rated output power of
Po = 5 kW and a rated mains voltage of ÛN =

√
2 · 230 V

(the amplitude of the phase voltage), the input current spectrum
of one phase depicted in Fig. 3 is obtained.1 Here, a modu-
lation scheme that results in minimum high-frequency input-
current distortion [24] is employed. The switching frequency

1Due to the phase symmetry of the converter and filter topology, the design
of the DM input filter can be restricted to a single-phase equivalent circuit,
i.e., the converter can be replaced for the following steps by a single-phase
current source with a current spectrum. Thus, calculated filter parameters
can be directly applied if the capacitors of the actual filter are arranged in
star connection; for a delta-connection of the filter capacitors, the calculated
capacitances have to be reduced by a factor of three [25], [26].

is selected as fS = 28 kHz for reasons that will be explained in
Section II-D so that the first multiple of the switching frequency
within the EMC measurement band is located at 168 kHz. A
zoom around fS = 28 kHz [cf., Fig. 3(b)] shows that harmonics
are only present at frequencies fharm = m · fS ± n · fmains,
where m = 1, 2, 3, . . ., n = 1, 2, 4, 5, 7, 8, . . ., and fmains =
50 Hz. For other modulation methods, the harmonics would
vary in amplitude and phase, and/or a different distribution of
the harmonic power would occur. As Fig. 3(c) illustrates, for
increasing m, the amplitudes of the harmonics are decreasing,
and the width of the sidebands is increasing, i.e., the harmonic
power is spread over a wider frequency range.

C. CE Measurement Using a LISN

A line impedance stabilizing network (LISN) is specified for
most of the CE tests in order to guarantee the reproducibility of
the measurements. Furthermore, a LISN provides an interface
between the equipment under test and the test receiver. A sim-
plified mid-to-high-frequency (150 kHz–30 MHz) equivalent
circuit of the LISN according to CISPR 16 is shown in Fig. 4.
The voltage umeas at the LISN output is applied to an EMC test
receiver or appropriate spectrum analyzer (RLISN = 50 Ω is the
input resistance of the test receiver).

For determining the measured voltage spectrum of umeas, the
converter current spectrum Idm(jω) is multiplied by the LISN
transfer function

Umeas(jω) = Idm(jω) ·
[
Umeas(jω)
Idm(jω)

]
. (1)

This is done in the first step without any input filter in order to
determine the filter attenuation required for fulfilling the EMC
regulations.

D. QP Measurement at Test Receiver

The input signal umeas of the receiver is processed accord-
ing to CISPR 16 [23] using a heterodyne technique, i.e., for
measuring at a given frequency f , the spectrum is shifted to
a fixed intermediate frequency (IF), where bandpass filtering
according to Fig. 6(a) is performed. This allows analyzing a
wide frequency range without changing the center frequency
(MB) of the bandpass filter by properly adapting the oscillator
frequency that defines the frequency shift. A block diagram that
shows the basic functions of the frequency measurement system
is depicted in Fig. 5.

The bandwidth of the bandpass filter [resolution bandwidth
(RBW) filter] differs, depending on the frequency band of
interest and is defined as 9 kHz at −6 dB for the range of
150 kHz–30 MHz, as shown in Fig. 6(a), where the simplified
filter characteristic employed for the simulation of the receiver
output is also depicted. In the test receiver simulation model,
the MB can be directly located at the frequency under con-
sideration and shifted for a frequency sweep. Therefore, the
modeling of the oscillator and the mixer can be omitted. As
can be easily proven and will be verified by measurements in
Section IV, the worst case condition that concerns the detected
spectral power appears if the midband MB frequency of the
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Fig. 3. (a) Frequency spectrum of converter input current Idm. (b) Zoom around switching frequency (at 28 kHz). (c) Zoom around first multiple of switching
frequency located in range of 150 kHz–30 MHz (at 168 kHz).

Fig. 4. (a) Simplified high-frequency model considered for determining CEs.
Converter is replaced by phase current source idm; no input filter is present.
(b) For a given spectrum of DM converter input current Idm(jω), voltage spec-
trum Umeas(jω) is calculated with (1) according to LISN transfer function.

RBW filter is set to the first integer multiple of the switching-
frequency harmonic within the range of 150 kHz–30 MHz,
i.e., MB = 168 kHz. Accordingly, it is sufficient to restrict
the filter design to the consideration of MB = 168 kHz. For
shifting MB to the next integer switching-frequency multiple
MB = 196 kHz, lower attenuation is required.

The effect of the RBW filter when applied to the spectrum of
the measured LISN output voltage umeas is shown in Fig. 6(b)
for the specified operating conditions of the buck converter
and MB = 168 kHz. It can be seen that the spectral compo-
nents around MB (i.e., within the bandpass range) maintain
their amplitude, while the remaining spectral components are
suppressed and therefore do not contribute to the measurement
result.

Finally, the signal level is adapted in a way (block “Gain” in
Fig. 5) that in case the input signal is formed by only a single
harmonic component, i.e., a sine wave, inside the RBW, the
root mean square (rms) value of the sine wave becomes the
output signal. This means that the total dc gain of the whole
measurement system should be 1/

√
2.

The QP detector is also specified in CISPR 16 and shows
different time constants for the charging and discharging of

the output capacitor CQP. Furthermore, different sets of time
constants have to be considered for the different frequency
ranges under consideration. The QP detector can be modeled
as shown in Fig. 7(a). For the range of 150 kHz–30 MHz,
the charging time constant is specified as 1 ms, while the
discharging time constant is 160 ms [27], [28]. The final value
for the measurement is obtained by averaging the output voltage
of the QP detector, which is performed in the “Video filter,”
which in turn is characterized by a time constant of 160 ms for
150 kHz–30 MHz.

Finally, the influence of switching-frequency selection on
the measurement result shall briefly be explained. In Fig. 8,
the two switching-frequency harmonics n · fS and (n + 1) · fS

around the lower limit of the measurement range (150 kHz)
are shown. To achieve the low-attenuation requirements, it is
advantageous to select a switching frequency such that the nth
harmonic is placed well below 150 kHz, where the width of
the nth harmonic of the measured voltage spectrum Umeas(jω)
(which is equivalent to the width of the measured current
spectrum Idm(jω), cf., Fig. 3) and the width of the RBW filter
[cf., Fig. 6(a)] have to be considered. With this, the nth har-
monic does not contribute to the measured result, and the input
filter design can be based on the QP measurement result of
the (n + 1)th harmonic, which shows a lower amplitude due to
the decrease of the harmonic amplitudes for higher frequencies
(cf., Fig. 3).2

This was considered when selecting the switching frequency
of fS = 28 kHz, where the fifth and sixth harmonics are located
at 140 and 168 kHz, respectively. For example, for a selection of
fS = 30 kHz, the fifth harmonic would be located at 150 kHz.
Therefore, the attenuation requirements would be increased,
which translates to higher filter volume.

E. Calculation of Required Filter Attenuation

In the case at hand, the calculation result at the output of
the video filter is UF,0 = 39.3 V and/or 151.9 dB · µV. By
comparing UF,0 to the CISPR 22 Class B limit at f = 168 kHz
given by

LimitCISPR,168 kHz[in dB · µV] ∼= 65.1 (2)

2It has to be noted that the emission levels according to the standard CISPR
22 Class B are slightly decreasing in the frequency range of 150–500 kHz
(cf., Fig. 12); therefore, the attenuation requirements are slightly increasing for
higher frequencies. However, it can be shown that the decrease of the harmonic
amplitude spectrum is much higher than the decrease of the emission levels
standards. Hence, it is always preferable to select the switching frequency as
previously described.



NUSSBAUMER et al.: DM INPUT FILTER DESIGN FOR THREE-PHASE BUCK-TYPE PWM RECTIFIER 1653

Fig. 5. Simplified heterodyne measurement scheme and QP detection model of test receiver. Depending on oscillator frequency, mixer shifts frequency of interest
to an IF, where measurement is performed using fixed-frequency bandpass filter [RBW filter, cf., Fig. 6(a)] according to CISPR 16.

Fig. 6. (a) Upper and lower envelopes of the characteristic of the RBW filter,
as specified in CISPR 16, and filter characteristic used when modeling the
RBW filter. (b) Voltage at input and output of RBW filter for MB = 150 kHz.
Index 0 denotes that no EMC input filter is present.

the required attenuation of the input filter including a margin of
Margin = 6 dB is

Attreq[dB] = UF,0,168 kHz[dB · µV]

− LimitCISPR,168 kHz[dB · µV] + Margin[dB]

∼= 92.8 dB. (3)

F. Selection of Filter Topology

For selection of the filter topology, three basic LC filter
structures with damping of the resonance (cf., Fig. 9) were
considered, whose properties concerning design, stability, and
damping are discussed in detail in [7]. The parallel capacitor
damping [cf., Fig. 9(a)] causes additional reactive power con-
sumption, which results in a poor power factor for low-power
operation; therefore, this damping method is disadvantageous
for input filter stages that are placed directly at the input
of the rectifier. By parameterizing the filter structures with
inductor damping [cf., Fig. 9(b) and (c)], it can be seen that
the filter shown in Fig. 9(b) is clearly preferable to the one
in Fig. 9(c) concerning volume and losses in the damping
resistor. Additionally, for the variant in Fig. 9(c), the cutoff

Fig. 7. (a) Network of QP detection circuit. (b) Simulation of QP detection in
case no input EMC filter would be present: waveform of the voltage uD,0 at
input and voltage uQP,0 at output of QP detector.

frequency is determined not only by the values of L1 and C1

(which is the case for the first two topologies) but also by the
damping ratio n = L1d/L1 [7], which makes the dimensioning
procedure more complicated (see Section II-G). Therefore, the
filter structure of Fig. 9(b) will be considered in the following
as the filter stage to be placed directly at the converter input.

If the attenuation requirement (3) should be achieved by a
single-stage filter, the cutoff frequency would have to be chosen
to be very low due to the frequency characteristic of the filter
attenuation, which is −40 dB per frequency decade. This would
result in large component values (in the case at hand, L1 =
1 mH and C1 = 38 µF) and high filter volume. Furthermore, a
large input filter with low-resonance frequency would also limit
the control bandwidth and/or the dynamic performance of the
system considerably.

Therefore, the design of a two-stage filter structure
(cf., Fig. 10) is considered in the following, where the filter
stage at the converter input is named “Filter Stage 1” (formed
by C1−L1−L1d) and the filter stage at the mains side is called
“Filter Stage 2” (formed by C2−L2). Since there is always
an inner mains impedance present, the inductor L2 can be
omitted, i.e., L2 = 0. For the EMC measurement, the inner
impedance of the LISN/test receiver ZLISN is showing an
inductive component. Therewith, for the EMC test, the filter
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Fig. 8. Location of switching-frequency harmonics around lower limit of measurement range at 150 kHz as basis for selection of switching frequency.

Fig. 9. Three basic input filter topologies with passive damping.

Fig. 10. Selected two-stage filter topology.

formed by C1−L1−L1d and C2−ZLISN has to provide the
required attenuation, while for the normal operation the filter
formed by C1−L1−L1d, C2−Lmains has to ensure sufficient
attenuation and a stable operation of the system control. Usu-
ally, the mains impedance is unknown and can vary widely in
different grids, affecting the position of the resonance of Filter
Stage 2, which is also varying in a wide range. Therefore, a
wide-area damping of the second filter stage has to be provided
in order to ensure stability for any mains impedance, which will
be discussed in detail in Section III.

In [7], it was shown that the design of the two filter stages can
be carried out in two separate steps; if the interaction between
the filter stages is minimized by considering an impedance

criteria [see [7], eqs. (24) and (25)]. Thus, the components of
each filter stage can be dimensioned according to the desired
cutoff frequency of the corresponding filter stage.

G. Dimensioning of Filter Components

For the filter dimensioning, several degrees of freedom (ba-
sically, the positioning of the cutoff frequencies and the type
and extent of damping) are given. Furthermore, some nonlinear
restrictions such as discrete available capacitance values, the
maximum admissible output impedance, and the maximum
admissible no-load reactive power have to be considered. In
the following, some guidelines that can be considered for the
dimensioning of the filter components are given.

1) Capacitor C1

The capacitor C1 that is placed directly at the rectifier
input is selected such that the voltage ripple peak-to-peak
value is limited to about ±5%–8% in order to ensure
correct detection of the signs of the input line-to-line
voltages that are required for system modulation [24]
and to limit the maximum voltage stress on the power
semiconductors. On the other hand, a large capacitor
value leads to high reactive power at no load, which
defines the maximum limit for the capacitance value. In
the case at hand, this translates into C1 = 4, . . . , 8 µF.

2) Inductor L1

Both filter stages will contribute to the required filter
attenuation. For control stability reasons, the attenuation
of Stage 1 has to be higher than of Stage 2 [7], which
leads to a lower cutoff frequency of Stage 1 compared
with Stage 2. Usually, fcutoff,sec1 ≈ 0.1 · fcutoff,sec2 is an
advantageous selection, which gives Stage 1 an attenua-
tion range of

Attsec1[dB] = (0.7, . . . , 0.8) · Attreq[dB].

With

fcutoff,sec1 =
168 kHz√

10Attsec1[dB]/20
=

1
2π · √L1C1

we therefore obtain a range for the inductor value

L1=
10Attsec1[dB]/20

4π2 ·C1 ·(168 kHz)2
=

10(0.7,...,0.8)Attsec1[dB]/20

4π2 ·(4, . . . , 8)µF·(168 kHz)2

= (123, . . . , 668) µH.

3) Inductor L1d

Inductor L1d is normally determined by the damping
ratio n = L1d/L1, which should not be selected too low
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Fig. 11. Final two-stage filter topology showing selected component values.

in order to provide sufficient damping or too high in
order not to cause high filter output impedance as the
filter output impedance is taking influence on the con-
verter control stability (for high filter output impedance,
the requirements for stability are more difficult to meet
when designing the converter control [4], [7]). Here, n =
0.1, . . . , 0.5 is selected; accordingly, we obtain

L1d = (12.3, . . . , 334)µH.

4) Damping Resistor R1d

For optimum damping

R1d =
√

L1

C1
· 1 + n

n
·
√

(2 + n) · (4 + 3n)
2 · (1 + n) · (4 + n)

has to be selected.3

5) Capacitor C2

For the EMC measurement and in the case no inductor
L2 is present, the second filter stage (Stage 2) is formed
by capacitor C2 in combination with the LISN [RLISN =
50 Ω, LLISN = 50 µH, CLISN = 250 nF (Fig. 4)] and has
to provide an attenuation of Attsec2[dB] = Attreq[dB] −
Attsec1[dB] at 168 kHz, which directly determines the
value of C2.

H. Test and Evaluation

After determining the ranges for all filter components as
previously described, an iterative optimization process can be
followed, considering the points listed in Fig. 1. A quality
function can be defined depending on the specifications and the
design criteria (such as filter size, amount of damping, input
displacement factor, and costs). This optimization step shall not
be explicated here for the sake of brevity.

The filter components selected in the case at hand, consid-
ering the aforementioned design goals, are detailed in Fig. 11.
For the sake of clarity, a refinement of the filter concerning the
damping of the filter resonances and/or stability improvements
is discussed separately in Section III.

For achieving higher attenuation at higher frequencies, it
could be useful to insert additional filtering elements, e.g.,
a third filter stage. However, one has to consider that with

3The given formulas are only valid for the filter topology at hand; for other
topologies, details can be found in [6] and [7].

fsec1 ≈ 0.1 · fsec2 ≈ 0.01 · fsec3 , the attenuation provided by
the third stage is already very low. Therefore, the need and
the effort of inserting another stage have to be considered
carefully. Additionally, one has to take care that the filter reso-
nance frequencies do not coincide in frequency with switching-
frequency converter input current harmonics.

I. Discussion/Approximation of QP Measurement

As previously stated, it is essential to consider the QP
measurement process of the EMC test receiver in order to be
able to accurately predict the measurement result. In Fig. 12,
the simulated QP detected values UF (jω) are compared with
the voltage spectrum Umeas(jω) at the LISN output in case the
designed filter (cf., Fig. 11) is employed. In the case at hand,
the amplitudes of the voltage harmonics forming the LISN
output voltage spectrum Umeas(jω) show lower values than the
EMC receiver output voltage UF (jω) (e.g., 16 dB difference at
168 kHz). Hence, with a filter design based only on the analysis
of the voltage spectrum Umeas(jω), the system would not
comply with EMC standards.

However, it is possible to define the upper and lower bound-
aries for the measurement result in order to simplify the design
and/or to omit precise modeling of the QP test receiver.

The lower limit can be obtained as the square root of the sum
of the squares of the rms values of all harmonic components
Umeas(jω) located within the RBW, i.e.,

Minresult(jω)

=20 · log


 1
1µV

·

√√√√√√
(MB+RBW

2 )∑
f=(MB−RBW

2 )
(Umeas(jω))2


[dBµV]. (4)

The resulting signal Minresult(jω) is the equivalent rms value
and can be seen as a signal that shows equal spectral power
at the frequency ω, as given for the original signal within
the RBW.

A limiting value

Maxresult

= 20 · log


 1

1µV
·

(MB+RBW
2 )∑

f=(MB−RBW
2 )

Umeas(jω)


 [dB · µV] (5)

can be calculated by linearly adding the rms values Umeas(jω)
of the spectral components within the RBW. Maxresult(jω)
can be calculated with lower effort and can be taken for a sim-
plified filter design, where the modeling of the QP measurement
can be omitted. However, it has to be noted that this will result
in slightly increased input filter volume.

III. INFLUENCE ON CONVERTER CONTROL

Employing the input filter designed in the previous section,
the DM emissions of the converter would already be attenuated
sufficiently so that in combination with an appropriate CM
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Fig. 12. Simulation of QP measurement (based on video-filtered values of voltage UF (jω), cf., Fig. 5) after inserting designed input filter (cf., Fig. 11) compared
to spectrum of voltage Umeas(jω) at LISN output. Also shown are minimum (Minresult(jω)) and maximum (Maxresult(jω)) signal levels resulting from
QP detection, and CE limits according to CISPR 22 Classes A and B.

Fig. 13. Input filter attenuation characteristic according to Fig. 11 for three different mains impedances (inductances) Lmains.

filter, the converter would comply with the EMC standards.
However, to ensure a satisfactory operation of the converter in
combination with the input filter, control-oriented aspects also
have to be considered, as discussed in the next subsection.

A. Additional Damping of Filter Resonances

The influence of the inner mains impedance on the input
filter attenuation characteristic is shown in Fig. 13. Here, to
limit to the essentials, the mains impedance is considered as
purely inductive with an inductance in the range of Lmains =
5, . . . , 150 µH.

The filter characteristic exhibits two main resonances, where
the upper resonant frequency, i.e., the resonance of Filter
Stage 2, shows a pronounced dependence on Lmains. Both
resonances could be excited by the harmonics contained in
the feeding mains voltage, which would result in voltage and
current oscillations of large amplitudes. In addition, the filter
could be excited by the rectifier itself, e.g., if the upper filter
resonance coincides with the switching frequency (which is
true for Lmains = 150 µH, cf., Fig. 13) or with multiples of
the switching frequency. Therefore, sufficient damping of the
filter resonances without substantially influencing the high-
frequency attenuation has to be provided.

Damping of Filter Stage 1 without increasing the filter
volume or impairing the high-frequency attenuation can be
achieved by connecting an inductor L1c, which is coupled to

Fig. 14. Optimized filter topology including damping of Filter Stage 1 (by
coupled inductors, k = 0.981) and Filter Stage 2 (by parallel RC path).

L1, in series to L1d (cf., Fig. 14) [17]. The coupled inductor L1c

is realized by adding turns on the magnetic core of the inductor
L1. Since L1c is inserted in the damping path, one terminal
of L1c has to be connected to inductor L1d, and the second
terminal of L1c is attached to the connection point of resistor
R1d and the mains-side terminal of inductor L1 (cf., Fig. 14).

With this, R1d is also effective for L1, depending on the
winding ratio and the magnetic coupling k of L1 and L1c.
Here, the filter damping could be increased by increasing the
inductance ratio nL = L1c/L1; however, at the same time, the
high-frequency attenuation would be reduced. Fig. 15 shows
the location of the two dominant poles of the third-order system
formed by Filter Stage 1 for different inductance ratios nL (the
third pole is located at high frequencies and therefore does not
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Fig. 15. Location of the dominant low-frequency input filter poles (mainly
determined by Filter Stage 1, i.e., L1, L1d, L1c, R1d, and C1), depending on
inductance ratio of coupled inductors L1c and L1.

Fig. 16. Attenuation characteristic of Filter Stage 1, depending on ratio of
inductances of coupled inductors L1c and L1.

take significant influence on the filter behavior). For higher val-
ues of L1c, the distance of the poles to the imaginary axis and/or
the filter damping does increase, while the attenuation at high
frequencies is decreasing (cf., Fig. 16), resulting finally in a
mainly first-order (PT1) system behavior for a wide frequency
range (cf., Figs. 7 and 8 for nL = 0 µH : 245 µH). Here,
nL = 5 µH : 240 µH represents a good compromise, where
the resonance peak is lowered by 12 dB and the reduction
of the filter attenuation at 168 kHz is only 1.2 dB compared
to the original filter depicted in Fig. 11. It can be shown that
R1d = 0.7 Ω still provides optimum damping at low losses of
PR1d,max = 0.11 W, which facilitates a realization of R1d by
surface mount device (SMD) resistors. In addition, the effort for
realizing the coupled inductor L1c = 5 µH is very low; in the
case at hand, only seven turns have to be added on the magnetic
core of Lmains.

In case an equal reduction of the resonance peak and the same
attenuation at 168 kHz would have to be achieved with the filter
topology shown in Fig. 11, the values L1 = 210 µH, L1d =
130 µH, and R1d = 2.15 Ω would have to be selected. This
clearly shows the advantage of coupling inductors (cf., Fig. 14)
concerning the resulting filter volume.

The resonance of Filter Stage 2 can be damped by adding an
RC series connection in parallel to C2 (cf., Fig. 14). Here, the
damping elements C2d = 470 nF and R2d = 20 Ω are selected

Fig. 17. Attenuation characteristic of optimized input filter according to
Fig. 14 for three different inner mains impedances (inductances) Lmains.

Fig. 18. Simulated time behavior of rectifier input current idm(t) and
resulting mains current imains(t), with assumed inner main impedance of
Lmains = 50 µH.

such that sufficient damping is achieved for all inner main
inductances without significantly affecting the high-frequency
filter attenuation (in the case at hand, the attenuation at
168 kHz is even increased by 0.2 dB). Due to the low capaci-
tance of C2d, the filter volume is only slightly increased, and the
maximum losses of the damping resistor R2d amount to only
PR2d,max = 0.1 W, which again allows a realization with SMD
resistors.

The resulting filter attenuation characteristic, which can be
calculated by ac analysis of the filter network (cf., Fig. 14), is
depicted in Fig. 17. The minimum attenuation of switching-
frequency input current harmonics occurs for Lmains = 50 µH,
where the upper filter resonance coincides with the switching
frequency fS = 28 kHz. Here, the filter attenuation amounts
to |AttFilt| = 26.3 dB, which means that the harmonics around
fS (cf., Fig. 3) are attenuated by a factor of 20, which still
results in very good mains current quality. This can be seen
in Fig. 18, where a rectifier input current and the corresponding
mains phase current are depicted.

In summary, the additional damping measures are reducing
the attenuation of high-frequency harmonics by 1 dB and/or
resulting in a remaining margin of 5 dB at 168 kHz. The
components employed in the input filter are compiled in Table I.
In Fig. 19, the main filter components of one phase are shown.

B. Filter Input Impedance

The filter input impedance given for different inner mains
inductances is depicted in Fig. 20. Compared to the impedance
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TABLE I
INPUT FILTER COMPONENTS

Fig. 19. Photo of main filter components (inductors and capacitors) employed
for realization of designed input filter (cf., Fig. 14).

Fig. 20. Filter input impedance for open circuit filter output and three different
main impedances (inductances) Lmains.

characteristic resulting for the first filter design (cf. Fig. 11 and
Fig. 20 for Lmains = 50 µH), the damping measures described
in Section III-A increase the input impedance to |Zi,Filt,min| =
1 Ω at the first (series) resonant frequency.

Accordingly, for a sudden step ∆Û of the mains phase
voltage amplitudes, a well-damped response of the filter out-
put voltages and/or of the rectifier input phase voltages does
occur (cf., Fig. 21). One has to note that the overshoot of the
rectifier input voltage (70 V in Fig. 21) cannot be prevented
by passive damping at reasonable losses. In addition, active
damping measures would not allow voltage limitation due to
the limited control bandwidth (cf., Section III-C) and/or would
not be applicable for no-load operation of the rectifier system.

Fig. 21. Filter output voltage time behavior for steplike change ∆Û = 100 V
of input voltage amplitude (filter output left in open circuit, which is given for
no-load operation of rectifier system).

C. Filter Output Impedance

The filter output impedance is an important quantity in
connection with the stability of the converter control combined
with the input filter. To ensure stability within the whole
control bandwidth, among other requirements, the (sufficient)
condition

|Zo,Filt| < |Zi,Rect| (6)

has to be fulfilled, i.e., the magnitude of the filter output
impedance has to be significantly lower than the rectifier
input impedance [4], [7], which is approximated for perfect
control by

|Zi,Rect| =
∣∣∣∣−U2

o

Po
· 1
M2

∣∣∣∣ (7)

where M = ÎN/I is the PWM rectifier modulation index (with
a modulation range of M = 0, . . . , 1), Po is the output power,
and Uo is the rectifier output voltage. The magnitude plot of the
output impedance for different mains impedances is shown in
Fig. 22. With the minimum rectifier input impedance magnitude
|Zi,Rect,min| = 32 Ω occurring at the maximum modulation
index Mmax = 1 and rated output power, the bandwidth of the
system control (i.e., of the inner current control loop of the
cascaded output voltage control) has to be limited to

Bw,max ≈ 2 kHz (8)
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Fig. 22. Magnitude of filter output impedance for three different inner main
impedances (inductances) Lmains.

Fig. 23. 5-kW prototype of three-phase buck-type PWM rectifier system in-
cluding designed input filter (DM filter inductors and capacitors located below
power printed circuit board).

[cf., (6) and Fig. 22]. Introducing the additional filter damping
described in Section III-A slightly reduces Zo,Filt around the
first resonant frequency (cf., Fig. 22). A substantial reduction
of Zo,Filt and/or increase of the control bandwidth could only
be achieved by increasing C1 in capacitance (and lowering the
series inductances), which, however, would result in a higher
reactive power consumption and/or lower mains power factor
at light load.

IV. EXPERIMENTAL VERIFICATION

A. Measurement Setup

For the EMC measurements, a prototype of the system
(cf., Fig. 23) operating under the following conditions was
considered:

Input (3-φ ac)
Input rms line-to-line voltages: UN,l−l,rms = 400 V
Input rms phase current: IN,rms,max = 7.6 A
Mains frequency: fmains = 50 Hz

Output (dc)
Output voltage: U0 = 400 V
Rated output power: P0 = 5 kW

Switching frequency: fS = 28 kHz.

Fig. 24. CE measurements at one DM output of CM/DM noise separator
for operating point given in measurement setup (Section IV-A, UN,l−l,rms =
400 V, U0 = 400 V, P0 = 5 kW).

Conventional EMC measurements only provide information
on the total electromagnetic emissions and/or do not allow
separation into a CM and a DM component. Therefore, to
validate the DM input filter design, a three-phase CM/DM
noise separator [20] has been employed. The separator requires
simultaneous access to all phase outputs of the LISN, which,
however, is typically not provided by commercial four-line
networks. Therefore, in the case at hand, two two-line LISNs
(Rohde & Schwarz ESH3-Z5) and a four-line LISN (Rohde
& Schwarz ESH2-Z5) were employed (three identical two-line
LISNs were not available at the time of the measurements);
however, no remarkable difference of the noise levels of the
three phases could be noticed.

B. CE Compliance Measurements

Fig. 24 shows the result of the DM noise measurement
using a Rohde & Schwarz ESPI test receiver for one phase
in the frequency range relevant to the DM CEs, i.e., for the
range of 150 kHz–3 MHz. The predictions by simulations (cf.,
Section II) are indicated by “x,” and are in good accordance
with the measured noise level. Especially, the prediction of the
first peak occurring in the measurement range at f = 168 kHz
given by

uF,sim = 60.7 dB · µV (9)

which served as the basis for the whole input filter design
(cf., Section II), is very close to the measured result given by

uF,meas = 61.8 dB · µV (10)

that clearly verifies the dimensioning procedure. The small
difference to the simulation results (which is also changing by
±0.5 dB for the three phases) is due to the tolerances of the filter
parameters and small asymmetries of the CM/DM separator and
the LISN arrangement. The increase of the noise level around
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Fig. 25. Measured rectifier mains current (5 A/div) and mains phase voltage
(100 V/div) resulting from proposed input filter when connecting system to
artificial mains, which is formed by high-power analog amplifier at operating
parameters, as specified in Section IV-A.

Fig. 26. Measured low-frequency harmonics of mains current compared to
IEC 61000-3-2 limits.

500 kHz, 1 MHz, and 1.2 MHz is caused by parasitics of the
rectifier power circuit, resulting, e.g., in a ringing of the rectifier
output inductor current at each switching instant.

C. Mains Current Quality

Aside from the DM noise level, the measured mains current
waveform is also in good correspondence with the simulations
(cf., Fig. 25). The slight deviations from a purely sinusoidal
shape originate from delays in A/D conversion of the rectifier
input voltages (which provide the basis for determination of the
signs of the input line-to-line voltages, which are required for
PWM generation [24]) but remain limited to small values due
to proper filter damping.

The measured low-frequency mains current harmonics are
presented in Fig. 26 and are well below the limits defined in
the IEC 61000-3-2 for Class A equipment, which are relevant
in the case at hand [29].

V. CONCLUSION

In this paper, the DM input filter of a three-phase buck-
type PWM rectifier has been designed based on a simula-
tion model of the system, the LISN, and the EMC test re-
ceiver. For the considered two-stage filter topology, coupling
of the inductors of the first stage and parallel damping of
the second stage have been employed in order to provide
sufficient damping of the filter resonances without decreas-
ing the attenuation in the frequency range that is consid-
ered for the EMC measurements. The filter damping avoids

the amplification of harmonics at multiples of the switching
frequency, reduces the amplitudes of the oscillating currents
and voltages that result from mains voltage distortions, and
decreases the filter output impedance at parallel resonant fre-
quencies, which facilitates the design of the system control.
As verified by DM measurements, the proposed dimension-
ing procedure ensures compliance to CISPR 22 and there-
fore constitutes an important step toward virtual prototyping
of the rectifier system.
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