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Abstract—The attenuation characteristics of electromagnetic in-
terference (EMI) filters in practice often differ from theoretical
predictions and minor changes can result in a significant improve-
ment in performance. The performance of the differential-mode
(DM) filter stage can usually be well predicted, but the common
mode (CM) behavior is more difficult to handle. This is especially
true for three-phase pulsewidth modulation (PWM) rectifier sys-
tems, which inherently show a large high-frequency CM voltage
at the rectifier output. Possible CM noise current paths of a three-
phase/level PWM rectifier are analyzed in this paper where par-
asitic capacitances to the heat sink and to earth are considered.
In addition, a concept to significantly reduce CM emissions is dis-
cussed in detail. Based on the proposed models, an EMI filter design
for a system with 1 MHz switching frequency is shown. Experimen-
tal verification of the designed EMI filter is presented by impedance
and conducted emission (CE) measurements taken from a 10 kW
prototype. Several practical aspects of filter implementation such
as component arrangement, shielding layers, magnetic coupling,
etc., are discussed and verified by measurements.

Index Terms—Common mode (CM) noise, electromagnetic com-
patibility (EMC) filters, power-factor correction (PFC), three-
phase ac—dc power conversion.

I. INTRODUCTION

N NEW application fields, e.g., power electronics in air-
I craft [1], modern rectifier systems have to meet high require-
ments concerning efficiency, weight, and compactness. Active
three-phase rectifiers offer the possibility to comply with rig-
orous low-frequency current harmonics limits but show a large
high-frequency noise level. Passive low-pass filters employing
inductors and capacitors in connection with resistors providing
passive damping can be used to attenuate resulting conducted
emissions (CE) of the systems [2]-[4]. These passive filter ele-
ments take up a relatively large portion of overall system volume
and can only be reduced in volume by increasing the switching
frequency.

It is common and very helpful to split the generated electro-
magnetic interference (EMI) emissions into a common mode
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(CM) and differential mode (DM) component. DM noise cur-
rents flow in and out through the phases whereas CM currents
return via earth. Hence, different filter strategies and filter el-
ements have to be applied to handle the two emission types.
As will be shown in Section II, asymmetrical currents to earth
caused by asymmetrical impedances of the rectifier system also
generate DM noise. These type of emissions are called “nonin-
trinsic DM noise” [5] or “mixed-mode (MM) noise” and their
origin was analyzed in [6] and [7] for single-phase flyback con-
verters. The MM noise in three-phase diode front-end converters
was discussed in [8] and [9].

The performance of the DM filter can be well predicted.
Dependent upon the required attenuation, multistage LC-filters
are usually applied [10]. “Zero-ripple” DM filter concepts have
also been proposed [11]. On the contrary, CM emissions are
mainly determined by parasitic elements such as capacitances
of semiconductors to the heat sink, capacitances between heat
sink and earth, magnetic couplings of inductors, etc., and are,
therefore, difficult to identify and quantify. In [12] and [13],
a CM-noise-modeling technique for single-phase power-factor
correction (PFC) systems was proposed, which considers the
parasitic capacitances of semiconductors to the heat sink. Sev-
eral works on three-phase systems were also done [14], [15]
where some insights in the CM noise sources and propagation
paths in three-phase systems are given. These papers, however,
only include limited information and guidelines for final EMI
filter design. In this paper, the CM noise modeling technique for
single PFC [12], [13] will be extended to three-phase systems
and an EMI filter design and implementation for an ultracompact
three-phase/level PWM rectifier (see Fig. 1 where the parasitic
capacitances relevant for ix; > 0, in2, in3 < 0 are shown) [16]
will be discussed. In [17], the formation of the CM voltage was
analyzed in detail but for the sake of simplicity only a single
lumped capacitor from the output voltage midpoint M to earth
was used to model the CM current paths. This is a reasonable
approach to get an overview of the CM behavior of a system
but proved to be insufficiently accurate for designing the EMI
filter. Based on the modeling technique, considering parasitic
capacitances of the semiconductors to the heat sink and from
the output voltage rails to earth a more detailed CM model will
be developed in Section II. The resulting EMI filter should show
minimum volume in order to achieve the highest possible recti-
fier power density and for this reason a switching frequency of
1 MHz is chosen [18].

In [17], a concept for minimizing the high-frequency CM
emissions was proposed (further concepts can be found in [19]).
The output voltage midpoint M is connected to an artificial
mains star-point N’ formed by capacitors C. The low-frequency

0885-8993/$26.00 © 2011 IEEE
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Fig. 1. Schematic of the three-phase/level PWM rectifier including relevant

parasitic capacitances from semiconductors to heat sink (C's and C'p ) and from
the dc output rails to earth (Cg,, Cpy, and Cg) foring > 0, in2,in3 < 0.
In addition, the proposed CM voltage reduction concept is shown, where the
output voltage midpoint M is connected to an artificial mains star point N”.
High-frequency CM currents are limited by a three-phase CM inductor Lc g -

CM voltage used to increase the input voltage range of the
rectifier drops across the capacitors C' while all high-frequency
CM output voltage components are attenuated by the low-pass
filter action of the boost inductors L; and the capacitors C.
Unfortunately, this concept results in a considerably increased
ripple of the boost inductor currents and/or in higher copper
and core losses. Therefore, the basic concept is extended here
by placing a three-phase CM inductor Lcy in series to the
boost inductors L;, which considerably reduces the additional
high-frequency current ripple.

The DM filter design as well as the design of the proposed
CM filter inductor will be discussed in Section III where a
simplified method for determining the CM noise level is also
proposed. Section IV deals with the practical implementation
of the filter considering commercially available magnetic ma-
terials. Measurements taken from a 10 kW rectifier prototype
verify the effectiveness of the proposed EMI filter in Section V.
In this section, several practical aspects of filter implementa-
tion like the physical component arrangement, shielding layers,
and magnetic couplings, etc., are discussed with reference to
measurement results.

II. CONVERTER NOISE MODEL

The semiconductors of a power electronics converter are typ-
ically mounted on a common heat sink, which is usually con-
nected to earth. Therefore, parasitic capacitances to earth exist
although not included in the basic circuit diagram. In order to
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Fig. 2. High-frequency noise model of a three-phase rectifier system con-
nected to a three-phase LISN.

fully understand the propagation of the resulting CM noise cur-
rents, these capacitances have to be considered and/or a detailed
CM noise model has to be derived. However, first of all, a review
on noise components in three-phase systems will be given.

A. Review on Three-Phase Noise Components

Separation of CM and DM noise in three-phase systems is not
easily possible. Orthogonal transformations as reported in [20]
and [21] can be applied but these transformations, however, are
only valid if the three-phase system is symmetrical, linear, and
time invariant. Regardless of the intended three-phase system
and its noise sources, the CM current can be defined as the
current flowing out through the phases and returning via earth.
The CM current is, hence, the sum of all three-phase currents

ey

The DM currents, on the other hand, can be defined as the
currents flowing out through one phase and returning through the
two other phases, which implies ipy,1 + 2pv,2 + ipm,3 = 0. A
general high-frequency noise model of a three-phase system is
given in Fig. 2, where the line impedance stabilization network
(LISN) is modeled as three 50 (2 resistors. In addition to the DM
noise sources vpyy,; and their source impedances Zp, ), ;, the CM
noise source vcy is also shown together with a single lumped
impedance to earth Z,,. This model implies that the propagation
paths of the DM and CM currents can be separated—which
may not be true in every case. 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 the LISN can
be calculated by

fom =41 + 42 + i3 .

. Rrrsn v+ vy + U3
vem =deM—— = 3

(©))

where Ry gy is the input resistance of the LISN. By the use of
(2), the DM voltage component of phase 1 can be calculated to

201 vy U3
3 3 3
If a symmetrical distribution of the CM current ¢cy; on all three
phases is assumed, then each phase current can be written as

3

UpM,1 = V1 —UCM =

i = ipMm,i + % 4)



1194

Note that some authors, e.g. [6], define the CM current as the
current common in all three phases (i; = ipwm ;i + ¢cm ), which
results in a current to earth of 3icy instead of icyy. If, unlike
in Fig. 2, the impedances of the three phases to earth differ,
then the CM current distribution in the three phases is also not
equal. Let Ai be the deviation of the CM current in phase 1
to the current ¢ of the two other phases. According to (1), the
resulting CM current is given by icy = 3ig + Ai. The input
currents can, therefore, be written as

i1 = ipma + ZC% %AZ

12 = ipM,2 + ZC% — %

i3 = ipm,3 + ZC% - % (5)
which yields to the CM voltage

vem = Rpisn (io + ?) : (6)

By subtracting the CM voltages from the according phase volt-
ages Upwm,i = U; — vcwM, the DM voltages result in

. 207
Rrrsn <ZDM,1 + >

UDM,MM,1 = —

3
. Ai
UpM,MM,2 = Rrisn | tpm,2 — 3
. A
vpM,MM,3 = BRrLisn <ZDM,3 -3 > )

which show, in comparison to (3), an additional part caused
by the unequal distributed CM currents. Unbalanced CM noise,
hence, also causes DM noise and this supplementary DM noise
is called “nonintrinsic DM noise” or “MM noise.” The applied
definition of the CM current offers an explanation of the phe-
nomenon of nonintrinsic DM noise, whereas the model with
TEarth = 3tcM cannot explain it without introducing an addi-
tional noise source.

B. Derivation of Noise Model

In the following, the modeling approach givenin [12] and [13]
for single-phase PFC will be extended to three-phase systems.

In Fig. 1, the relevant parasitic capacitors between semi-
conductors and heat sink are drawn for ixq, > 0, in9, ing < 0.
The capacitors C's and Cp represent the stray capacitance of a
MOSFET’s drain and a diode’s cathode to the heat sink, which
is approximately 60 pF for the applied TO220 package. These
capacitances are present for all semiconductors of the rectifier
system, but the capacitors which are not carrying current in
—30° < ¢n < 30° are not shown. The capacitors C'g, and Cy,
model the stray capacitances of the positive and negative out-
put voltage rail to earth. The capacitor C'z models the parasitic
capacitance of the output voltage midpoint to earth but also in-
cludes possible parasitic capacitances of the load. Therefore,
the capacitance of C'g can be comparably large, e.g., several
nanofarad. In order to develop a high-frequency CM model of
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Fig. 3. High-frequency equivalent circuit if the operated switches are re-
placed by voltage noise sources and the corresponding free-wheeling diodes are
replaced by current noise sources. Model is valid for ix; > 0, in2,in3 < 0.

the circuit, the MOSFETS are replaced by voltage sources v, ;,
which impress the switched voltage waveforms. In a similar
manner, the diodes Dp;., Dpo_, and Dps_ are replaced by
current sources showing the same pulsed current waveform.
The impedance of the output capacitor C,, implemented partly
with ceramic capacitors, is very small at switching frequency
(1 MHz), and therefore, modeled as a short circuit. The corre-
sponding mains diodes Dy /Dy _ are permanently ON during
a half mains period and are, hence, also replaced by a short
circuit. The resulting equivalent circuit is given in Fig. 3. As the
rectifier system is modeled by linear elements, the influence of
the noise sources can be analyzed by application of the super-
position theorem. In Fig. 4(a), the corresponding noise model
is drawn if only current noise sources are considered. It is obvi-
ous that the current sources are shorted by the low impedance
paths established by the output capacitors and that they do not
contribute to the noise measured in the LISN. If only voltage
noise sources are considered, then the equivalent circuit given
in Fig. 4(b) can be derived.

The phase leg with positive input current (i) shows a to-
tal capacitance of €, = 2Cp + Cyg to the heat sink and the
phase legs with negative input currents (72 and iy3) show a
total capacitance of C,, = 2Cp, which is different to C),. Note
that this model is only valid for iy > 0, iy9,ins <0, i.e.,
—30° < ¢y < 30°, and that the capacitance of C,, and C,, is
changing if one of the input phase currents changes sign, i.e.,
every 60°. The capacitor C; models all capacitances from the
output voltage rails and the output voltage midpoint to earth
(Cy = Cg + Cpy, + Cgy). The detailed function of the CM fil-
tering based on a connection of M with N’ will be discussed
later. Note that the voltage sources v,, ; include DM emissions as
well as CM emissions. In Fig. 4(b), only current paths involving
the parasitic capacitors C), and C), are shown.

Different possibilities for defining the heat sink potential exist
and the most important ones will be discussed shortly as they
result in different CM behavior.
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Fig. 4. Detailed noise models valid for in; > 0, in2,in3 < 0, if the heat
sink is connected to earth if (a) only current noise sources and (b) only voltage
noise sources are considered. In (b), only current paths involving the parasitic
capacitors C, and C, are shown.

1) Heat Sink Connected to the Output Voltage Midpoint M :
If the heat sink is connected to M, C,, and C), lie in paral-
lel to the voltage sources. The noise currents through them are
guided directly back to the noise source and, thus, no addi-
tional external CM noise occurs. This is the best option from
the EMI perspective but one must keep in mind that M will
show a low-frequency CM voltage of a few 100 V if a third
harmonic injection signal is applied and this may, depending on
the application, not be permitted.

2) Heat Sink Connected to Earth: In many applications, the
heat sink has to be connected to earth due to safety reasons. The
largest impact on the noise emissions can then be observed. Ac-
cording to Fig. 4(b), the three phases show different capacitances
to earth and, therefore, a separation into CM and DM equiva-
lent circuits is not directly possible. These unequal impedances
to earth result in an unbalanced CM current distribution of the
three phases, which finally yield to nonintrinsic DM emissions
as shown in Section II-A. These nonintrinsic DM emissions
are not analyzed further in this paper but are subject to further
research on this topic. However, if the parasitic capacitors are as-
sumed to be equal, then an equivalent circuit with separated CM
and DM emissions can be drawn. This will be further discussed
in Section III.

3) Heat Sink Floating: If the heat sink is floating, then one
must deal with a similar situation to where the heat sink is con-
nected to earth. The heat sink would show a parasitic capacitance
to earth of a few picofarad, which is now connected in series
to the capacitances C, and C,,. As this parasitic capacitance
is typically much smaller than C), and C,,, the resulting total
capacitances to earth are almost equal and an equivalent circuit
with separated CM and DM emissions can be drawn.
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Fig. 5. Simulated voltage waveforms of the rectifier system operated at an
output power of P, = 10 kW and corresponding predicted spectra using peak-
detection. (a) DM voltage, (b) CM voltage, (c) predicted DM emission, and (d)
predicted CM emission.

III. FILTER DESIGN

In order to design a proper EMI filter, the CM and DM noise
levels of the three-phase rectifier system are required. A com-
puter simulation is used to determine the DM and CM voltage
waveforms [see Fig. 5(a) and (b)] generated by the rectifier sys-
tem. The assumed system specifications are listed in Table I. It
has to be stated here that different modulation strategies result in
different CM and DM voltage waveforms, which would finally
lead to different EMI filter requirements. In three-phase PWM
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TABLE I
SPECIFICATIONS OF THE ANALYZED PWM RECTIFIER SYSTEM

VNi 230V
N 50/60 Hz
fs 1 MHz
A 800 Vpo
Py 10kW

rectifier systems, a third harmonic signal is added to the sinu-
soidal phase-voltage reference values in order to increase the
input voltage modulation range for a given output dc voltage. A
triangular shaped signal

Vh3 = %tri(&p) 8)

is employed in the implemented modulator, which results in a
triangular low-frequency component (vcn h3) of the CM volt-
age [see Fig. 5(b)].

According to the calculation scheme given in [10], the Quasi-
Peak or Peak weighted DM and CM spectrum can be calculated.
The calculated spectra (using peak-detection) of the voltages
shown in Fig. 5(a) and (b) are depicted in Fig. 5(c) and (d),
together with the limit defined by CISPR11 class A [22]. The
results of this calculation are only the spectra of the simulated
voltage waveforms and, contrary to [10], the influence of the
LISN is not considered. The EMI filter must now be designed
such that the generated emissions do not exceed the CISPR11
class A. The influence of the LISN has to be considered later in
the EMI filter design process.

According to Fig. 5, the main amplitudes of harmonics occur
at multiples of the switching frequency. Hence, the required
attenuation of the DM and CM filters can be calculated by
comparing the simulated emissions with the limit specified in
CISPR11. For the DM filter this results in a required attenuation
of

Attpy [dB] = UDM (fb) [dB/,LV] — Limit[dBMV]

+ margin[dB] = 103 dB )

where a margin of 6 dB is included. The required attenuation of
the CM filter can be calculated as

Attonm [dB} = UCM (fs ) [dB/J,V] — Limit [dBMV]

+ margin[dB| = 93 dB. (10)

The process employed for calculating the noise spectra is a
time-consuming task. The results of this calculation are noise
amplitudes over the whole frequency range but, as shown earlier
only the amplitude of the emissions generated at the switching
frequency fundamental is used for EMI filter design (in case of
fs > 150 kHz). In [23], an approximation method for deter-
mining the EMI emission has been presented, where only the
fundamental DM component at the switching frequency is con-
sidered. However, this method can also be applied to determine
the CM filter requirements. Therefore, the rms value of the CM
voltage Vo rms, Which comprises a low-frequency component
Vo h3,rms and a high-frequency component Vo noise,rms €ON-
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taining all switching frequency harmonics must be calculated.
This could be done purely analytically but for the sake of sim-
plicity the rms value of the total CM voltage is calculated using
the simulated CM voltage shown in Fig. 5(b). The rms value of
the high-frequency CM noise Ve noise,rms 18, therefore, given
as

V(%M,noise,rms = V(%M,rms - V(?Mﬁh?),rms . (11)
Substituting (8) in (11) yields
N 2
: . ()
VCI\'I,noise,rms = VCM,rms - T (12)
which results in an estimated noise level of
Ve noise = 164 dBMV (13)

The difference to the result given in Fig. 5(d) is only 4dBuV,
and therefore, the proposed procedure is a very simple method
to estimate the EMI filter requirements.

According to Fig. 5(c) and (d), a relatively large noise floor of
~ 110 dB is generated by the rectifier system. The reason for this
can be found in the time behavior of the DM and CM voltages.
As reported in [24]-[26], the carrier sideband harmonics are
present in the spectrum of the PWM signal with low-frequency
local average. This leads to an increased noise floor, which has
to be considered in the DM filter design. Therefore, the DM
filter has to reach an attenuation of at least

Attpy2[dB] = vpy (150 kHz)[dByV] — Limit[dBuV]

+ margin[dB] = 37 dB (14)

at the lower frequency limit for CE measurements, i.e., at
150 kHz. At least, one filter stage has to be designed such that
the required attenuation at [150]kHz is reached. This means the
volume of this filter stage cannot be reduced by a high-switching
frequency. Among other limitations, such as the lack of avail-
able high-frequency magnetic materials, this is a main limita-
tion of EMI filter volume reduction by increasing the switching
frequency.

A. DM Filter Design

In addition to the required filter attenuation for DM filter
design, the phase displacement of the mains currents resulting
from the currents drawn by the filter capacitors must also be con-
sidered. If a maximum phase displacement should be limited to
10° at an output power of 0.1 P,, then the DM filter capacitors
here are limited to a total capacitance of Cpy = 3.5 uF per
phase. According to the specifications given in (9) and (14), an
LC-filter with three stages is used for construction of the DM fil-
ter. The single-phase equivalent circuit of the DM filter is shown
in Fig. 6(a). The boost inductor of the rectifier can be used to
realize the first filter stage. The inductance value of the boost
inductor is defined by the maximum allowed current ripple. A
maximum current ripple of Aip, ,, = 0.2 IAN_’i shall be allowed
for the implementation at hand, which results in an inductance
of L; = 20 puH. In [27], it was shown that a maximum attenua-
tion for a multistage LC-filter can be achieved if all inductance
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Fig. 6. (a) Equivalent single-phase DM model and (b) calculated transfer

function Gpy (jw)of the designed DM filter.

values and all capacitance values are equal, which also implies
that the cut-off frequencies of all filter stages are identical. Un-
fortunately, (9) as well as (14) must be satisfied, something
that is not possible with regard to a minimum filter volume by
application of this criteria. In addition, this concept shows the
problem of multiple equal filter resonance frequencies. Hence,
the cut-off frequencies of the filter stages are selected in a dis-
tributed manner and the resulting filter components are chosen
also considering aspects of practical construction. This will be
discussed further in Section IV. The calculated transfer function
Gpu (jw) of the designed filter is depicted in Fig. 6(b).

B. CM Filter Design

In a first step design of the CM filter, the influence of the
parasitic capacitors C, and C,, (see Fig. 4) is neglected. Safety
regulations must be considered in the selection of CM capac-
itors where the leakage earth current is limited to several mil-
liampere. This results in a limited total capacitance connected
to earth, which fundamentally influences CM filter design. If
a conventional multistage LC low-pass filter would be imple-
mented, then at least three stages would be necessary while the
large CM component of V,, would still be present. However, by
connecting the output voltage midpoint M to an artificial star-
point N’ as shown in Fig. 1, the CM component of the output
voltage can be reduced significantly without violating the safety
regulations. The capacitors Cpyr of the first DM filter stage can
be advantageously used to form N’. An equivalent circuit of
the proposed CM filter concept is shown in Fig. 7(a). There, the
converter voltage v, ; is split into a DM voltage vpy,; and a CM
voltage vom

Vy,i = UDM,i + VCM (15)
where the CM voltage
VOM = UCM,~ + VCM,h3 (16)
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(a)

Fig. 7. (a) Conducted noise equivalent circuit of the three-phase/level PWM
rectifier system for the proposed CM filter concept if C'p and C, are neglected
and (b) simplified CM equivalent circuit.

comprises a high-frequency component vcyr . and a low-
frequency component vcnng, Which represents the third-
harmonic injection mentioned earlier. The CM filter path is
implemented by a capacitor Crp in series to the DM capaci-
tors forming N'. In addition, the capacitance C, representing
the lumped capacitance between M and earth is shown. It is
significantly influenced by the load. If this parasitic capacitance
is neglected for a first analysis, the generated CM voltage ap-
pears across circuit L;, Lcyg, and the series connection of the
capacitors Crp and Cpyr. The capacitors Cpp and Cpy; are
not connected to earth and are, therefore, not limited in capac-
itance by equipment safety regulations. The construction of a
CM inductor, which is able to handle the third-harmonic voltage
component vcy,n3 Without saturation is possible but would re-
sult in a very large and bulky element. If the feedback capacitor
Cyp is dimensioned such that it represents a short circuit for
the high-frequency CM signals (v, ~) but a high impedance
element for the third-harmonic component (vc ,3), the low-
frequency component will drop across the feedback capacitor
and only vc,~ has to be handled by the inductors. Unfortu-
nately, three-phase CM inductors typically allow only a very
small zero-sequence current without saturation because of their
very high permeability. Due to

dve h:
~ ¢ 2VeM b3
dt

the feedback capacitor has to be as small as possible to prevent
saturation of the CM inductor. Hence, the relatively large DM
capacitors Cpy; (660 nF per phase) cannot be used alone for
implementation and a low-capacitance feedback capacitor Crp
is connected in series to the star-point N'.

The CM inductor, on the other hand, has to hold the high-
frequency CM voltage and core saturation is avoided if

1FB,h3 (17)

Jo" von~dt  (Vo/3)T,
N Age N A

Bgay > BCM,max = (18)

where T, = 1/f, and T), denotes the maximal length of a CM
pulse, which was set to T}, = T.
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Fig. 8. (a) Attenuation Acy of the proposed CM filter concept as a function
of earth capacitance C'; and (b) achieved attenuation as a function of Cy for
Cy = 2nF (f =1 MHz).

As the CM inductors are placed in series to the boost inductors
L; the full-phase current including the high-frequency ripple
flows through their windings. The high-frequency DM current
ripple does not cause core losses due to the mutual compensation
of the magnetomotive forces but copper losses caused by skin
and proximity effect have to be considered.

In Fig. 7(b), the CM equivalent circuit is shown. If the lumped
capacitance C; is not neglected, part of the total CM current does
not return through the feedback path irpp . Depending on the size
of (), this results in a notable earth current through LISN. In
order to limit this current, the feedback capacitor should be large
which is, however, in contradiction to the design criteria given
in (17). Depending on the parasitic capacitances C;, and Cyg,
the attenuation Acy; can be calculated by

20 logy <‘ >

A=Cy (Z; + Rusn,em) + Z1 Crs (19)

where Z; denotes the total impedance of the CM inductor
and Rprsn,cwm is the equivalent high-frequency CM LISN
impedance (Rrisy.cm = 16.7 Q). In Fig. 8(a), the resulting at-
tenuation of the constructed filter is plotted as a function of the
earth capacitance C|,. It is obvious that the required attenuation
of 93 dB can only be achieved with the proposed concept if
either Cpp > 500nF or Cy < 1nF. A higher amount of ca-
pacitance to earth would result in an attenuation lower than the
required value given in (10). According to Fig. 8(b), a higher ca-
pacitance of Crp would increase the attenuation but this would
also increase the low-frequency current i\ 13 and is, therefore,
not an option. A compromise of Crp = 200 nF is used for the
filter presented in this paper. As a result, an additional CM filter

1+ As+ Z; Cy Cyp Ruisn,cm 82
Ryisn,cmCy s

Acm =
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Fig.9. CM equivalent circuit of the three-phase/level PWM rectifier with heat
sink connected to earth if C', and C), are assumed to be equal.

stage, which must attain the missing attenuation of ~ 20 dB, is
required.

Until this point, the capacitors C,, and C,, of the extended
noise model given in Fig. 4 have been neglected for CM filter
design. According to (15), the total converter noise vy ; can be
divided into DM and CM emissions, if the two lumped para-
sitic capacitors are assumed to be equal (C, = C,,). Hence, a
simplified CM model can be drawn, which is shown in Fig. 9.

It is obvious that even if the proposed CM concept operates
ideally (icy1 = 0), a CM current icypo through the LISN exists
(marked as a blue dashed line). This current is caused by the par-
asitic capacitances of the semiconductors to the heat sink (if the
heat sink is connected to earth) and can only be reduced by inser-
tion of an additional CM filter stage. As already discussed, this
additional filter stage is needed in any case in order to achieve
the required attenuation given in (10). It has to be stated here
that the proposed CM filter concept (connection of M with N”)
supports the propagation of this type of CM emissions and that a
large capacitance C; would help to reduce the emissions. How-
ever, the advantage of an output voltage without high-frequency
CM component clearly dominates this drawback.

IV. FILTER CONSTRUCTION

Having determined the EMI filter topology and calculation
of the filter performance, the implementation of the passive
components is an important design step. A proper magnetic ma-
terial has to be chosen for implementation of the inductors. In
Fig. 10(a), the complex permeability ;1 = p/ — ju” of the widely
used ferrite materials N97 and N49 from EPCOS Inc. are plot-
ted. According to Fig. 10(a), the real part of the permeability
1/ of material N97 is only constant up to ~ 1 MHz and drops
quickly for higher frequencies. In addition, the imaginary part
1", which is related to core losses, rises steeply. As a conse-
quence, the material N97 cannot be applied for constructing the
boost inductor and is also not a good option for DM filter induc-
tor construction. An implementation using material N49 would
be possible for f; = 1 MHz but unfortunately, no suitable core
size is commercially available. The permeability of the pow-
der core material -8 from Micrometals Inc. stays constant up to
100 MHz [see Fig. 10(b)] and shows acceptable losses, and is,
therefore, used for implementation of the DM and boost induc-
tors. Single layer winding toroids T90-8 with N = 16 turns are
used for realizing the DM inductors with very small parasitic
capacitance. This results in a high self-resonance frequency of
25.9 MHz. Three 220 nF/630V X7R ceramic capacitors in par-
allel are used for the construction of the DM capacitors Cpypp



HARTMANN et al.: EMI FILTER DESIGN FOR A 1 MHZ, 10 KW THREE-PHASE/LEVEL PWM RECTIFIER

1199

10000; === T 300 e
E - £ Vitroperm 500F
g SNOT e W380,3 x 5 turns
= maa: 7 2300 ===
£1000 u' - N49 \ /"N s =
B 1 Ao S 22
S A 3 30 S ——
g I i N RN —
R N7 (((7 \
< 100} LA iilivam) \ I 2 26
S 10 = = :
_____ e e . ! & i
i i -{‘149 i i ! "
10 | - | Il [
10k 100k Tom 3k 10k 100k ™ M 100M 100 L 10K . - 100K ™ 1oM
/ (Hz) 7 (Hz) f (Hz)
(a) (b) (@]

Fig. 10.

Real and imaginary part of complex permeability p = p/ — ju”” for (a) ferrite materials N97 and N49 of EPCOS, (b) initial permeability for powder

core materials from Micrometals, and (c) measured impedance of the constructed three-phase CM inductor (N = 5 turns) employing Vitroperm 500F from VAC.
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and Cpyre2. Unfortunately, the capacitance of these ceramic ca-
pacitors is greatly dependent on the applied voltage, which re-
sults in a much smaller effective capacitance. Hence, for the
implementation at hand five capacitors must be used. This can
be avoided by application of foil capacitors although this results
in a greater volume.

The nanocrystalline material Vitroperm 500F of Vacuum-
schmelze Inc. is used to make the CM inductors. The measured
complex insertion impedance Z; of the CM inductor is plot-
ted in Fig. 10(c). It can be seen that the inductor exhibits a
substantial real part of Z-y; at f =1 MHz, which has to be
considered for the design of the CM filter stage. As the material
Vitroperm 500F is not typically applied in the frequency range
of several 100 kHz, the manufacturer delivers no core loss in-
formation for these frequencies. Hence, the core losses of the
Vitroperm 500F material at | MHz have been measured in the
laboratory resulting in the Steinmetz equations

Pypsoor = K. f*B” = 44.66 - 1075 [W /dm?] f1-°6 BT
(20)

where the frequency f must be in Hertz and the peak flux-density
B must be in Tesla. Note that these parameters (K., «, 3) are
only valid for frequencies in the vicinity of 1 MHz. Due to the
relative large loss density at | MHz three inductors are connected
in series for implementation of Lcyy; in order to limit the core
losses. By use of (20), the resulting core losses of each Vitroperm
500F core (W380) can be calculated to Pp, = 3.7 W. In order
to limit the temperature raise of the CM and boost inductors’
small fans are placed between them (see Fig. 11).

Complete schematic of the implemented EMI filter including information on the used materials.

The core W409 (also utilizing Vitroperm 500F) is used for

the second CM filter stage in conjunction with [4.7]nF Y2-rated
ceramic capacitors, which show a very small volume.
The complete schematic of the built filter including detailed
information on the materials used is given in Fig. 11. The
impedance mismatch concept described in [28] is used for
arrangement of the different filter stages. According to this
concept, the impedance of the last DM filter stage (Cpai2)
should be much smaller than the impedance of the LISN
(Rrisny,pm = 50£2), which is given for the arrangement shown
in Fig. 11. This should also be considered for the last CM
filter stage (C'cmz). However, the LISN shows a reduced CM
impedance Ry sy ,cm = 16.7 {2 and, in addition, the impedance
reduction of the last CM filter stage is limited by equipment
safety regulation (Ccyio2). An additional CM inductor (Lcys)
is, therefore, needed to fulfil the impedance mismatch constraint.
This CM inductor uses a ferrite core, which is clamped to the
power cable. The CM inductors are placed in series to the DM
inductors because the stray inductance of the CM inductors then
can be used advantageously to increase the DM attenuation.

The constructed EMI filter prototype is shown in Fig. 12(a)
together with a picture of the 10 kW laboratory prototype of
the rectifier [see Fig. 12(b)]. The overall dimensions of the EMI
filter board are 124.5 mmx 110 mmx 33 mm, which results in
a power density of 22.1 kW/dm?® for the EMI filter. The over-
all rectifier system with the dimensions 195 mmx 110 mmx
33 mm shows a power density of 14.1 kW/dm?®.

The components used in the 10 kW prototype system are
listed in Table II. All semiconductors employ the TO220 pack-
age. Because of the applied switching frequency of 1 MHz,
the system losses are dominated by switching losses. In order
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TABLE II
COMPONENTS USED IN THE LABORATORY PROTOTYPE SYSTEM

Switches CooIMOS

Six IPP60R099CP, Vprr = 650V
Free wheeling diodes SiC Schottky diode

Dir x IDT10S60C, Viry = 600V
Mains diodes Si rectifier diode

Din 10ETS08, Vrr = 800V
Start-up thyristors Thyristor

Thy; TYNS825, Vgr = 800V

Boost induct
©ost incuctors 20 pH, Micrometals -8

Lboost
Output capacitors Partly implemented by ceramic capacitors
Cop, Con 92 /.LF
94 21
i H‘—I——.ﬂ
92 ‘\ / Efficiency'| 18
L 9% ’/ 15
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Fig. 13. Measured efficiency and input current quality of the constructed

10 kW rectifier system.

to limit the semiconductor power losses, the CoolMOS device
IPP60RO99CP in combination with the SiC diode IDT10S60
is used. The SiC diode shows no reverse recovery current [,
but a displacement current is charging the voltage dependent
junction capacitance C; p of the diode. The switching speed
of the CoolMOS switches additionally is limited because of a
strong voltage and current ringing caused by parasitic elements
of the semiconductor devices and the wiring. More details about
this limitation can be found in [29]. These effects finally yield
to high-switching losses and, hence, only a moderate efficiency
slightly below 94% can be achieved (see Fig. 13). On the other
hand, the rectifier system still shows a very good input current
quality (THDI < 2% at P, = 10kW). The measured THDy of
the input current quality as a function of the output power P, is
also depicted in Fig. 13.
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(b)

(a) Constructed prototype of EMI filter and (b) 10 kW laboratory prototype of the ultracompact rectifier system with a switching frequency of 1 MHz.
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Fig. 14.  (a) Measured CM output voltage component form (from M to earth)
employing the proposed CM filter concept and (b) measured voltage of CM
inductor Lcyy1,1 with and without PCB shield layer connected to M.

In order to be able to handle the high-frequency ripple current
in the output capacitors, ceramic-type capacitors are used in
conjunction with electrolytic capacitors for implementation of
Cop and Cyyy.

V. EXPERIMENTAL RESULTS

Fig. 14 (a) shows the voltage of the output midpoint M against
earth. No high-frequency CM voltage is present and only the
third-harmonic triangular signal v 13, used for increasing the
rectifier modulation range is measured. This verifies the proper
operation of the proposed CM filter concept. Deviations from the
triangular signal can be observed at the zero-crossings where the
CM chokes are able to hold the total CM voltage vcy without
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Fig. 15. Final CE measurements of the rectifier system as constructed: (a) DM emissions, (b) CM emissions and (c) total CE.
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Fig. 16. (a) Measured DM emissions if the CM filter stage arrangement violates the impedance mismatch criteria for the DM filter stage and (b) measured DM

emissions if filter satisfies the impedance mismatch criteria.

saturation and the voltage stays zero. After reaching light satu-
ration Cpp is charged and the system operates as intended.

In Fig. 15, the results of an EMI measurement according
to CISPR 11 (frequency range 150 kHz—30 MHz) are shown
together with the limits of CISPR 11 class A. A three-phase
DM/CM noise separator was applied to measure the DM and
CM noises separately [30]. As expected, the main peaks in the
spectra occur at f; and 2f, and are well below the limit. The
peak at 5 MHz results from a shielding layer in the printed
circuit board (PCB) and will be discussed later. The peak in the
DM spectrum at 400 kHz has its source in the auxiliary power
supply and the peak of the CM emissions at 200 kHz is caused
by the auxiliary supplies of the gate drives.

Next, the influence of the arrangement of the first DM and
CM filter stages (impedance mismatch) is examined. The DM
filter capacitors Cpyro are moved behind the CM choke Lo
[see Fig. 16(a)] for this purpose. As nothing is changed for the
CM path the three Y2-capacitors (4.7 nF) now constitute an
additional DM filter stage with the leakage inductance of the
CM choke. Unfortunately, the impedance of the Y2-capacitors
|Zc cm2li muz = 1/wCenma = 33.82 is in the same range as
the DM impedance of the LISN (Rpisx,pym = 50 €2) and does
not fulfil the impedance mismatch criteria. This results in 10
dB higher noise level compared to an implementation satisfying
the impedance mismatch criteria [see Fig. 16(b)]. Therefore, the
arrangement of filter stages must be handled with care in order
to achieve the desired attenuation.

A. Parasitic Coupling

In a practical filter implementation, parasitic magnetic and
capacitive couplings between filter elements exist. Since the
impact of capacitive coupling is more pronounced at the higher
frequencies, one has to be aware that inductive couplings can
also cause problems in the frequency range of several kilohertz.
Because of these two effects, parasitic coupling between the
different filter stages of the multistage filter and also between
the three phases occur, which typically degrade the actual filter
performance. There has been some research going on in this
area and some interesting results can be found in [33]-[35].
The influence of parasitic couplings of the EMI filter at hand is
subject for further research but, some effects will be discussed
shortly in the the following. It has to be stated here that typical
filter elements (capacitors and magnetic materials used for con-
struction of the inductors) usually show component variations
of 10% and more and that these component variations might
show a higher sensitivity on filter performance than parasitic
couplings if a proper PCB layout is done. Parasitic capacitances
between traces in the PCB layout are typically in the range of
some 10 pF and, hence, may show a more pronounced influence
than coupling through air. Also, relatively large magnetic cou-
pling loops may be generated by the traces on the PCB. This
highlights that a proper PCB layout is very important to achieve
the desired filter performance.

Fig. 17 shows the arrangement of the EMI filter stages. The
specific inductors are mounted on the top side of the PCB and the
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Fig. 17.  Arrangement of the EMI filter and inductive coupling caused by the
leakage of DM-inductor Ly -

SMD-type ceramic capacitors are soldered on the bottom side
of the PCB. The standard toroid winding configuration of the
DM inductors presents a large loop area (equivalent to a single
turn), which creates a leakage flux (shown for Lpy; in Fig. 17).
As shown in [33], the magnetic coupling between the stray field
of the inductors and filter capacitors could significantly degrade
the filter performance for frequencies beyond a few megahertz
if foil capacitors are used. At the realization at hand, ceramic
capacitors are used for filter implementation, which show a
much smaller coupling area than foil capacitors. No pronounced
filter degradation caused by this parasitic magnetic coupling is,
therefore, expected but this is subject for further research.

As can be seen in Fig. 12(a), the DM inductors Cpy;; and
Cpw2 are arranged face to face. The implemented winding con-
figuration of these inductors presents a large loop area, which
presents a large magnetic coupling to other components. Due
to the magnetic coupling of Lpyr; and Lpyge, the attenuation
of the DM filter stage is reduced. This coupling could be mini-
mized by a proper arrangement of the DM inductors but this is
not an option for the implementation at hand because of the ob-
jective of a very high-power density. Another possibility would
be to reduce the coupling area of the DM inductors by a winding
technique shown in [28]. This winding technique is, however,
more expensive and difficult to perform due to the small core
geometries in conjunction with the relative large diameter of
the solid copper wire (d = 1.8 mm). Instead, a magnetic shield
board (0.1-mm-thick Mu-metal foil glued on a PCB with solid
copper layer) is inserted between the two stages to reduce the
coupling [see Fig. 12(a)]. In Fig. 18, the measured transfer func-
tion Gpy (jw) of the filter with and without the shield board is
plotted. However, for frequencies below 800 kHz no difference
occurs, an improvement of ~ 10 dB can be measured for fre-
quencies above 1 MHz. It has to be stated here that the dynamic
range of the used network analyzer Bode100 [31] is 100 dB and
that the measurement results are, therefore, limited to this value.

In the following, the question if a solid copper layer in the
PCB covering the whole power and EMI arrangement as shown
in Fig. 19(a) could act as an advantageous shielding layer is
discussed. The intention is to connect this copper layer to M in
order to catch high-frequency noise currents similar to the pro-
posed CM filter concept. This shield layer, unfortunately, also
introduces a (capacitive) coupling path from the interconnec-
tions of the three CM chokes forming Loy to M (see Fig. 11).
Due to these capacitive couplings, a uniform voltage distribu-
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Fig. 19. (a) Arrangement of the unfavorable solid copper shield layer in the
printed circuit board and (b) measured CM emissions if this shield layer is
applied. The CM filter is short circuited by the shielding layer for frequencies
above 5 MHz.

tion between the three CM chokes is inhibited. According to
the measurement given in Fig. 14(b), a phase shift of the volt-
age vy (after the first CM inductor Lc,1) drives this inductor
into saturation (vcnq,1 with shield). However, if the shielding
layer is not connected to M, then a uniform voltage distribution
occurs, which can be verified by the measured voltage (vcwm1,1
without shield) whose amplitude corresponds to ven /3.

If the shielding layer is left open, then another effect can
be observed: the copper layer covers the whole EMI filter and
causes a capacitive coupling, which forms a low-impedance
path bypassing the EMI filter at higher frequencies. An EMI
measurement considering solely CM emissions with a copper
layer beneath the whole EMI filter is given in Fig. 19(b) and
verifies increased emissions. This copper layer was cut after the
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CM inductors Ly for the final construction but the remaining
part still caused a noise peak at 5 MHz in Fig. 15. Hence,
shielding layers have to be handled with special care in order
not to degrade the filter performance.

VI. CONCLUSION

This paper presented the design of an EMI filter for an ul-
tracompact 10 kW three-phase/level PWM rectifier. Filter re-
quirements have been derived using computer simulations. A
specific CM filter strategy has been proposed, where the output
of the rectifier shows no high-frequency CM voltage. The per-
formance of the novel filter concept has been analyzed and the
CM inductor Ly turned out to be the key element for a suc-
cessful implementation. An extended CM model of the rectifier
system has been derived for a better understanding of CM be-
havior, which also demonstrated the occurrence of “MM emis-
sions.” A 10 kW laboratory prototype with a power density of
14.1 kW/dm? and a switching frequency of 1 MHz have been
built. The performance of the designed EMI filter has been ver-
ified by measurements taken from this prototype. Modifications
on several filter parts have shown that a careful component se-
lection as well as a proper arrangement and layout is essential
for achieving a satisfactory EMI filter performance.
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