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Abstract: The EMC input filter design for a three-phase pulse width modulated (PWM) rectifier is usually
separated into the design of the differential mode (DM) and common mode (CM) stages. While for the DM
filter design rules and procedures are well known and easier to predict, the CM filter design is often based on
trial-and-error methods and/or on the experience of the designer. In the present study, a comprehensive
design procedure for a CM EMC input filter is performed for a three-phase three-switch buck-type PWM
rectifier. A model of the CM noise propagation is developed and the relevant parasitic impedances are
identified. A capacitive connection from the star-point of the DM input filter to the capacitive centre point of
the rectifier output voltage is proposed and the effect of this measure-concerning CM is verified. Finally, a
two-stage CM filter is designed and compliance to the conducted emission (CE) requirements of CISPR 22

Class B is verified through measurements on a 5 kW prototype.

1 Introduction

Three-phase pulse width modulated (PWM) rectifiers are
frequently employed in utility interfaced systems. They are
technically attractive for presenting smaller dimensions,
lower cost, high efficiency and improved electrical
performance when compared to other solutions [1]. On the
other hand, PWM converters are, in general, less robust
and generate high-frequency harmonic contents. The three-
phase buck-type PWM rectifier (cf. Fig. 1) has been
presented in the literature [2] and is well suited for utility
interfaced systems, where the rectified output voltage is
required to be lower than the input voltages and the input
currents are required to be of high quality [3-5]. The
integration of a boost-type output stage as in [6—8] allows
for higher output voltages employing the same input stage.
This type of system finds its application in
telecommunication energy systems or as front-end for
various applications such as plasma power supplies, process
technology and others.

Owing to the discontinuous input currents of this system
[2], at least a single-stage LC differential mode (DM)
input filter is required, however, for full compliance to
EMC standards [9, 10] the conducted DM and common
mode (CM) conducted emissions (CE) propagating to the
mains have to be sufficiently attenuated. For this reason,
EMC input filters must be employed with this rectifier.
Since the DM filter mainly defines the power density, the
low-load power factor and the dynamics of the system, it is
advantageous to design this filter stage in a first step, by
employing either a numerical calculation procedure or using
a CM /DM separator as presented in [11]. For the rectifier
employed here, the DM filter stage designed in [5] is used
and a photograph of the built prototype is depicted in
Fig. 2. Furthermore, the DM filter components influence
the behaviour of common mode current propagation and
are, therefore required for a proper CM modelling procedure.

The circulation of high-frequency currents between the
power lines and the protective earth conductors, named
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Figure 1 Structure of the power circuit of a three-phase three-
switch buck PWM rectifier designed for the realisation of the
input stage of a 5 kW telecommunications power supply
module switching at f, = 28 kHz

For clarity, only the DM filter components, which are relevant for
the CM filter design (Lpm,; and Cy ;) are shown, where Lpy; is the
sum of all DM filter inductances of a phase

CM currents, lead to potential electromagnetic interference
(EMI), since this noise mode is typically responsible for
the larger portion of radiated emissions. Input CM filters
act on reducing these currents, thus, decreasing the
possibility of EMI. These filters are employed for two main
reasons: (i) preventing emissions from the considered
converter to interfere with neighbouring equipments, and
(ii) on the other way around, avoiding the disturbance of
the converter by sources of electromagnetic noise in the
surrounding environment [9, 10]. Nevertheless, these filters
have their design driven mainly by international EMC
standards, which put limits to the amount of emissions that
an equipment can emit. Another similarity to DM filters is
that these filters typically occupy a significant amount of
space in a power converter.

Figure 2 Three-phase buck-type PWM rectifier 5 kW
hardware prototype including the CM filter, the DM filter,
auxiliary power supply and the DSP control board
(160 x 240 x 120 mm)

Differently from DM filters, the CM filters employ
relatively high inductances and low capacitance values.
High inductances can be used because of the characteristics
of CM chokes, which employ high permeability materials,
thus achieving high impedances with limited amount of
magnetic material. The small capacitances employed in a
CM filter come from restrictions because of safety
regulations, which limit the amount of current that can
flow in such capacitors. Even though the objectives are
similar, the design of CM filters is a quite distinct task
when compared to the design of DM ones.

The CM filter design is often based on trial-and-error
methods and/or on the experience of the designer because
of the inherently difficult prediction of the CM noise source
characteristics in a complex power electronics systems
[9, 12-14]. Models for CM prediction have been proposed
for boost-type rectifiers [15-17], where efforts are put on
the numerical or mathematical modelling of the noise paths
and sources. However, if a prototype of the system is
available, which can be used for the EMC evaluation,
models based on hardware measurements can be derived.

The proper identification of the noise spectra allows, along
with the determination of relevant noise paths, for the early
determination of filtering requirements and possibilities
and, thus, for an efficient filter design. For the specific case
of three-phase converters the exact analytic calculation of
such spectral contents is of high complexity [18, 19] and
sometimes varying upon operating conditions. Therefore
simplifications are typically performed. Other methods
include numerical simulation with varying degree of
complexity and direct hardware measurements.

Computer-based simulations and analytical models vary in
modelling complexity according to the applied efforts.
Simulations aiming for EMC purposes might model a
multiphysics ~ environment  involving three-dimensional
electromagnetic field solvers, heat flow dynamics, control
strategies, calculations of losses and electric circuits solvers.
These simulations are not yet common, since the
computational effort is immense. Most of today’s modelling
procedures neglect to some extent the couplings among
different physical domains. The advantages of numerical
simulations are the easiness of modifying important parameters,
reduced costs and study of the effects of each part of the circuit.
The precision of a simulation relies not only on the software,
but most importantly in the construction of the model.

The EMC modelling of power converters based on direct
hardware measurements [20-22, 12] has, over other
methods, the advantage of including all electromagnetic
and thermal effects involved in the system. The obvious
disadvantages of this type of modelling are the difficulties
of implementing modifications and the uncertainties of not
knowing exactly which mechanisms generate the observed
effects. In a last step before EMC certification this method
is, of course, employed and the engineering skills of the
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designers are required to assess the compliance of the
equipment or to realise required improvements when
necessary.

The three approaches, analytic calculation, simulation and
experiments, can be coupled together in different design
stages. The proper management and coordination of these
tasks, allied to tacit experience, leads to appropriate models
and subsequent EMC compliance. In this work, a
procedure based on the combination of simulation and
experimental results is proposed in order to model the
converter from a CM perspective. Furthermore, applying
the achieved model allows for the design of CM filters.
Such approach can be extended to other topologies, so that
CM emissions can be successfully controlled.

This paper is structured as follows. In Section 2, a CM
noise propagation model is derived, which is based on the
relevant  parasitic  impedances, identified  through
measurements and on the simulation analysis of the
generation of CM voltages in the power topology. Section 3
presents the performed CM filter design. The effect of an
HF connection of the star-point of the DM input filter
capacitors to the output of the rectifier is proposed and
analysed concerning its effect on the modelled CM noise
paths. A two-stage conventional CM input filter is
designed and the selection of filter components aiming to
achieve the required attenuation is presented. Furthermore,
the attenuation of the employed filtering elements is
analysed. Finally, the compliance to CISPR 22 Class B
limits is verified through CE measurements on a 5 kW
prototype employing the designed CM filter.

2 CM model of a three-phase
buck-type PWM rectifier system

In order to successfully design a CM filter, an equivalent CM
noise source model is required [12]. The objective of this
section is to derive a simplified equivalent CM noise
propagation model, where the relevant parasitic impedances
are identified through impedance measurements. This
model shall be valid for the frequency range, where the
main CM filter components are to be designed.

www.ietdl.org

As the CM currents circulate through parasitic distributed
capacitances, which are very complex to model as distributed
parameters, simplified lumped elements are used to model
the main current paths. This assumption reduces the
frequency range of the model.

The main propagation paths of the CM current are
modelled as shown in Fig. 3. The CM current paths are
closed through the parasitic capacitances (Cyp_gND»
Cco-gnp 2nd Cr,_gnp) between the PE terminal, the
heatsink and the elements of the power circuit. For the
CM current the three phases are lying in parallel, therefore
one-third of the DM input filter inductors value becomes
effective as depicted in Fig. 4, and one-third of the test
receiver sensing input resistance Ry gy ; is seen by the CM
current. The CM current icy; through the DM inductors
Lpy,; into the mains causes an according noise level at the
grid or LISN network in case of CE testings. Assuming,
because of Ly gy ;, at high frequencies, an ideal decoupling
of the EUT to the mains, and a perfect coupling with
the test receiver, through Cpgy; in a simplified
consideration, the equivalent high-frequency circuit Fig. 4
is obtained and only low-frequency components circulate to
the mains (icypp). The capacitance Cyp_gnp is the
lumped capacitance model for the high-frequency
connection between the power modules (Sg, Sg, Sy) and
the heatsink. It is drawn in Fig. 3 connected to the
negative rail since a higher capacitance is observed at the
anodes of the diodes.

On the DC side of the rectifier circuit, the two DC
inductances L,, = L,_ =L /2 are in parallel for CM. If
the distributed capacitances from the output capacitors to
PE are summed into a single total capacitance Cc,_gnD»
one path with the output capacitance 4C, results. The
capacitance Cc,_gnp models the influence of the parasitic
capacitive connection from the printed circuit board output
traces to the heatsink. This capacitance is placed in the
centre point of the output capacitors because of the large
plane in the PCB placed with this potential. The
distributed capacitances from the load resistor to ground
are modelled through Cp,_gnp from the load middle-point
to ground, which results in a path with R,/4.
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Figure 3 Propagation model of the common mode currents in the rectifier system used for deriving the CM noise model
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Figure 4 CM noise propagation model for the three-phase
buck-type PWM rectifier

Components values: Lpy = 270 wH; L, = 2 mH; C, = 750 wF;
Cvip-anp = 141 pF; Cro-anp = 57 PF; Ceo-anp = 283 pF

The main parasitic components of the DM filter inductors
and output inductors are modelled with the parasitic
capacitances Cp 4, and Cp,. The equivalent series inductance
of the output foil capacitors is modeled with ESL,.

The rectifier itself is modelled as a common mode voltage
source #cy that drives the potential between the star-point of
the rectifier input (lying at the star-point of the DM input
filter capacitors, which are not relevant for the CM noise
model) and the middle-point of the rectifier output.

2.1 Estimation of the model parameters

For the measurement and estimation of the relevant
capacitances (Cyp_gnps Cco-gnp 20d Cro_gnp)s @ series
of impedance measurements are performed with a precision
impedance analyser Agilent 4294A. For evaluating
Cro-gnp  @n  impedance measurement is done with
disconnected power cables, leading to a high-frequency
equivalent circuit presenting a resistor, an inductor and a
capacitor in series, from which only the capacitance value is
used in this design procedure and has a value of
Cro-gnp =57 pF. The same procedure is applied to
measure the impedance of the output capacitors and of the
output inductors. The results for these components are
displayed in Fig. 6. The DM filter inductors Lpyy; are
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Figure 5 Setup for the impedance measurements
performed in order to evaluate the CM noise paths within
the rectifier prototype
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Figure 6 Measured impedances: output inductors L,,
output capacitors C,, impedance Zy,p_gnp and Zco_gnp AS
defined in Fig. 5

modelled as a parallel connection of R=3kQ,L =
270 pH and C = 52 pF.

Since the capacitances Cyp_gnp and Coo_gnp  are
dependent on the complete converter layout, they are
indirectly estimated with two impedance measurements.
The rectifier is disconnected from the mains and the load
and the impedances Zq,_gnp 2nd Zyp_gnp are measured
according to the setup shown in Fig. 5. The results from
these measurements are presented in Fig. 6.

By considering the two equivalent circuits (cf. Fig. 5)
resulting from each impedance measurement, two
simplified equations for the two unknown parameters
Cyp—gnp and Ce,_gnp can be derived resulting in

7 ~ 1/s Gyp_gnp * ((Lo/4) +1/5 Ceo_gnp)
MPZORD 1 /5 Gyip_gnp + 6(Lo/#) + 1/5 Ceo_grp)
7 ~ 1/5Ccoonp - (5(Ly/4) +1/5 Cyip_gNp)
ComOND T 1/5 Ceo-cnp + 6(Zo/4) + 1/5 Cup_gap)

1)

)

The solution for this system of equations is not analytical and
must be found numerically. Using the measurement data
from Fig. 6 leads to Cgo_gnp =283 pF  and
Carp_cnp = 141 pF.

All the parameters of the equivalent circuit of Fig. 4 are
known. The remaining unknown variable is the CM noise
source voltage spectrum for the voltage source #cy. In
order to obtain the spectrum for the voltage source #cyy, @
simplified time domain simulation of the system is
performed for the circuit of Fig. 1. The objective of the
simulation is to measure voltages #, +,PE and #, p, so
that the CM voltage can be computed with

ucm = — > (3)

The simulated time behaviour of the CM voltage is
depicted in Fig. 7. This voltage is formed by portions of
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Figure 7 Time behaviour of the CM voltage uc,, computed
with (3)

the line-to-line voltages and has a maximum high-frequency
peak-to-peak amplitude of approximately
Ucmarpp = 3/ V/8)Ux rms- With this, the CM voltage of
the three-phase buck PWM rectifier is relatively small
when compared to the CM voltage in boost-type rectifiers.
The counterpart of that is that the DM emissions are
larger because of the discontinuous input currents.

Computing the fast Fourier transform for the CM
voltage leads to the spectrum presented in Fig. 8. The peak
RMS voltage is approximately 45V at the switching
frequency (28 kHz) and the spectrum decays by —20 dB/
decade up to 1/(wz) = 1.6 MHz, from where —40 dB/
decade follows.

In order to use the characteristics of this spectrum in a
simplified way and use the experimental data regarding
switching times, an envelope function is employed, defined
with

20E
+ 7f 6T)(1 + mft,)

gUCM (f) = (1 (4)

where, £ = Ucyprpp/2, 7, = 1/28 kHz is the switching
period, # =200 ns is the rise time estimated from
switching loss measurements and 6 = 0.23 is the duty
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Figure 8 Spectrum of the common mode voltage obtained
through the simplified circuit simulation

Also shown is the asymptotic curve for the employed envelope
function sy_ (f)

ratio, which is found from the comparison with the
computed spectrum, which is also displayed in Fig. 8.

2.2 Model verification
To verify the proposed CM propagation model, CE

measurements employing an HF current probe Pearson 410
are performed. The probe presents a nominal bandwidth of
20 MHz, measuring the sum of the input currents as in
Fig. 9. The gain of the current probe is adequately

compensated in the performed CE measurements.

The measured conducted emission levels are compared to
the estimated CE levels in Fig. 10. It is noticed that, the
critical emission points are the peaks close to 250 and
600 kHz and, once these are lowered, the emissions at the
lower boundary of the measurement band (150 kHz)
become dominant. Thus, these are the frequencies that
must be taken into account during the input CM filter
design. Furthermore, the estimated conducted emissions
envelope provides a highly correlated response when
compared to the measured CE levels up to approximately

4 MHz, thus, validating the modelling procedure.
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Figure 9 CM measurement setup: the sum of the input
currents is measured with a current probe Pearson 410 in
order to obtain only the CM levels
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Figure 10 CM emission levels at a three-lines LISN

Shown are the measured levels and the predicted ones for a QP
measurement as per CISPR 22

IET Power Electron., 2010, Vol. 3, Iss. 2, pp. 209-218
doi: 10.1049/iet-pel.2008.0342

213
© The Institution of Engineering and Technology 2010



www.ietdl.org

3 Common mode EMC input
filter design

The main purpose of the CM input filter is to hinder the
common mode current propagation to the mains by
providing a high impedance in the direction to the mains
and/or by providing paths with low impedance around the
rectifier elements, which are responsible for the generation
of CM voltages so that CM noise current is circulated back
internally.

3.1 Effects of a capacitive connection
from the input star-point to the output
centre-point

In order to reduce CM emissions, a capacitance Cyp (cf.
Fig. 11) is placed between the star-point of the DM input
filter capacitors and the centre point of the output
capacitors, allowing the HF common mode current to
return, in some extent, to its source. The influence of this
capacitive connection in the equivalent CM circuit of
Fig. 11 is observed in Fig. 12, which also shows the
original CM CE attenuation curve. It is seen that the
strong resonance, originally at approximately 250 kHz can
be shifted to lower frequencies. Thus, applying this
connections leads to a lower filtering effort.

In the case at hand, Cy;p = 20 nF was selected in order to
shift the resonance at 250 kHz (cf. Fig. 13) to a frequency

Lpu/3

”\.r.r-.'.a.s'l % Cup.ono Cro-Gyp T CeoGrp =|=
-

Figure 11 Capacitive connection from output to input
creates an alternative path for the CM currents, while not
increasing earth leakage currents

Original attenuation

'
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Figure 12 Influence of different capacitance values of Cy,p
to the CM attenuation curves given by Upjeas(jw)/Ucmljw)
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Figure 13 Effect of the capacitive connection (Cy;p) from
the star-point of the DM input filter capacitors to the
rectifier output with Cy;p = 20 nF

The sum of the input currents is measured as in Fig. 9 to obtain
only the CM signal. As the current measurement bandwidth is
20 MHz, the measurement is constrained to 10 MHz. Shown are
the CE measurement without the inclusion of any CM filtering
elements and after the inclusion of the capacitive connection
with Cwvip

below 150 kHz. In practice two capacitors Cyp/2 = 10 nF
have been connected to the positive and negative output
capacitor terminals. The effect of this connection is shown
in Fig. 13 by CM-conducted emission measurements
employing the same setup as in Fig. 9.

3.2 Two-stage CM filter design

For guaranteeing compliance to Class B limits, Fig. 13 shows
that the attenuation with a CM filter must be higher than
—50dB around 600 kHz and higher than —26dB at
150 kHz. Additional margin of 6 dB is considered as
suggested in CISPR 11. In order to reduce the total size of
the CM filter, the attenuation is distributed to two filter
stages [23] as presented in the following.

The total capacitance Ceppora = Com1 + Comp between
any of the input phases and PE is restrained by the maximum
allowable earth leakage IgNp oy Current because of IT safety
regulations. The tests are performed usually with 110% of the
input RMS voltage Uy, and the leakage current [24]
should be typically limited to IgNp ms < 3.5 mA, even for
the case where one of the phases is lost.

With the leakage current given by
IGND,rms =11 UN,rms -2m-50Hz - CCM,total ®)
a maximum total CM capacitance per phase of
CoMtora = 44 nF is reached. Providing a margin and
guaranteeing small footprints for the capacitors, the values

of Cepp1 = Copp = 4.7 nF are selected resulting in a total
CM capacitance of 9.4 nF per phase. With two of the filter
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elements selected, the next step is the determination of the
inductors.

As the designed filter is built with two LC stages (cf. Fig. 15),
a high slope in the attenuation is achieved. Owing to this new
circuit configuration, the resonance peak at 600 kHz is
changed. Thus, if the filter components are selected to fulfill
the attenuation requirement at 150 kHz (—32 dB), the slope
provided by the multistage filter attenuation provides a high
attenuation at 600 kHz. For this reason, the CM filter is
designed for the requirement at 150 kHz.

As the CM voltage is relatively small, the CM inductor can
be built with small cores. Applying a smaller Ly ; and larger
Ly, leads to a large CM impedance at the mains side. This
has the advantage of reducing the influence of the mains in
the filtering performance. The total required attenuation
Attcyireq at 150kHz is  divided into two parts,
Attcyy = —10 dB and Az, = —22 dB. With  these
values, the required impedances for the inductors Lcy 4
and Ly, are computed for the two critical cases as

ZLCM,l,req =210 9@150 kHz (6)

Z1 cMayreq = 820 Q@150 kHz (7)
With this, the filter inductors are built as specified in Table 1,
which also presents the specifications for the capacitors in the
CM filter. Passive damping through resistors is not added
because of the predominantly resistive high frequency
behaviour of the inductors (cf. Fig. 14) built with core
material VITROPERM 500F [25]. These inductors
exhibit good impedance stability for high temperatures and
high power density.

The effect of the addition of the filtering components to
the single-phase equivalent circuit of the final filter
structure as shown in Fig. 15 can be observed in Fig. 16
through the plots of the transfer function Upypas(jw)/
Ucp(jw) for the different circuit configurations. The final
filter configuration is able to provide the required
attenuation in the complete frequency range and the peak
at 600 kHz no longer exists. Employing the attenuation
curves of Fig. 16 and applying SUcyt (f), the final CE levels
are estimated in Fig. 17.
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Table 1 CM filter components

Component Specification

Cem,1r Com 2 Y1 Capacitor, Epcos MKP B81123

4.7 nF—250 Vac

Cwvip Y1 Capacitor, Epcos MKP B81123
2 x 10 nF-250 Vac
Lemn Vaccuumschmelze VAC VITROPERM 500F
W409
N =3 x 4 turns, AWG 16
Lem,2 Vaccuumschmelze VAC VITROPERM 500F

W380

N =3 x 7 turns, AWG 16

LR ot HEIE O 5

i895.7 €2/44.06 MHz
e I : b
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]00 ms? - TE
180° ~10.3°/44.06 MHz
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foed

| : ; .

| arg(Zrey,) u

_1805 ) [
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Figure 14 Impedance measurement for the inductor Ley 4

A well-damped high-frequency behaviour and a high self
resonance frequency (~44 MHz) can be observed. The
impedance at 150 kHz is measured as 240 ()

3.3 Experimental verification

The final circuit schematic for the rectifier system including
the CM filtering components is shown in Fig. 15.
As the DM filter design has been previously proven in [5],
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Common Mode Filtering Elements

Figure 15 Final circuit structure for the three-phase PWM rectifier system including the designed CM input filter
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Figure 16 Attenuation plots

Shown are the different attenuation curves of the transfer
function Umeas(jw)/Ucmljw) for different filter configurations,
clarifying the effects of the insertion of each filtering components
to the CM attenuation
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Figure 17 Estimated CM conducted emission levels for
different circuit configurations and employing the CM
voltage envelope sy, (f)

FEW 9 kiz

12.0ct 04 22:27 Mr 200 ms
Att 20 @ PREAMP OFF
aspv|-B0 [ lm T T ] ] 10 Miz
70 T T T 3! oo
100 Class A
CLEWR, I

sol < | | || ClassB

Measured CM+DM |/

A

et | 'y

f ()

e Tl

30 I ailli..
Predicted CM

20

Noise "floor”
104

0
150 kbz

20 MHz

Figure 18 Conducted emissions measurement according to
CISPR 22 of the rectifier (Uy,_;rms = 400V, U, = 400V,
P, =5 kW) including the proposed CM filter and the
DM filter

This measurements were performed at the output terminals from
a LISN (not with a current transducer)

the final experiments have been performed by measuring the
total noise as required in CISPR 16. Fig. 18 shows the final
result of the CE measurement performed with a four-lines
50 Q/50 wH LISN according to CISPR 16 [26]. The
measurement is done in order to test the compliance of the
rectifier and includes both CM and DM emissions from
the 5 kW hardware prototype. Obviously, the CM noise
emissions are sufficiently attenuated, and Class A is
fulfilled in the frequency range 150 kHz-20 MHz. For
fulfilling Class B the emission levels that increase around
10 MHz would have to be properly attenuated. This can be
achieved through shielding of the EMC input filter and of
the rectifier unit. Owing to the superposition of the CM
and DM emissions the predicted curve lies slightly below
the observed peaks. Furthermore, the measurement noise-
floor prevents from observing the behaviour beyond
400 kHz. Nevertheless, the dimensioning of the CM filter
is validated.

4 Conclusions

A model for the CM propagation in a three-phase buck-type
PWM rectifier has been presented. This model is
based in very simple simulations, from where CM and DM
noise sources are derived. The propagation paths are
modelled with the employment of equivalent impedance
circuits, which are obtained from direct measurements
performed in the individual components and in the power
converter in order to define parasitic impedances. This
model has been compared with conducted emission
measurements performed with a 5 kW prototype, from
where it is observed a very good correlation up to a

frequency of 4 MHz.

The design of a CM filter for a three-phase PWM rectifier
is performed based on a CM noise propagation model, which
is parameterised by simple impedance measurements on an
existing converter prototype. The proposed model, along
with a previous CE EMC measurement, allows a
sufficiently accurate prediction of the required CM filter
attenuation and a straight-forward design. With this, no
complex modelling of the noise paths is required.

A capacitive connection between the star-point of the DM
input filter capacitors and the output capacitor has been
analysed and additionally contributes to the attenuation of
the CM noise through the modification of the noise
propagation. The relevant points for a successful CM filter
design have been discussed. For the case at hand, the
reduction of the CM emissions from 150 to 600 kHz has
been identified as the most relevant range. The selection of
the filtering components is presented and their main
characteristics are explained.

Finally, measurements on a hardware prototype verify the
theoretical considerations and the successful CM filter

design.
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