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Abstract - A design procedure is proposed for
the electromagnetic compatibility (EMC) filters
to be included in a three-phase/-level PWM rec-
tifier unit in order to fulfill EMC requirements
related to conducted emissions. An analytical
volumetric optimization is performed considering
constraints given by electrical safety, power factor
and damping of resonances. The procedure avoids
the necessity of applying numerical optimization
allowing the analytical calculation of the total fil-
ter volume as function of rated power and switch-
ing frequency. The experimental verification of
the proposed procedure is presented through con-
ducted emissions (CE) measurements in the de-
signed system.

Keywords - Three-phase filters, line filters,
three-phase rectifier, conducted emissions.

I. INTRODUCTION

The demands for higher system compactness have
moved Power Electronics research toward the limits of
available circuit topologies, materials, components, mod-
ulation schemes and control strategies [1,2]. Increas-
ing switching frequencies, newly developed materials and
high performance cooling systems have allowed the minia-
turization of the power converters, which consequently
present electromagnetic field spectra of higher frequen-
cies confined to smaller spaces [2—4], where one compo-
nent notably influences the other if attention is not put
on their physical disposition. As electromagnetic compat-
ibility (EMC) must obviously be guaranteed inside the
system and within its environment [5], electromagnetic
emissions control strategies should be employed. For the
reduction of conducted emissions (CE), filters have been
designed and applied as an interface between the electri-
cal power grid and the power electronics converters. For
high performance three-phase rectifier systems, these in-
put filters are typically designed based on passive compo-
nents, inductors and capacitors along with resistors pro-
viding passive damping [6,7]. These passive filters are
responsible for a significant part of the power system’s
volume and many efforts have been made in order to im-
prove the performance of filter components and to develop

Manuscript received on 15/12/2008. Revised on 26/04/2009.
Accepted by recommendation of the Editor Fernando L. M. An-
tunes..

Eletrénica de Poténcia, vol. 14, no. 2, Maio de 2009

filter topologies allowing for volume, size and costs reduc-
tion. There, multi-stage LC filters lead to more compact
filters and sometimes cheaper than single-stage ones [8].

To contribute on this subject a design procedure is pro-
posed, which allows for efficient designing compact EMC
input filters for a three-phase/-level PWM rectifier, which
is employed as a power factor correction (PFC) front-end
converter in telecommunication power supplies. The con-
verter power circuits are shown in Figure 1 [9,10], where
the thyristors have the function to provide the pre-charge
of the dc-link capacitors. This rectifier has an output
power of 10 kW, power density of 8 kW/dm?, switching
frequency f, = 400 kHz, output voltage U, = 760 V, in-
put voltage Un1 = 230 V and is forced air-cooled. The
EMC filter is designed to fulfill EMC requirements, where
an attenuation specification, based on the estimated CE
levels of the rectifier, is calculated. Furthermore, the fil-
ters are designed taking into account the limits for CE
specified for Class B information technology (IT) equip-
ments as in CISPR 22. The aim is that the designed filters
are of minimum volume, present the required attenuation
characteristics for the frequency range of interest and in-
clude passive damping networks, leading to reasonable
efforts for the control design.

The proposed procedure has its emphasis on the min-
imization of the total filter volume through analytical
considerations, avoiding the necessity of numerical op-
timization calculations [11,12]. The design of the filters
is then split into two tasks, common mode (CM) and dif-
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Fig. 1. Circuit schematic of a three-phase, six-switch,
three-level rectifier topology used to implement a 10 kW
PWM rectifier.
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ferential mode (DM) filter designs. These tasks are per-
formed before a prototype is built, based on simplified
frequency spectra and numerical simulation results of the
rectifier and different equivalent circuits for each of the
noise modes.

Being the proposed procedure based on analytical
equations, a study about the influence of the switching
frequency and the parasitic capacitances on the total fil-
ter volume is possible. Such study is performed for the
rectifier under consideration. The results show the im-
pact of the EMC filter volume in the achievable power
density.

This paper is structured as follows. Section II presents
the requirements for the filter design along with design
assumptions and the input data, namely the frequency
spectra of interest and the characteristics of the boost
inductors.The DM filter design procedure is presented in
Section III, where the assumptions used in the design and
the detailed choice of components are given. The defini-
tion of the CM filter design is shown in Section IV, with
emphasis in the selection of materials and components.
Section V illustrates the experimental results achieved
for the three-phase rectifier by presenting the final filter
structure and CE measurements according to CISPR 22.
Finally, conclusions are presented, showing the necessity
of further improving CE DM filtering techniques, since
power densities of 50 kW /dm? are to be expected in the
next years [2] bringing even tougher demands for input
filters.

II. EQUIVALENT CIRCUITS AND REQUIREMENTS

The design procedure starts by defining equivalent cir-
cuits used to evaluate CM and DM noise sources and
to design appropriate filtering circuits. As the prime
objective of the filtering circuits is to reduce emissions
at frequencies typically lower than 1 MHz, the defini-
tion of very accurate models is not mandatory as long
as safe margins are respected. This is because including
higher order parasitics, such as magnetic and capacitive
couplings among components and printed circuit board
(PCB) impedances, strongly increases the modeling effort
and does not present relevant effect the circuits at such
frequencies. The uncertainties in obtaining very precise
simulation models, which include most of the parasitic ef-
fects observed in a prototype, also supports this practice.
These parasitic impedances are critical for the filter lay-
out and components construction, but are not essential
for the input filter design. For these reasons, the circuits
presented in Figure 2 are employed in this work, where
the voltages uc s, upas, the inductors Ly,es: and the ca-
pacitance C; models the power converter CM and DM
noise source circuits.

Capacitance Cj is a lumped representation of all stray
capacitances from the power circuit and load to the pro-
tective earth (PE). Not considering load and assuming
that the heatsink is bonded to PE, C, represents mainly
the capacitances from the semiconductors to the heatsink.
Typically, impedance Cy is distributed and presents re-
sistive and inductive portions. Thus, one capacitor at the
output of the rectifier represents worst-case except from
strong resonances, which are possible at higher frequen-
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Fig. 2. Standard test setup for conducted emission and
simplified equivalent circuits for differential mode. The
employed DM and CM filter topologies are also shown.
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cies. The maximum value calculated for the capacitance
values from the power semiconductors is around 300 pF,
typical capacitances from test loads are in the range 200
pF to 2 nF. The value used for the design is Cy = 2 nF.
Higher capacitances between load and PE are not specif-
ically considered, since a CM choke can be used at the
DC-link terminals limiting the influence of any DC load.
Inductors Lpeost model the input inductors of the rectifier,
which influence CM and DM current paths. Impedance
measurements of the built inductors show an inductance
of approximately 30 uH and a self-resonance frequency
around 8.5 MHz.

The design of the filters is performed in the frequency
domain, since the required attenuation is defined in terms
of frequency and suitable impedance models for the filter-
ing components are at hand for this domain. Therefore,
the estimation of frequency spectra for DM and CM volt-
ages and/or currents is required. A simple simulation
with ideal devices presenting rise and fall times close to
zero and without the inclusion of parasitic elements is
able to provide spectra which are conservative, except at
the frequencies close to the characteristic frequencies re-
lated to the rise and fall times due to over-voltages and
oscillations. Another point which can be neglected in this
simulation is the inclusion of the line impedance stabiliza-
tion network (LISN) circuits, once the voltage spectra do
not sensibly change. At last, the circuit is considered to
be perfectly balanced. The simulation circuit can be as in
Figure 1 except that the EMC filter is removed and the
switches are replaced by ideal ones. For the considered
power converter, the boost inductors are included in the
simulation as ideal inductors, but are also seen as part
of the input filters. The spectrum of the input currents
change with the inclusion of the other filter components
and, for that reason, the input currents spectra are not
used for the design of the filters.

For the CM design the relevant spectrum is of the volt-
age between the DC-link mid-point M P and the termi-
nals Ay, By and C (cf. Figure 1) with the CM voltage
ucp given by

Eletronica de Poténcia, vol. 14, no. 2, Maio de 2009



300
200

100

Voltage [V]
o

—-100

—200
—300

0 2 4 6 8 10 12 14 16
Time [ms]

—~
&

600
400

200

Voltage [V]
=)

—200

—400
—600

G

Time [ms]

200 =

] Lob s

150

{
1
{

5 a
|
109 dB

100 [~

T
11!
|

CISPR Class A
LT TT |

50 CISPR Class B

|

Eemissions [dBuV]
1B

0.15 1 10 30
©) Frequency [MHz]

Fig. 3. Waveforms and spectra from the rectifiers’ simulation
results: (a) Time behavior of the CM voltage ucas; (b) Time
behavior of one of the DM voltages upar; (¢) Conducted
emissions predicted spectra for both voltages for the worst
case QP detection (linear sum of the harmonic inside the

resolution bandwidth [13]).

. UAl + up1 +uct
UcpM —uUpmp — 3 . (1)

Considering symmetrical spectra for the three phases,
the DM filter spectrum of interest is one of the DM volt-
ages at terminals Ay, B; and C;. The DM voltage ups
is taken for phase A as

u —gu —lu —lu (2)
DM = 3 UAL = 3 UBL 3 UCL

These spectra are compared to the limits at the fre-
quency of interest f;; which is 150 kHz for switching fre-
quencies lower than 150 kHz or the switching frequency
itself for higher frequencies. The 150 kHz frequency is the
lower frequency of interest for CE measurement according
to CISPR 22 [14]. This leads to the required attenuation,
Attreq, at the frequency of interest

Ucnypm (fit)

Attreq(fan) = 20-log {

The simulation results are presented in Figure 3 for
nominal conditions, which, as required by the CE test
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specifications [14], is the worst-case emission condition
since the fastest rise and fall times are observed for volt-
ages and currents. Figure 3(a) shows the time behavior
of ucypr, which is composed of voltage steps with a value
of U, /6 and presents a strong third harmonic component
with respect to the mains frequency. The differential volt-
age upys is plotted in Figure 3(b) and is responsible for
the sinusoidal shaping of the input currents with voltage
steps of U, /6 and U,/3.

The design must also take into account the specified CE
measurement, which in this case is done with two types of
detector, the quasi-peak (QP) and average (AVG), pre-
senting both non-linear behavior. For this work, only
the QP detector is considered and its behavior is mod-
eled as proposed in [13], by linearizing it. Accordingly,
the voltage spectra shown in Figure 3(c) account for a
maximum value for the QP measurement, which leads
to slightly over dimensioned filters, but as uncertainties,
such as components tolerances, are present this is seen as
acceptable. It is observed that, at fs = 400 kHz, both
spectra present the worst condition for the filter design
task and attenuations of:

Attyeq.onr = —121 dB @ f, = 400 kHz @
Attyeg prr = —115 dB @ f, = 400 kHz

are required in order to fulfill CISPR 22 Class B require-
ments with a 6 dB margin.

IT1I. DM FILTER DESIGN

The DM filter design is based on the simplified mod-
els presented in section II, where equivalent circuits are
defined and used to evaluate CM and DM noise sources.
The filter topology used for the DM design is shown as
a single-phase equivalent in Figure 2. Three-stages are
chosen based on power levels and attenuation require-
ments [8].

The inclusion of the filter generates a displacement
in the input currents. Assuming that the rectifier
presents resistive behavior and that the inductors are low
impedances at the line frequency, at light load the capac-
itive currents drained by the capacitors generate leading
currents in the mains and a limit for the displacement
angle constrains the maximum capacitance value. In this
work, the maximum input current displacement angle is
set to @i, max = 5° for an output power of 10%, equiv-
alent to a power factor higher than 0.995, leading to a
maximum capacitance of C.x = 5.3 uF.

On the other hand, capacitors Cpys,; limit the volt-
age ripple at the input of the converter and a minimum
amount of capacitance is required in order to maintain a
voltage source characteristic and, thus, the proper opera-
tion of the PWM converter. For this reason, the allowable
voltage ripple at the input of the power converter is lim-
ited to AUnN1,max < 5% of the peak rated phase voltage.
The input capacitors Cpys,1 can be calculated with the
approximation,

AINI max
C = : )
Pt 8- fs . AL[Nl,max

where AIni max is the maximum current ripple in the
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Fig. 4. Properties of core materials for DM inductors: (a) Magnitude of the complex permeability versus frequency; (b) Per
unit change in permeability in dependency of the DC bias; (¢) Volumetric losses in dependency of frequency for a peak flux
density of 50 mT.

boost inductors. Assuming, AIn1 max = 0.25(v/2-In1) =
5.3 A, AUN1max = 0.02(v/2-Un1) = 6.5 V, and f,
400 kHz, the minimum value for the input capacitors
Cpa,1 = 260 nF.

Minimum inductance for the boost inductors is re-
quired for the normal operation of the rectifier. For
this design the allowable switching frequency ripple is
iboost,max = 25 % of the peak input current In1 peqr- High
frequency losses can not be neglected and the design aims
in minimizing overall losses. Optimization has been per-
formed in [15], howver it is not within the scope of this
work. Nevertheless, the boost inductors can be designed
for

is

)

0.7-U,/2 ©)
6 - fs : A]’Nl,max

The DM currents are composed of a large component at
the mains frequency and a relatively small high frequency
ripple due to the attenuation given by the boost inductors
and capacitors Cpyy,1. For this reason, the cross sectional
area of the core A, is determined by saturation and not
by core losses. Furthermore, the high frequency losses
in the winding are also comparatively small and can be
neglected. The other parameter that defines the core is
the required winding area A,,.

The filter inductance Lpys; and rated current are re-
lated to the size of the inductor A, A,, (area product of
a core) by,

Lboost = = 23/,1,H

LDM,z’ 'INl,peak ' INl,'r‘ms = k'w : Jmax . Bpeak : Ae : Aw~ (7)

The volume of the filter inductor V7, is calculated with,

(®)

There, the parameters kqe, and aye, account for the ge-
ometry of the core (toroidal, planar, etc). Assuming that
a dimension grows proportionally with the other ones,
Qigeo 1s usually taken as 3/4.

To choose an appropriate material for the compari-
son of core materials is done in Figure 4 for different
types of iron powder materials. From the comparison,
material High Flux is chosen, with a initial permeabil-
ity of p,. = 160. Furthermore, the volumetric coefficient
for the material High Flux with u, = 160 is given by,

k= 3.95.1073. 10

Vi = kgeo - (Ae - Aw)¥oe.

m

H-AZ"
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The volume of the capacitors to be used in the filters is
approximated by a curve generated by Minimum Square
fitting of the volumes calculated for commercially avail-
able X2 type capacitors [16]. The approximation curves
along with the calculated values for discrete capacitors
also suggest a volume dependency with the stored en-
ergy. Surface mount devices are chosen, which are rated
as X2 capacitors [16], which volumetric coefficient is,
ke, xo,cer 164 - 1070 200

Assuming that the volume of the components is directly
related to their stored energy, the volumetric coefficients
for inductors k7, and capacitors ko are defined as in

Volr, = kr, - Lpai - Inn

(9)

Volo = ke, x2.cer - Coari - Usey- (10)

The minimization of the volume can then be performed
with the following procedure.

A. Analytical Volume Minimization of DM Filters

Two equations define the volume minimization prob-
lem, the attenuation at the frequency of interest fiy,
that represents the main constraint, and the filter vol-
ume, which shall be minimized.

An asymptotic approximation of the attenuation Att,
for frequencies much higher than the corner frequency, is
used,

2 3
= (2w fimf)G'Lboost'H LDM,i'H Cpm,i- (11)

i=1 i=1

1

Att(fiu)

What is left to derive is the individual values for the
components Lpys,; and Cpar,;. As seen in the Appendix,
the equal distribution on inductors and capacitors lead
to the smallest total values. Thus, only two variables are
left to minimize the volume Lpy; and Cpas. The required
attenuation Att,., equation (cf. (11)) is simplified to,

1
Attyeq

= (27" : fmt)ﬁ * Lyoost * L2DM : C%M' (12)

Requirements related to control issues must also be
considered and, in order to provide passive damping that
cause minimum losses and avoiding oscillations, RL net-
works are included in the choice of the topologies. Con-
sidering a damping network as shown in Figure 5, where
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Fig. 5. Three-phase filter stage with damping network.

the inductor Lpas,q of the damping network has the same
value as the filtering inductor L p;;, the number of induc-
tors in the first filter stage is doubled and the total volume
of the filter Volpys is given by,

Volpy =9 - (VOZLDM + VOlCDM) +3- VOlLboost' (13)
The solution for a minimal volume is given for,

8VolDM
0Cpm

and the final values for the components are given by,

=0, (14)

Cpm = Ina ) i/ 36 - k7 - Un:
AT fo - Un1 T fin * Lboost + Attreq - k2 - In1
(15)
[ T \/ 36 - k% - Ui
67 fan - In1 T fit * Looost + Attreq - k3 - Ing
(16)

Thus, minimal volume filters can be designed based
on the ratings of the components and the required fil-
ter attenuation assuming that parasitic elements do not
strongly influence the attenuation at the frequency of in-
terest, which is typically valid. This minimization pro-
cedure eliminates the need for a numerical optimization
procedure [11,12], thus simplifying the design of mini-
mum volume EMC filters.

B. Parallel RL Damping Design

The topology with parallel RL damping network is
shown in Figure 5. As for the previous topology, mini-
mum output impedance is required for given attenuation
and filter elements [17]. The characteristic resistance R,
and frequency f, are defined in the same way as,

Lpum
R, = 17
Cont (17)

1
> = , 18
f 2-m-vLpy-Cbom (18)

and the ratio of the inductors as,

Lpua
n = —, 19
Tour (19)
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it follows that the optimum resistance ratio Qo+ for this
topology is,

Q _ RDM,d,optimum _ 1+n 2- (1 + 7’?,) ) (4 + n)
ot R, ) (2+n) (4+3n)
(20)
so that, for optimum damping the damping resistance is,

RDM,d_Ro’1+n'\/2.(1+n)'(4+n) (21)

n (2+4+n)-(44+3n)

From this result, the maximum output impedance

|ZOUt|max iS’

:Ro.\/2~(1+n)~(2+n)’ (22)

n

‘Zout|

max

at a frequency fpeqr of,

| 24+n
fpeak = fo . 72 - (1 +Tl) (23)

C. Filter Design

The DM filter design procedure is presented in the
block diagram of Figure 6. The diagram shows that the
first tasks are to define the main filter components con-
sidering the given constraints. This is where the volu-
metric optimization takes place. The final steps are to
design the passive damping network and to deduct the
values of the leakage inductance of CM chokes from the
required inductance to design the DM inductors. As seen
in Figure 6, the maximum amount of capacitance Cj,qz
per phase is limited due to the required power factor at
light load. From (4), the required attenuation in absolute
numbers is Att,qq, = 1.778 - 107% @ f;y = f, = 400 kHz.

The rated current for the inductor is given by,

— PD _ Po
" 3.7 UNimin  3-0.96-0.8-Upny

~ 18.9A,

(24)
where 7 = 0.96 is the expected efficiency of the PWM
converter and Un1 min = 0.8 - Uy is the minimum input
voltage.

All the required values for the calculation of the com-
ponents which lead to the minimum DM filter volume
are defined and plugging them into (15) and (16) gives
Cpy =2 2.57uF and Lpys = 2.10 uH.

Results for the proposed volume minimization proce-
dure are depicted in Figure 7. It is seen the volume and
attenuation surfaces in dependency of the DM inductance
Lpy and capacitance Cpys. The surfaces take into con-
sideration a detailed model, with the following estimated
parasitic elements: equivalent series resistance (ESR), in-
ductance (ESL), losses and parallel capacitance.

It is seen from that the sum of three DM capacitors
3-Cpy = 7.71uF is larger than the total maximum
capacitance per phase Cpa.x = 5.3 uF. For this reason,
the components must be dimensioned for the largest total
capacitance per phase. Dividing the total capacitance per

Iny
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phase by three and re-calculating Lpjs for the required
attenuation, leads to,

Cpy 2 177uF and Lpy = 3.67pH,  (25)

which are employed for the implementation of the DM
filter. As the obtained value for the DM capacitance is
not commonly available, a different distribution of the
capacitors has been employed in practice. The first filter
stage has a total capacitance of 2.0 uF, while the other
two stages present 1.5 uF. The DM inductors have the
specification shown in Table I.

TABLE 1
Specifications for the DM inductors Lps,;.

Parameter Value
Core manufacturer Magnetics
Core material High Flux
Core part number 58928-A2
Magnet wire diameter 1.5 mm
Number of turns 13

IV. CM FILTER DESIGN

The first task in the CM filter design is to choose an ap-
propriate filter topology. These filters are typically built
with inductors and capacitors in a low-pass arrangement,
which can have many stages and different configurations.
Multi-stage filters have the potential to lower the total
filter size and costs. Reference [8] defines the conditions
and requirements at which each topology presents an ad-
vantage. For the case at hand, a three-stage topology is
presented in Figure 2 in its single-phase equivalent.

Equipment safety regulations [18] play an important
role, since restrain the allowable earth leakage current;
define requirements for capacitors between an input line
and PE, and; define insulation requirements for CM in-
ductors and filter construction. Earth leakage current
IpE,rms,max 1S typically limited to 3.5 mA, even for the
case where one of the phases is lost. Thus, the total
capacitance Conr,sum = 2 Com,i, where i = 1...3, be-
tween any of the input phases and the PE is bounded to
a maximum of approximately,

IPE,rms,max
1.1 - UN1,max - 27 - 50 Hz

CCM,sum < =~ 44 nF (26)

Safety also requires Y2 rated capacitors. Due to these
restrictions a series of Y2 ceramic capacitors [16] is cho-
sen, which presents a maximum capacitance of 4.7 nF
per SMD package, leading to compact construction and
low parasitics. Since other capacitances are present in
the circuit (arrestors, stray capacitances, etc) and val-
ues present tolerances, some margin is provided so that
Com,sum = 7-4.7 nF = 32.9 nF, to be divided in the
filter stages.

The most important elements of the CM filter are the
coupled CM inductors [19]. These are designed based on
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their required impedance at a given frequency because
core magnetic materials present a non-constant complex
permeability with frequency. An imaginary part p’ in-
creases the total impedance and the CM choke behaves
as a series RL connection. The proper choice of core
materials leads to compact and effective inductors, with
reduced parasitics. The main characteristics for CM re-
duction for some popular and high performance magnetic
materials are shown in Figure 8. Two types of ferrite
(N30 and T38), a nanocrystalline (VITROPERM 500F)
and an amorphous material (MAGNAPERM) are com-
pared. It is observed that the real part of the permeabil-
ity of all materials is similar in the 0.2 to 2 MHz range,
but the non-ferrite materials present higher permeabili-
ties for other frequencies. The imaginary part is lower for
the ferrites. Even core losses are higher for these ferrites.
Core losses are usually not considered when designing CM
chokes, but when high switching frequencies (400 kHz
for this design) are employed, this shall be considered.
The maximum flux density are By virrorerym = 1.2 T,
B macnapeErv = 0.6 T, while it is lower than 0.3 T for
the ferrites. This comparison shows that CM inductors
can be smaller by applying materials with high perme-
ability and saturation point. Given these reasons, VIT-
ROPERM 500 F is chosen for the CM chokes. This ma-
terial presents good thermal stability as well. Employing
core materials with higher permeability reduces the risk
of saturation, however stray inductances which are typ-
ically employed as DM inductances are reduced causing
the need to increase DM filters.

The design of the inductors is based on the following
assumptions:

e possible asymmetries, parasitic capacitances and the
effect of the tolerances are neglected;

ambient temperature equals 45°C and the maximum
temperature rise is 60°C;

a single winding layer is allowed in order to reduce
parasitics;

iterative choice of the maximum flux density Byax
and current density Jpax is performed;

discrete values determined by the limited choice of
cores and wire diameters are approximated by con-
tinuous functions.

Based on these design guidelines, a series of inductor
designs is conducted for different frequencies and current
ratings. The results are summarized in Figure 9. Fig-
ure 9 presents the used maximum current density Jmax
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inductors: (a) Real part of complex permeability; (b) Imaginary
dependency of frequency for a peak flux density of 50 mT.
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Fig. 9. Curves for core material VAC VITROPERM 500F:
(a) Dependency of an inductor’s boxed and core volume on
area product A.A,, of the used material. (b) Impedance at
150 kHz and 15 A RMS as a function of area product for two
core types namely, epoxy coated cores and cores with a
plastic enclosure. (¢) Maximum current density as a function
of the area product. (d) Maximum flux density versus
switching frequency.
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(Figure 9(a)) and flux density Bpax (Figure 9(b)) as func-
tions of the core product of areas A.A,, and switching fre-
quency fs, respectively. In Figure 9(c) the dependency of
the volume of an inductor to its product of areas A.A,,
is depicted along with the core volume. This dependency
is usually considered with a power of 3/4, but for the
analyzed case a lower factor is used leading to closer ap-
proximations. Finally, based on these considerations and
on the material’s complex permeability curves an equa-
tion for the maximum achievable CM choke impedance
Zchoke for a given product of areas and switching fre-
quency is empirically derived [20],

(fmt) o~ 102.243—2-log(IN1)+O.181-log(\f,'m-p(fim)\) log(Ac-Aw)
(27)

Equation (27) presents an R-squared value higher than
0.939 for frequencies in the range 150 kHz < f;z < 10
MHz, when compared with the calculated values. Solving
(6) for the product of areas leads to the core size and
its volume can be calculated with the help of the curves
depicted in Figure 9(d). This approach is useful in an
optimization procedure where a minimum total volume
for the filters and power converter are searched.

The value of the CM inductors among the different
filter stages can, in principle, be performed in the same
way as the DM inductors (cf. section VI). That means
that equal inductors are to be placed in all filter stages
so that the total inductance is reduced and attenuation
is maximized. Following this procedure and examining
Figure 2 leads to three CM inductors of equal value, which
impedance at the frequency of interest is required to be

Zchoke

Zchok&des =138k @ fm = 400 kHz. (28)

The attenuation equation for this circuit is extremely
long and for the sake of clarity it is omitted here. How-
ever, it can be numerically solved for finding this required
impedance employing equal filter capacitors and assum-
ing a purely resistive impedance for the equal inductors.

The CM inductor which is at the input of the rectifier
Lear,1 must withstand a higher CM voltage and for this
reason it was required a larger core for this inductor. The
CM voltage across this inductor can be computed from
the equivalent circuit shown in Figure 10. The boost
inductor typically presents an impedance that is much
lower than Lcas,1 and Leoas,i has an impedance which
is much higher than the capacitor 3Ccpr,1. For these
reasons, a simplified expression can be employed, which
only takes the capacitances into account, as in,

Cy

U 2 U, —_—
L1 cM C, + 3 Conts

(29)

Lbr)()xt Uucy
3 =

3CCM,1

ury i LCM,I I

Fig. 10. Simpli;ied circu_it for computing the aM voltage
across Low,1.
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TABLE 11
Specifications for the CM inductor Lcas,1.

Parameter Value

Core part number T6000-6-L.2020-W423

Core dimensions [mm] OD: 32.7 /ID: 17.7 / H: 12.5

Magnet wire diameter 2.0 mm
Number of turns 3x8
Impedance @ 400 kHz 1481 Q

TABLE III
CM inductors Lca,2 and Loy,s.

Parameter Value

Core part number T6000-6-L.2025-W380

Core dimensions [mm|  OD: 27.8 /ID: 13.7 / H: 12.7

Magnet wire diameter 1.8 mm

Number of turns 3xT

Number of layers 1

Impedance @ 400 kHz 1239 Q

For the case at hand, the peak voltage at the switch-
ing frequency is calculated as Ugy = 136.6 V Q f;y =
400 kHz. A total capacitance to ground is assumed to be

2 nF. Capacitance Ccpy,; is taken as a third of the maxi-
CoM,sum __

mum capacitance per phase, so that, Copr,1 = =

14.6 nF.

Thus, the expected peak CM voltage at the switch-
ing frequency is Up; = 5.94 V Q f;; = 400 kHz, which
is used for computing the flux density at the designed
inductor as well as core losses.

Using the calculated required impedance Z4.; and the
peak CM voltage U1, the design algorithm leads to the
inductor specification as shown in Table IT

As seen in Table II the achieved impedance of Lcas
is higher than Zg.;. With this, the inductance of the
other two inductors can be reduced. The CM voltage
across these inductors is very low and can be neglected.
With this, Table III shows the design data for Lcoas and

Lo s
V. EXPERIMENTAL VERIFICATION

The rectifier’s construction views are shown in Fig-
ure 11. The rectifier is designed for compactness. Thus,
trade-offs among thermal, electrical, EMC and mechan-
ical functions are required. The filter layout follows de-
sign rules to reduce interaction within filter elements and
presents a straight line forward current flow. The current
flows from the input terminals through the EMC filter,
the current sensors and boost inductors, which links it
to capacitor board. From this board the current flows
through the power module into the output capacitors. In
the tested version of this system, the input filter has been
placed in a separate printed circuit board in order to re-
duce the coupling to the power circuits.

The final filter circuit is shown in Figure 12, where
the CM filter is also integrated in the structure. Inter-
esting information is that the final boxed volume of the
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Fig. 12. Complete circuit schematic for the designed filter with the specifications of the main components.
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Fig. 13. Measured CM and DM conducted emissions.

complete filter is approximately 2.4 times larger than the
sum of all individual components, meaning that inter-
connections, forced air-cooled system and PCB account
for nearly 60% of the employed space. That leaves room
for improvements through research on inter-components
coupling reduction.

Due to thermal and digital processing restrictions, the
switching frequency needed to be reduced to fs = 200
kHz. This will be increased in a redesign of the system.

Experimental results from conducted emissions (QP)
measurements, according to CISPR 22, are shown in Fig-
ure 13. A three-phase noise separator [13] has been used
in order to allow the separate evaluation of DM and CM.
Figure 13(a) depicts the measured emission levels for CM

Fig. 11. Top view on rectifier with the EMC filter DSP
board, gate drivers and electrolytic dc output capacitors.
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and DM. For the DM emissions, the first harmonic is be-
low the designed point (400 kHz) and, thus larger than
predicted. These results are obtained in an open system,
where no special shield was used. This explains for the
worsening of the performance for higher frequencies. Nev-
ertheless, the filter design procedure proves efficient since
the components are designed for the switching frequency.

A comparison of the influence of cabling and ground-
ing configurations in the emissions is presented in Fig-
ure 13(b) and Figure 13(c). DM emissions are shown in
Figure 13(b) for two different system configurations. CM
emissions are presented in Figure 13(c). It is seen that,
for the same components and boards, the influence of the
geometrical configuration of the interconnections and as-
sociated loops, is enormous. These effects can not be ac-
counted for before hand in the proposed modeling, since
they depend upon the 3-D geometry HF effects. This is
beyond the scope of this work, however references [21-23]
give a good overview on the subject. Furthermore, elec-
tromagnetic solvers are being researched [24,25] as tools
to be employed still in the design phase of a power con-
verter system.

VI. CONCLUSIONS

This work proposes a design procedure for the EMC
filters to be employed with a three-phase rectifier unit in
order to fulfill CISPR 22 Class B requirements related to
conducted emissions. The design procedure is explained;
where a volumetric optimization is carried out taking into
consideration different aspects related to the subject, such
as electrical safety, power factor and damping of reso-
nances. The presented procedure avoids the necessity of
using numerical optimization routines and allows for the
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analytical calculation of the total filter volume as func-
tion of the rated power and switching frequency, therefore
helping in the early determination of the optimum switch-
ing frequency for a given rectifier specification. It is also
possible to extend the proposed procedure to single-phase
applications considering the given symmetries adopted in
this work. The experimental verification of the proposed
filter design procedure is shown, where it is identified that
the system physical configuration has a large influence in
the final emissions performance. These effects shall be
target for future research, so that computer aided design
and virtual prototyping can be fully implemented.

APPENDIX — Minimum Inductance for a Given
Attenuation

Starting from a general filter as shown in Figure 14, a
relation between the components can be found as in the
following.

il
Fig. 14. M&lti—stagg LC filter corzﬁgur;tion.
The attenuation for the multi-stage LC filter of Fig-

ure 14 is approximated for frequencies much higher than
the cutoff frequency of the filter by,

At @)e = |G| !

_ . (30)
DT o, ﬁ Lj- l]_vl Cj
j=1 = j=1

Assuming that the capacitors C; are known and that a
given attenuation Att,., is required at a frequency wyeq,
(30) can be rewritten,

1 N
=TTz, (31)
Attyeq - Ky ]1;[1 J
where,
N
Ky=wly - T] Cs- (32)
j=1

A maximum inductance L,,,, is defined as the sum of
all inductors L;,

Lmaz = Y _L;. (33)

Lmaw
and the attenuation is given by,
Attyreq - Ky N '
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Fig. 15. Ratio R(N, kqiy) between the attenuation
obtainable with all inductors presenting equal inductance
values and the attenuation for which a single inductor
presents a different inductance value.

Having the premise that one of the inductors has a
different value Lg;¢, defined by,

ki 'Lmam
N —kgiy
L':Lmaz‘ia

with kg;r > 0.
The attenuation equation for this new condition is,

1 _ kaig - (N-1) (Ldif : (N_kdif)>N
Attyreq - Ky N — kais K- (N-1) '
(38)
Dividing (38) by (35) leads to the ratio R(N, kqir) (cf.
(39)) between the attenuation obtainable for both situa-
tions, which is graphically shown in Figure 15.

(39)

N — kg \" 1
N_-1 '

R(N, kaif) = kaif - <

Differentiating R(IV, kq;r) with respect to kq; ¢ leads to,

OR(N, kaiy)
Okais

(N =1 (kaig — 1) <N - kdif)K
(k’dif — N)2 N-—-1 '
(40)
Equating this result to zero leads to the maximum
achievable attenuation,

OR(N, ka;z)

= 0= kaif optimum = 1. 41
8k;dif dif,opt ( )

As observed in (41), kg4iy equal to unity leads to the
highest attenuation independent on the number of LC
stages. That means that the maximum high frequency
attenuation, for a given L., is achieved for equal com-
ponents in all stages, since the structure of (30) is the
same for, both, inductances and capacitances. For the
lower total inductance, each of the individual inductors
have the same value Lppr; = Lpas and this is valid for
the capacitors Cpari = Cpar.
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