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Abstract—This paper presents a study and practical implemen-
tation of an active filter employing a high-frequency (HF) power
amplifier and passive-filter components to be connected to the ac
power lines in order to mitigate common-mode conducted emis-
sions of three-phase pulsewidth modulation converter systems.
The filter topology is chosen from different possibilities listed in
a literature survey and studied regarding practical implementa-
tion issues, where requirements for an HF power amplifier to be
applied in active filtering are derived. Special attention is put on
the stability analysis where the challenges for the feedback are
discussed, and a simple feedback structure is proposed. Other
feedback concepts are analyzed, and limitations posed by stability
requirements are presented. A prototype is designed and built,
from which mathematical and experimental results are obtained
demonstrating the potential and limitations of such a system.

Index Terms—Active filter, conducted emissions, three-phase
filters, three-phase PWM converters.

I. INTRODUCTION

N MODERN power-electronic systems, volumetric densi-

ties typically range between 1 and 3 kW/dm?, depending
on the employed technology and switching frequency. For
higher power densities, higher switching frequencies can be
used, but the electromagnetic compatibility (EMC) filtering
components [1] still occupy a large volume in the system,
more than 30% in some cases. In a world where system and
application space is becoming more and more expensive, the
volumetric reduction of power-supply components is of great
importance. A proposed solution for the size reduction of EMC
filters is the use of active systems [2]-[6], commonly called
active filters, instead of fully passive filters. High-frequency
(HF) active filters are broadly employed in signal processing,
where low current and voltage levels are present. However,
as power levels increase, the construction of such systems
becomes critical. Since wideband amplifiers are to be used,
these should be able to handle high current and voltage levels.
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This challenge motivates research in this field and is addressed
in the following.

The scope of this work is limited to the common-mode
(CM) conducted emissions mainly in the frequency range from
150 kHz to 30 MHz. The connection from the EMC filter to the
power circuits is on the ac mains side where a large 50- or 60-Hz
frequency component is present, along with its low-frequency
harmonic contents. In this application, the main function of the
filter is the reduction of HF CM emissions. For that, the filters
are based on linear HF power amplifiers as switched circuits
currently do not provide the required operating bandwidth. The
reduction of CM emissions is an important issue in all fields
of electronics applications, and the traditional approach is the
use of Y-rated capacitors connected from the lines to protective
earth (PE) in addition to CM inductors. In most applications,
the size of these capacitors is limited due to safety regulations
restricting the earth leakage currents, resulting in higher values
of the CM filter inductors and larger filter volume, particularly
for high-power systems. Aiming for the reduction of the total
filter volume while keeping low values of the low-frequency
leakage currents, an active circuit, which shapes the frequency
response of a capacitor effectively increasing its value for high
frequencies, is the solution presented in this paper.

A practical active filter should be able to meet all relevant
safety and EMC regulations, as well as high-voltage surge re-
quirements, and the filter stability should be independent from
the impedances the filter is connected to. Cost is also a limiting
factor, and the active filter should not be more expensive than a
conventional passive one.

From the potential advantages of the use of active-filter
circuits for reducing high-frequency conducted emissions in
power-electronic circuits, the knowledge about the different
possible structures and the design of the active EMC filter
are essential. Four main types of circuits [3] are cited in
the literature and shown in Fig. 1 as simplified single-phase
equivalent circuits. The classification into four circuits is based
on the types of parameters employed in sensing and actuation
paths. The basic strategies rely on the sensing of either current
(Fig. 1(a), [4], [5], [7] and Fig. 1(b), [8]-[10]) or voltage
(Fig. 1(c), [11]-[13] and Fig. 1(d), [14]-[17]), and in the
injection of a shunt current [Fig. 1(b) and (d)] or a series voltage
[Fig. 1(a) and (c)] to the ac lines. In addition to the topologies of
Fig. 1, other active-filter structures using a combination of the
shown circuits can be implemented [18]-[21]. One option is to
use a current-sensing feedback in combination with a voltage-
sensing feedforward. Other options are to place the active-
filter power amplifier at the converter output or at the dc-link
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Fig. 1.

Basic active-filter structures in their single-phase equivalent circuits. The noise source is modeled as a voltage source in series with a capacitor C's and

an inductor Ls. The mains impedance Z is considered inductive. (a) CSVA. (b) CSCA; (c) VSVA. (d) VSCA.

terminals and the sensing devices directly at the ac input lines
or even combine two of these [21].

In this paper, a filter topology to be placed directly at the
ac lines of a three-phase power system is studied. It comprises
a capacitive-coupling actuation and a voltage sensing accord-
ing to Fig. 1(d) in a single-phase equivalent. The active-filter
structure is well known [14]-[17]; therefore, the emphasis is
placed on the design of the feedback loop since it determines the
system stability and challenges for the practical construction. It
is shown that the correct placement of zeros and poles in the
feedback path is of high importance [5], [14] for guaranteeing
stable operation for a large range of mains and noise-source-
impedance conditions. A theoretical basis for the determination
of zeros and poles is presented, along with results obtained from
a first prototype based on the described theoretical analysis.

II. SELECTION OF ACTIVE-FILTER TOPOLOGY AND ITS
BASIC OPERATING PRINCIPLE

By considering the circuits of Fig. 1, one realizes that the
noise-source (Cs and L) and the power-grid impedances (Z,)
are usually difficult to predict and/or control [22], [23] but
should obviously be included in the stability consideration. For
the topologies making use of a line-current-based feedback
or actuation employing current transformers, it seems more
difficult to decouple the system stability from the source and
grid impedances. A difficult issue is that the current transformer
needs a large bandwidth, and the simple inclusion of an ex-
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Fig. 2. Simplified single-phase schematic showing the basic principle of the
selected CM filtering system.

tra winding in a conventional CM inductor does not always
guarantee a good high-frequency magnetic coupling due to con-
struction regarding safety regulations and the poor relative HF
permeability characteristics of conventionally used materials.
In addition, self-resonances due to the magnetic materials are to
be expected as well as winding capacitances degrading the HF
properties of the current transformer. The physical dimensions
of a current transformer can also represent a drawback of
such concepts when compared with capacitive-based ones. For
these reasons, the cost of a good HF current transformer must
be added to the filtering system. Therefore, a topology based
on capacitive sensing of the line voltage and utilizing also
capacitors in the actuator stage seems to be a good choice for
an active filter connected to the ac lines. The filter topology
considered in this work is shown in the simplified schematic in
Fig. 2, which corresponds to the circuit in Fig. 1(d).
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Fig. 3. Basic principle of an active filter with capacitive coupling. (a) Impedance Z, of a capacitor with a voltage-feedback loop. (b) Equivalent capacitance is

increased in the higher frequencies through the active-feedback action. (c) Example of impedance curves Zact (f). Illustrating the feedback action.

This topology is composed of two CM inductors (L¢s,1 and
Lca,2), one coupling capacitor (C,), a sensing path (Ggens)
including a low-frequency attenuation network for rejection of
any unwanted high-amplitude low-frequency components and
an actuator (A(s)), which is realized with a linear HF power
amplifier (Gamp ), not shown in Fig. 2 due to its interaction with
Glsens 1n a practical application. This structure presents some
advantages such as the following.

1) The filter structure and its principle are simple, presenting
a potentially high stability range, increasing the possible
filter attenuation in the frequency band of interest.

Both sensing (Gyens) and output coupling (through C,)
can be performed through Y-rated capacitors;

As the needed inductance and capacitance values de-
crease by the use of an active feedback, better HF perfor-
mance is achieved than with a nonactive filter, as smaller
components usually present higher resonance frequen-
cies [24];

The implementation is potentially safe since the feedback
sensing is done with low voltages; only a single HF power
amplifier needs to be employed.

The use of the topology shown in Fig. 2 has as its main
advantage with the use of two CM inductors and a capacitor,
which are usually already present in typical CM filters, how-

2)

3)

4)

ever, with smaller inductance values. For the case of CM noise
filtering, these components are CM chokes and Y-capacitors,
which technology are well known and do not make the filter
more expensive. Since Y-capacitors have their values limited
due to the safety limitation of the allowable earth leakage cur-
rents, the main idea with this active-filter topology is to use the
existing values of Y-capacitors and virtually increase the capac-
itance by proper shaping of the feedback-frequency response,
thus allowing a noticeable reduction of the inductors, which are
usually large, heavy, and costly in high power systems.

The basic principle of the topology shown in Fig. 2 is to
increase the equivalent capacitance for high frequencies by
using a feedback loop. This is illustrated in Fig. 3 where one can
see that, for the lower frequency end, the original capacitance
of C, is effective, but for higher frequencies, an increase
in the capacitance is possible as the feedback-gain increases,
according to
- U, act(s) 1 1

Zac = Q= T A~
t(S) Iact(s) sCp, 1+ Gsens(s)

ey

With (1), it can be seen that the capacitance is effectively mul-
tiplied by the gain Ggepns. This characteristic is very important
in this type of system since the capacitance at low frequency
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III. STABILITY ANALYSIS AND FEEDBACK STRUCTURE

There are four strict requirements for the filter structure.

1) The attenuation of high frequencies needs to be higher
than for a passive filter with the same components.

The value of the capacitor (C,) is limited due to safety
considerations (earth leakage currents).

The 50/60-Hz and the low-frequency harmonic compo-
nents present in the voltage up are quite large when
compared with the high-frequency components. As a
requisite, they must be well attenuated in the feedback
loop to prevent the amplifier from saturating.

The system has to be stable for a large range of noise
source and mains impedances.

2)

3)

4)

Once an active part is included in the topology, the natural
stability achieved with only the passive elements is not further
guaranteed, and a careful study of the stability should be carried
out. The study of possible gains in the feedback loop and the
sensing/control structures that lead to higher stability margins
is of great importance since the 50/60-Hz component requires a
high attenuation factor.

The use of Bode diagrams for the stability study is not
sensible since the active-filter structures do not fulfill the
requirement—steady decrease of the open-loop gain and phase
curves [26]—for a straightforward analysis by frequency-
domain plots. Thus, the root-locus analysis is the tool to
be used.

As a starting point for the stability analysis of the proposed
active filter, the circuit shown in Fig. 5 is used, where the
reactive components consider the inductive characteristics of
the mains and the mainly capacitive nature of the CM noise
source. The parasitic elements of the main components, such
as the resistances of inductors Lcjs,1 and Lo 2, are not
explicitly shown, but as it is seen later, they are crucial for the
stability analysis.

ing an amplifier and showing the variables of interest (sensing) ir and
(actuation) .

The closed-loop system can have its open-loop transfer func-
tion calculated by opening the loop at the output connection
of the amplifier u.. This is a logical step since the output im-
pedance of the amplifier is typically much lower than the input
impedance of the output coupling capacitor C,. By opening the
loop, short-circuiting the voltage sources, and assuming that the
input voltage of the operational amplifier is zero, a fact that
can be assumed because this voltage is much smaller than the
voltage across Cy, the system can have its stability analyzed
through the circuit shown in Fig. 5, where the impedances
Learn and Zpaing are summed to Ly and the impedances
LCM,Q and Lgource t0 L.

The sensing capacitance C’ is also considered since it adds
a zero and changes the positions of the poles. With these
considerations, the feedback variable of interest is the current
i, which is multiplied by the impedance Z; for the final
shaping of the feedback loop.

As an example, a Bode plot of the considered plant, for the
parameters shown in Fig. 6(a), is shown in Fig. 6(b). The system
under consideration is a three-phase adjustable-speed drive
(ASD) based on a 6.8-kVA sparse matrix converter (SMC),
switching at a frequency of fp = 10/20 kHz (input/output
stage switching frequencies). The total capacitance is limited
for safety reasons, and the designed value is 22 nF per phase,
leading to a total of 66 nF. A decrease of ten times in the former
CM filter inductance of around 6 mH is desirable. Therefore,
two inductors of 320 pH have been chosen. The noise source
may vary depending on the nature of the load (passive, motor),
and the minimum value is around 1 nF, which is measured in
the SMC without load. The sensing capacitance C'y depends on
all the parameters of the complete active circuit, and a value of
14.1 nF is chosen.
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Fig. 6. Circuit used for the stability analysis. (a) The basic circuit of the
analyzed active-filter plant with its transfer function. (b) An example of Bode
plots for an analyzed active-filter plant.

If no damping elements are considered, the root locus for the
system of Fig. 5 is plotted in Fig. 7(a) from (2), shown at the
bottom of the page.

A proper modeling of the system however requires that the
resistive elements of the circuit are considered, as they move
the plant singularities to the left half-plane as shown in the root
locus of Fig. 7(b). Considering parasitic effects, it is feasible to
employ simple feedback structures, which can properly reject
the low-frequency components but have their maximum HF
gain limited. The analysis of the root-locus plots of Fig. 7 shows
that the plant without the inclusion of parasitic resistances
would be extremely difficult to stabilize, presenting three zeros
at the origin and four poles at the imaginary axis.

As previously cited, a limited supply voltage should be used
for the power amplifier, and it is not desirable that the closed-
loop system influences the circuit behavior at 50 Hz. For a
single-phase system, it is necessary that the sensing network
attenuates the low-frequency components of the measured volt-
age. A value of approximately —40-dB attenuation for the
50-Hz component would imply that, for a 300-V peak in the
line-to-ground (PE) voltage, a peak voltage of 3 V appears
in the output of the power amplifier. In this case, a minimum
attenuation of —50 dB at 50 Hz was chosen as a starting point.

Another specification is that the high-frequency gain should
be practical with a low-cost HF power amplifier. This specifi-
cation also matches the gain limitation imposed by the plant’s
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Fig. 7. Root-locus diagrams for the active-filter plant I;(s)/Us(s) for the
parameters specified in Fig. 6. (a) Root locus for a filter plant purely reactive.
(b) Diagram illustrating the changes in the positions of the singularities due to
the inclusion of parasitic resistive elements for the same filter plant. The par-
asitic resistance values are obtained from impedance measurements performed
on the filtering components and on the SMC, and the assumed values are shown
in the three resistors shown in Fig. 9.

characteristics. The actuator for the proposed system is a linear
HF power amplifier with a transfer function Gy, presenting
enough bandwidth in order to allow a good performance. A
good model for such amplifier is a first-order low-pass filter
with a limited output swing due to the available supply voltage.

The most simple and desirable way to sense the voltage up
is to use a high-pass filter. In the case at hand, it is composed of
two zeros, one at the origin and the other above 10 kHz. This
results in a high attenuation of the 50/60-Hz component.

Poles are placed at high frequency in order to limit the high-
frequency gain. The final bandwidth of the feedback loop must
be limited due to the power-amplifier characteristics. This is
achieved by placing a dominant pole at a frequency where the
high-frequency gain is rolled-off correctly, thus guaranteeing
that the design is carried out with the assumption that the
amplifier behaves like an ideal operational amplifier.

Is(s)

s3LngCO(s2CSLS +1)

@)

Uy(s)

S L,LCs(Cr + Cy) + 82 [Ly(Cp + Cp — Cy) + LsCs] + 1
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Fig. 9. Circuit used for the transmission-loop calculations and the employed
transfer function Z(s). Parasitic resistances from inductors and load have
been estimated through impedance measurements, and the output resistance of
the amplifier is estimated through circuit simulation of the designed amplifier
shown in Section IV.

Defining the sensing capacitor impedance as

1
Zess) = 1q, 3
the designed feedback loop, —Z¢(s)/Zc¢(s) = Ue(s)/Us(s),
for an ideal operational amplifier can be observed in Fig. 8. A
curve for the designed loop and another curve for the actual
performance of the finally implemented system are shown.
The maximum slew rate of the implemented power amplifier
prevented higher gains to be applied in practice because it
distorts the output signal in a way that the high-frequency
components are attenuated and phase shifted nonlinearly. This
reduction in the HF gain limits the final achievable attenuation
increase.
Considering the amplifier nonidealities as a transfer function
Gamp (), the transfer function Uc(s)/If(s) is given by

Udcs) Gamp(3)
Ii(s) 14 Gamp(s)

from where it is seen that it impacts the HF behavior of the
designed active filter.

The final control-oriented block diagram for the circuit of
Fig. 9 of the designed system is shown in Fig. 10, where the
influence of the amplifier transfer function is simplified just
for the sake of clarity (respective bode plots are presented in

“4)
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Fig. 12. Root-locus diagram for the designed system, which is shown
in Fig. 9.

Fig. 11). This is used to obtain the final root-locus diagram
of the transmission loop which is shown in Fig. 12. The
inductors are modeled here as a constant inductor in series
with a resistance, allowing the system stability to be analyzed
with mathematical tools for linear systems. With the previously
shown feedback structure, the determining part of the root
locus is the region close to the origin, which includes the low-
frequency zeros and the dominant complex poles. The design
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ensures that large values of mains and noise-source impedances
can be employed. The final system has been successfully
tested with noise-source capacitances ranging from 10 pF up to
10 pF and mains-sided impedances from around 100 nH up
to 12 mH measured at 1 kHz. Furthermore, the design ensures
that if minimum values for the inductors Lcoas1 and Loy o are
employed, system stability is given for widely varying external
impedances.

IV. AMPLIFIER DESIGN

The main points in specifying the amplifier are the following:
1) dc supply voltage; 2) power bandwidth; and 3) power supply
rejection ratio. Since costs are typically important, a tradeoff
between costs and performance is usually required as well.

To start with, the circuit of Fig. 13 is considered, where
ug in series with C represents a noise source, inductance L
is the first filter inductor, and the branch formed by C, is
the filter capacitance; u. is the output voltage of the power
amplifier with an output impedance R, limited by the resistors
connected at the amplifier output. The remainder of the circuit
is neglected. The aim is to generate a voltage waveform at u,.
capable of injecting a compensating current, which should keep
the voltage at the node between L and C, as close as possible
to the ground potential 0V, thus current 4, should equal zero.

Two simplifying assumptions are made: 1) the noise voltage
source u is a trapezoidal shape with an amplitude F and a finite
rise time ¢, as shown in Fig. 14, and 2) u; equals zero. From
circuit inspection, the following ordinary differential equations
are derived:

dig
SE =Us — UCs (5)
dqu
Cs filt s ; (6)
ue _ di
COE 1o + CORO dt . (7)
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Vee = Ue,max, for Co = 66 nF, R, =1 €2, and E = 400 V, where u¢, max
is shown as a function of noise-source capacitance C's and inductance L for
ideal compensation and ¢, = 1 ps.

Equations (5) and (6) represent the circuit branch in which the
noise current 7, is generated. Assuming the initial conditions

is(0) =0 (®)
ucs(0) =0 9

the solution for 7, for the ordinary differential equations system
formed by (5) and (6) is given by

FE t
is(t) = Cs— |cos | — | — 1] .
0= [om () 1]
Considering the other branch of the circuit, the circuit is
characterized by (7). The initial condition for this circuit is
assumed as

(10)

i0(0) = 0. (1)
Solving (7) for (11) leads to
dd“tc — ﬁ . (12)
Co <em - 1)
The condition which should be fulfilled is
io(t) = —is(t). (13)

Assuming R, = 0 €2, inserting (13) into (12) and solving the
equation for du,. /dt, the output voltage of the amplifier u, must
be able to achieve the following parameters:

dtemax _ Cs E o (7). (14)
dt Co ty (em _1>
7 Cs E COS(W)
Uc,max = /??—t dt. (15)
0 (em — 1)

Equations (14) and (15) define the requirements for ideal
cancellation, based on the given simplifications, and, with this,
it is possible to evaluate the requirements for an amplifier given
specific circuit parameters as shown graphically in Figs. 15
and 16, where the surfaces for the required dc supply voltage
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Fig. 18. (Shaded region) Compensable range valid for Ly = 100 pH for an
amplifier with V.. = 430 V and PBW = 800 kHz.

Vee = Ue,man are displayed for a perfect compensation of the
noise-source voltage. An example for maximum voltage ratio
duc,maz/dt surface is shown in Fig. 17, translating in the re-
quirement for the amplifier power bandwidth PBW . In Fig. 18,
the range where an ideal noise compensation can be achieved is
shown, given the specified amplifier and circuit parameters.
Based on the given requirements and aiming for a prototype
to be used with a “state-of-the-art” three-phase ASD based on
a 6.8-kVA SMC, where the switching times are usually under
500 ns and the switching frequency fp = 10/20 kHz, it seems
to be adequate that an amplifier with a dc supply of V.. =
430 V and a power bandwidth of PBW = 800 kHz is em-
ployed. A discrete HF power amplifier as shown in Fig. 19
was designed and built for a system being fed with a £30-V
external power supply. The amplifier is built with conventional
surface-mount-device (SMD)-type components (cf. Table I)
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and exhibits a closed-loop —3-dB bandwidth of approximately
1 MHz and a power bandwidth of approximately 800 kHz.

V. PRACTICAL IMPLEMENTATION OF THE ACTIVE FILTER

A three-phase filter employing the presented feedback struc-
ture was built in order to test the presented mathematical
models. The filter schematics are shown in Fig. 20 and the
main components are specified in Table 1. The filter employs
inductors built with nanocrystalline cores (VAC VITROPERM
500F), which have a highly resistive behavior at high frequen-
cies, helping to ensure high impedances at high frequencies, a
well-damped self-resonance, and a good thermal stability. The
inductor models account for the complex permeability curves
from the manufacturer and the parallel parasitic capacitances.
The capacitor models include capacitance, equivalent series
resistance, and inductance as given in the datasheet [27].

In hand of this modeling, the filter-insertion-loss (50-2
input/50-Q2 output measurement) curves for the designed filter
were calculated as shown in Fig. 21, where the curve for the
filter without feedback can be compared with real measurement
data (indicated by crosses) and a good agreement is observed,
except for a structural resonance' at approximately 20 MHz.
Based on the modeled components, two simulations were per-
formed, and their results are also shown in Fig. 21. The first
simulation, shown in the middle trace of Fig. 21, gives the filter-
insertion loss in the case where a band-limited amplifier is used,
showing that an increase in the attenuation is observed up to the
amplifier’s frequency limitation. The last simulation, bottom
trace, is valid for an infinite-bandwidth amplifier. The potential
for such systems is clear, and with larger amplifier bandwidth,
better performance is observed. Based on the successful simula-
tion results, a prototype based on the structure shown in Fig. 20
was built. The prototype is rated for 10 A/400 V/50 Hz, and a
photograph is shown in Fig. 22.

The first step in the prototype testing was to analyze the
system stability under different source and load impedances.
Inductors with ferrite cores of 1 and 6 mH and inductors with
nanocrystalline cores of 4.2 and 12 mH, measured at 1 kHz,
were used as artificial mains and/or source impedances. On the
noise-source side, capacitors in the range of 10 pF up to 10 uF
were employed. Short-circuiting of the filter inputs to PE was
also tested. Over this impedance range, the filter operated in a
stable manner. Attenuation measurements were also performed
employing different source and load impedances. Fig. 23 shows
the measurement for an 8-() input impedance and a 50-¢2 output
for the filter structure with and without (C'y and C,; shorted
to PE) active feedback. The same measurements were repeated
for a 4.2-mH source impedance, and the results are shown
in Fig. 24, showing the increase in the filter attenuation in
the range of 100 kHz to 1 MHz, where the amplifier band-
width ends.

Another performed test made use of a square-wave generator
as noise source in series with a 400-pF SMD capacitor mounted
on a printed circuit board (PCB) with a very small space

I'This resonance has not been clarified in practice because of its minor effects
observed in the transfer functions.
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Fig. 19. Schematic of employed linear HF power amplifier. The topology is selected aiming for low implementation costs.

TABLE 1
SELECTED COMPONENTS FOR THE ACTIVE FILTER PROTOTYPE

Component | Specification
iy Y2 SMD Capacitor, Murata X7R Series GC
4.7 nF — 250 Vac
Co,i Y2 Capacitor, Epcos MKP B81122

22 nF — 250 Vac

Con,i Y2 SMD Capacitor, Murata X7R Series GC
1 nF — 250 Vac

Lop1 Vaccuumschmelze VAC VITROPERM 5S00F
T6000-6-L2012-W498 — OD(12.5) ID(10) H(5) mm
N =3 x 3 turns, ¢ 1 mm

Lo,2 Vaccuumschmelze VAC VITROPERM 500F
T6000-6-L2012-W498 — OD(12.5) ID(10) H(5) mm
N =3 x 4 turns, ¢ 1 mm

between the capacitor and the ground plane in the backside
of the PCB. As load, a four-line 50 £2/50 pH V-network LISN
was used and its output was connected to an EMC test receiver.
Measurements with and without filter are shown in Fig. 25. For
the measurement with the active feedback, it is demonstrated
that higher attenuation is achieved up to 1 MHz. At 2 MHz, a
resonance in the amplifier circuit due to the distortion caused by
its slew-rate limitation is seen, causing higher emission levels
than those of the filter without feedback. In the higher frequency
range, the same conducted emission levels are seen.

The last presented test is performed with the active-filter
board connected at the input of an ASD built on a 6.8-kVA
SMC. The SMC board has three SMD Y-capacitors of 4.7 nF
connecting each phase terminal to the PE. The load of the
SMC is an RL load that is not connected to PE. A four-
line 50 ©/50 pH V-network LISN was used with its outputs
connected to a three-phase noise separator and then to an EMC
test receiver. Measurements performed with the noise separator
CM output, with and without filter, are shown in Fig. 26.
For the measurement with the active feedback, it is clear that
higher attenuation is achieved up to 500 kHz. In the higher
frequency range, the same conducted emission levels are seen;

therefore, the active filter does not influence this range. As a
larger CM inductor is present at the input of the SMC, due to
high CM voltages and for this reason, lower gain in attenuation
is achieved, but this proves that the active filter can be used
interfacing the grid and an ASD.

Given the achieved results and considering a normative mea-
surement frequency range from 150 kHz to 30 MHz, it is clear
that the performance improvements to frequencies higher than
2 MHz are to be cogitated. Thus, further investigations on
higher bandwidth amplifiers, components with reduced para-
sitics, and improved packaging/layout are to be considered.
However, the tradeoffs between the costs of more elaborate
solutions and their benefits must be analyzed.

VI. LOW-FREQUENCY REJECTION POSING LIMITATIONS
IN ACTIVE-FILTER PERFORMANCE

From the results presented in the previous sections, it can
be seen that the attenuation improvement with the designed
active filter was not 40 dB, as typically desired and sometimes
demonstrated in some experimental applications [11], [20]. It
is found that when a high-pass filter is applied at the feedback
loop, the HF feedback gain shall be limited in order to guarantee
stability for a wide and practical range of mains impedance. To
acquire an insight into the limitations to the gain in attenuation
some theoretical studies are carried out in the following for
different active-filter structures, represented through simplified
models. The mains impedance is here modeled as an inductor
with a value of L, = 50 pH for all cases.

1) Voltage Sensing/Current Actuation (VSCA) Filter With
Passive Damping: The circuit of Fig. 27 is used, where the
network composed of L, and R, provide passive damping to
the circuit, thus possibly allowing for higher feedback gains.
This is, of course, not practical since access to the mains
impedance would be required. On the other hand, it is useful
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Fig. 20. Circuit schematic for the designed filtering system. Components are specified in Table L.
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different feedback structures. The crosses represent real measurements on
the built filter board with no active feedback, while the top trace shows the
insertion loss for the mathematically modeled filter. The middle curve shows
the expected behavior when utilizing an active feedback, which makes use of
a band-limited power amplifier, while the lower curve shows the performance
with the circuit employing an infinite-bandwidth amplifier.
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Fig. 22. Three-phase filter prototype photograph (120 x 70 x 17 mm?).
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Fig. 24. Performance of the designed filter with a source impedance of
approximately 4.1 mH (measured at 1 kHz). Measured attenuation curves for a
load impedance of 50 €2.
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Fig. 25. Conducted emission measurements performed employing a square-

wave generator switching at 40 kHz with a rise/fall time of around 30 ns in
series with a capacitance of approximately 400 pF. Upper trace shows the
emission levels without a filter. Dashed trace shows the measurement result
with no active feedback. Third trace presents the results when the proposed
electronic feedback is active.

in order to gain insight about the stringent requirements for the
feedback design.
As a starting point, some assumptions are made.

1) The noise source is modeled as a current source 7.

2) The sensing network Ggens(s) shall provide more than
a 40-dB attenuation at 50 Hz. This is achieved with a
second-order high-pass filter defined as

10052
52 4 53855.9s5 + 1.4212 - 109"

Gscns(s) = (16)
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Fig. 26. CM conducted emission measurements (acquired with the help of
a three-phase CM/differential mode noise separator as in [28]) performed on
a three-phase ASD based on a 6.8-kVA SMC, switching frequency fp =
10/20 kHz. Dashed upper trace shows the emission levels without the active
feedback. Full trace shows the measurement result with the electronic feedback
active.
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Fig. 27. Analyzed circuit for a VSCA active filter with passive damping.
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Fig. 28. Real part of the dominant complex-conjugated poles as a function of

the passive damping network impedances L4 and R4 for a VSCA active filter
with passive damping.

3) The HF gain in attenuation for the active filter shall be
around 40 dB, when compared with a passive filter with
the same components.

4) The circuit should be stable.

Based on the listed requirements and on the circuit of Fig. 27,
the real part of the complex-conjugated dominant poles of the
open-loop transfer function are plotted in Fig. 28, where it is
seen that only a very limited range of impedances Ly and Ry
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Fig. 29. Current attenuation curves for Ly = 3.1 pH and Ry = 2.1 Q
showing a gain of 40 dB for HF from the active to the passive filter for a VSCA
active filter with passive damping.

Lg=50 uH
.
7
J l Active == C, =100 nF
damping loop ‘D
Ug is
‘ l tid I <0 I -

Fig. 30. Analyzed circuit for a VSCA active filter including an active
damping loop.

drive the real part of the dominant poles to the negative region,
leading to stable operation modes. This can be interpreted as
a maximum equivalent mains impedance in order to achieve a
gain of 40 dB in attenuation with active feedback. Values for
L, and R, inside the stable range are taken in order to plot the
attenuation I,(s)/Is(s) curves (cf. Fig. 29), from which it is
seen that the active filter achieves an attenuation around 40 dB
higher than the passive one for HF.

2) Voltage Sensing/Current Actuation (VSCA) Filter With
Active Damping: As the concept of passively damping the
network impedance is impractical, the theoretical use of active
damping is analyzed. An active-damping loop is added to the
circuit by sensing the current through capacitor C,, and feeding
it back positively to the amplifier. As a drawback, HF current
sensing has to be implemented. The circuit of Fig. 30 shows
the basic implementation. With this scheme, however, it is not
possible to guarantee the increase of attenuation by 40 dB
using the active circuit instead of the passive network as there
might be a limit as a consequence of the stability analysis. The
following assumptions are made.

1) The noise source is modeled as a current source 7.

2) The feedback Ggens(s) shall provide more than 40 dB
attenuation at 50 Hz. This is achieved with a second-order
high-pass filter.

3) The HF gain in attenuation for the active filter must be as
large as possible.

4) The circuit must be stable.

Since a closed-form solution cannot be derived due to the
large number of variables and the nontrivial form of the in-
volved equations, numerical optimization is utilized. The ob-
jective function is the HF gain of the feedback loop and the
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Fig. 32.  Root locus showing the position of the closed-loop system poles of a
VSCA active filter including an active damping loop.

constraints are the 50-Hz voltage rejection and the stability.
This transforms the problem into a nonconvex one. To solve the
problem, the “Global Optimization Toolbox” of the software
“Maple 10” has been used. The four optimized variables were
the corner frequencies and the gains of the feedback transfer
functions Ggec and Gyp, given by

B 57.3852

52 4+ 54143.1s5 4 1.4364 - 10°
- 176

© 5.0686 - 109s +1°

Gaec (5)

A7)

Gip(s) (18)

The optimization results have led to the following results.
Fig. 31 shows that the 50-Hz rejection is above the required
40 dB. The position of the closed-loop poles in the complex
plane (cf. Fig. 32) demonstrates that the system is stable. Thus,
both constraints are fulfilled. Through the attenuation curves
(cf. Fig. 33), it is clear that a gain in attenuation of 40 dB is not
achieved. Although there is not a 100% certainty that the global
optimum was achieved, it is very difficult that a substantially
improved solution is possible for these type of structures. Thus,
for the specified problem, a maximum gain of around 20 dB is
to be expected. Another interesting result is the action of the
active-damping loop, which can be observed in the effect of the
feedback loops in the impedance of the parallel circuit branch
formed by u,. and C,, (cf. Fig. 34). The impedance curve shows
that a resistive section around 10 kHz is observed, which damps
the final closed-loop system.
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Fig. 33.  Active- and passive-filter current-attenuation curves showing around
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damping loop.
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3) Other Active-Filter Structures: Based on the procedure
and requirements presented in Section VI-A-2, similar studies
have been performed for the other active-filter structures.

The structure of a “Current Sensing/Voltage Actuation”—
CSVA—topology is shown in Fig. 35. The attenuation-curve
results for this structure, achieved with numerical optimization
are displayed in Fig. 36.

The structure of a “Voltage Sensing/Voltage Actuation”—
VSVA—topology is shown in Fig. 37. The attenuation-curve
results for this structure, achieved with numerical optimization
are displayed in Fig. 38.

The structure of a “Current Sensing/Current Actuation”—
CSCA—topology is shown in Fig. 39. The attenuation curve



1784

(e

T TTTIT

1)
mi 20 log( G

A’ Passive circuit

~

Active circuit

o

-120 =4

-160
10

Transconductance attenuation [dBS]
%
o

3 5

10 10 107

Frequency [Hz]

Fig. 36. Attenuation curves for the filter structures of Fig. 35 (CSVA)
achieved with numerical optimization.

U,
— L, =100mH

L, =50 uH
.
lg
g C, =100 nF ——
© 40O
Fig.37. VSVA.
z 0 T T T TTTTmm
@
s 1) I T
s 20 log(|-2 ) Passive circuit
< 40— Ul f A
S N
3 AT
s 80 -
N
S
§ 120 b=l Active circuit
3
S
S -160
S0 10° 10° 107
Frequency [Hz]

Fig. 38. Attenuation curves for the filter structures of Fig. 37 (VSVA)
achieved with numerical optimization.

Lg=50pH
L

Ly=100mH

ig ==
Co=1000F == G (5

O

.

Fig. 39. CSCA.

results for this structure, achieved with numerical optimization
are displayed in Fig. 40.

From the presented attenuation-curve results, the gains in
attenuation, with the application of feedback, range from 20 to
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30 dB. These results show that high-attenuation enhancements
are very difficult to achieve with the application of second-
order high-pass filters in the feedback paths. This type of
structure, therefore, imposes limitations for the application of
active filters connected directly to the mains. On the other hand,
applications where the source and load impedances are well
defined and/or where such a high attenuation of low-frequency
components is not required, such as dc supplied converters, do
not suffer from the same stability restrictions and can, therefore,
present more sensible performance improvements.

VII. CONCLUSION

An implementation strategy for an HF-amplifier-based CM
active filter for offline converter systems has been proposed.
For such a system, the low-frequency (50/60 Hz) attenuation
in the feedback loop is of high importance in order to prevent
amplifier saturation. However, this limits the filter’s operating-
frequency range.

A literature survey has indicated the possible filter structures,
by identifying the critical issues and main advantages for the
selected approach. The designed filter is based on capacitive
coupling for both sensing and actuation, eliminating the need
for HF transformers. General requirements for an HF power
amplifier to be used in active filtering have been derived.

The active-filter function has been explained in detail and a
stability-analysis procedure has been presented which is carried
out with reference to root-locus diagrams and simplified circuit
models. A feedback design for the selected filter topology,
which fulfills the stability requirements for the system and
is characterized by a higher filter attenuation and/or smaller
passive filter components, has been proposed.

The presented simulation and practical results demonstrate
that this system has potential for practical use, although limita-
tions in increasing attenuation are shown. Large attenuation for
high frequencies is limited due to the highly reactive nature of
the filter structure, but the use of a higher bandwidth amplifier
would lead to better results. Based on the potential of this tech-
nique, other types of feedback structure have been studied in
their principles. Due to stability reasons, the analyzed structures
are characterized by limitations in the gain of attenuation which
can be achieved with an active filter having a high-pass filter in
its feedback loop.
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