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57 ABSTRACT

An apparatus and method for reducing EMI generated by a
power conversion device, as well as a power conversion
device employing such apparatus or method (and/or devices
employing such a power conversion device) are disclosed. In
at least some embodiments, the apparatus includes a hybrid
filter for use in reducing EMI. The hybrid filter includes a
passive filtering component, and an active filtering compo-
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APPARATUS AND METHOD FOR REDUCING
EMI GENERATED BY A POWER
CONVERSION DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

FIELD OF THE INVENTION

The present invention relates to power conversion devices,
and more particularly relates to electrical power conversion
devices that employ switching devices to achieve power con-
version.

BACKGROUND OF THE INVENTION

Switching power converters are useful for converting elec-
trical power having certain characteristics into electrical
power having one or more different characteristics. For
example, switching power converters can convert a first type
of power having a particular voltage or current level or fre-
quency of operation into a second type of power having a
different voltage or current level or different frequency of
operation. Switching power converters can include, for
example, AC to DC converters (e.g., rectifiers), DC to AC
converters (e.g., inverters), DC to DC converters (e.g., buck
converters, boost converters, and buck-boost converters), and
AC to AC converters. Also for example, switching power
converters can be single-phase power converters, or multi-
phase (e.g., three-phase) power converters. Due to their effec-
tiveness and versatility, switching power converters have
become ubiquitous in a variety of applications including resi-
dential, industrial and military applications. Their application
is further slated to grow in automotive and aerospace systems,
for example, in connection with traction-related applications
and various accessories.

Despite their wide use, during operation many switching
power converters have the undesirable side-effect of generat-
ing electromagnetic interference (EMI). This side-effect is
particularly disadvantageous insofar as, in recent years, the
concern over EMI occurring within and between various
types of equipment has become heightened, which in turn has
lead to the adoption of various regulatory regimes concerning
EMI and electromagnetic compatibility of electrical devices.
EMI generated by switching power converters can be particu-
larly significant due to the high frequency switching of elec-
trical quantities (e.g., high frequency changes in voltage and/
or current), and due to the short transition intervals involved.
The high frequency signal components tend to find parasitic
capacitive coupling paths through various circuit elements. In
particular, common mode current paths formed by way of the
components of switching power converters and parasitic
capacitances existing between the converters and ground
often constitute a source of significant capacitive coupling
and conducted EMI.

In order to mitigate the amount of EMI generated by
switching power converters, some conventional switching
power converters include or operate in conjunction with pas-
sive common mode filters, which can be formed, for example,
by way of multiple stages of L-C filters having appropriate
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damping. These filters commonly are aimed at curbing con-
ducted electromagnetic emissions in the 150 kHz to 2 MHz
frequency band, and are designed to provide adequate attenu-
ation across this frequency band to reduce the conducted
noise caused by power semiconductor switching devices
employed within the switching power converters. While not
entirely eliminating EMI, such filters are somewhat effective
for use in conventional switching power converters insofar as
such power converters often employ power semiconductor
switching devices that have an emission spectrum that drops
off at 20 dB/decade beyond the switching frequency (F,) of
the converter and at 40 dB/decade beyond the transition fre-
quency (7t/t,), where t,. is the switching transition interval of
the switching devices.

Notwithstanding the limited effectiveness of conventional
passive common mode filters in reducing the EMI generated
by conventional switching power converters, such filters are
likely to be less effective in the future as the switching power
converter industry moves toward power converters with
higher power densities and performance levels that require
higher switching frequencies and reduced transition inter-
vals. Higher power densities generally result in higher levels
of EMI. Additionally, as the switching frequency of a power
converter increases, larger energy levels of noise become
present at the low frequency end of the band of interest.
Further, as the switching transition interval t,. is reduced, and
the transition frequency concomitantly increases, the higher
noise level must decay (e.g., at the rate of 20 dB/decade) over
a broader range within the frequency range before reaching
the transition frequency.

The limitations of conventional passive common mode
filters in this regard can be seen in particular by considering
an exemplary conventional (Prior Art) passive second order
EMI filter 2 as shown in FIG. 1. As shown, the filter 2 is
implemented in relation to a power source 4 and a switching
power converter 6, which in turn is also coupled to a load 8.
Thefilter 2, power source 4, switching power converter 6, and
load 8 overall can be considered to form a system 0. The filter
2 includes an inductor 3 and first and second capacitors 5 and
7, respectively, which are coupled between first and second
input terminals 10 and 12, respectively, of the power con-
verter 6 and first and second output terminals 14 and 16,
respectively, of the power source 4. More particularly, first
and second magnetically-coupled coils 9 and 11, respectively,
of the inductor 3 are respectively coupled in series between
the first and second output terminals 14 and 16, respectively,
and the first and second input terminals 10 and 12, respec-
tively. Additionally, the capacitors 5 and 7 are coupled in
parallel within one another between the input terminals 10,
12. The capacitor 5 provides a common mode capacitance and
the capacitor 7 provides a differential mode (or normal mode)
capacitance, while the inductor 3 provides a common mode
inductance. Differential mode inductance occurs in practice
only as a result of imperfection and parasitic effects and,
ideally, the inductor 3 provides no differential mode induc-
tance. In the exemplary embodiment shown, the capacitor 5 is
shown to be broken into two parts 13 and 15, which are
coupled in series with one another, and where a node coupling
the two is coupled to ground so as to allow for common mode
filtering.

Further, in the exemplary embodiment shown, the switch-
ing power converter 6 is a buck switching power converter
having a first capacitor 17 coupled between the first and
second input terminals 10 and 12 and a transistor 19 acting as
a switching device, the collector of which is also coupled to
the first input terminal 10. The buck switching power con-
verter 6 further includes an inductor 21 coupled between the
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emitter of the transistor 19 and a first output terminal 18 of the
power converter. Additionally, the power converter 6 includes
a second capacitor 23 coupled between the first output termi-
nal 18 of the power converter and a second output terminal 25
of the power converter (which are coupled to the load 8) and
a diode 27, the cathode of which is coupled to the emitter of
the transistor 19 and the anode of which is also coupled to the
second output terminal 25 ofthe power converter, which is the
same node as the second input terminal 12. Further, the buck
switching power converter 6 is shown to include a parasitic
capacitor 29 that links the emitter of the transistor 19 to
ground. It is by way of the parasitic capacitor 29 that some of
the common mode currents are able to flow, resulting in the
generation of EMI by the power converter. Although FIG. 1
shows the power converter 6 to be a buck converter, such a
converter is only shown as one example of a variety of differ-
ent power converters.

Referring again to the filter 2, in combination, the common
mode inductance and common mode capacitance form a sec-
ond order filter to provide common mode noise mitigation,
while the differential mode capacitance along with any non-
ideal differential mode inductance that may be present form a
second order filter to provide effective differential mode noise
mitigation. To increase the differential mode attenuation, the
capacitance value of the capacitor 7 can be increased to any
(or almost any) arbitrary value. Yet the same is not true for the
purpose of increasing the common mode attenuation. Rather,
because the largest capacitance value of the capacitor 5 is
bounded by ground leakage current considerations (as well
as, in possibly some circumstances, safety considerations), it
is not always possible to use an arbitrarily large capacitor.
Further, although a desired level of attenuation could also be
obtained by selecting an arbitrarily large inductance value for
the inductor 3 (so as to achieve a larger common mode induc-
tance), this is often not possible insofar as large inductors
dissipate more heat/power, are physically large, and cannot be
easily implemented on integrated circuits.

Given the limitations of conventional passive filters, par-
ticularly in terms of their ability to filter common mode cur-
rents, efforts have been made to develop other circuits or
methodologies for reducing common mode currents. Among
these have been circuits that replace the passive filters with
active filters or hybrid filters having both passive and active
elements. Typically, some such hybrid filters include elec-
tronic circuits that are designed to inject noise currents of
appropriate magnitude and phase so as to cancel out parasitic
common mode noise currents.

Although conventional hybrid filters have some limited
effectiveness, conventional hybrid filters are unsatisfactory in
their performance. Generating currents that perfectly or sub-
stantially cancel out parasitic common mode noise currents is
difficult to perform, and becomes even more important as the
bandwidth over which those parasitic common mode noise
currents occur becomes large. Complicating matters, the
operation of conventional hybrid filters often is not easy to
model and consequently is not easy to predict or guarantee.
Thus, conventional hybrid filters not only are unable to fully
achieve the goal of canceling out common mode noise cur-
rents, but also it is difficult or impossible to determine why
this is so and to determine how the filters can be modified to
achieve enhanced performance.

For at least the above-described reasons, therefore, it
would be advantageous ifan improved device or system could
be developed, for implementation as part of or in conjunction
with switching power converters, that served to better reduce
the EMI generated by such switching power converters, par-
ticularly the EMI generated as a result of common mode
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currents of those power converters. Further, it would be
advantageous if in at least some embodiments such an
improved device could successfully reduce the EMI of
switching power converters that operate at higher power den-
sities, at higher switching frequencies and/or with reduced
transition intervals.

BRIEF SUMMARY OF THE INVENTION

The present inventors have recognized the need for an
improved device for reducing the levels of EMI generated by
switching power converters, and have further recognized the
limitations associated with conventional filters used for this
purpose. The present inventors additionally have recognized
that enhanced EMI reduction can be achieved by an improved
hybrid filter having both an active filter and a passive filter,
where in at least some embodiments the active filter has a
voltage controlled voltage source that effectively enables
active control over and boosting of a common mode capaci-
tance of the hybrid filter, particularly as a function of fre-
quency, without any concomitant increase in ambient ground
leakage currents.

More particularly, in at least some embodiments, the
present invention relates to a hybrid filter for use in reducing
EMI. The hybrid filter includes a passive filtering component,
and an active filtering component coupled at least indirectly
to the passive filtering component. The active filtering com-
ponent includes a voltage controlled voltage source, and the
hybrid filter operates to reduce a level of a common mode
current, whereby the EMI generated due to the common mode
current is reduced.

Additionally, in at least some embodiments, the present
invention relates to a filter for use in relation to a power
conversion device. The filter includes an active filtering com-
ponent that operates to provide a variable first capacitance,
wherein as a result the filter operates to reduce a level of a
common mode current within the power conversion device,
whereby an amount of EMI generated by the power conver-
sion device is reduced.

Further, in at least some embodiments, the present inven-
tion relates to a method of operating a power conversion
device in a manner resulting in a reduction in an EMI gener-
ated by the power conversion device. The method includes
providing a hybrid filter that is implemented in combination
with the power conversion device, where the hybrid filter
includes a passive filter component and an active filter com-
ponent, the active filter component including a voltage con-
trolled voltage source. The method also includes operating
the active filter component so that an overall common mode
reactance including a first capacitance of the passive filter
component is varied over frequency, and so that a common
mode current occurring within the power conversion device is
reduced, whereby the EMI generated by the power conver-
sion device is reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is schematic diagram showing an exemplary Prior
Art passive filter implemented in relation to a switching
power converter, along with a power source and a load;

FIG. 2 is schematic diagram showing an exemplary
improved hybrid filter implemented in relation to a switching
power converter, along with a power source and a load, in
accordance with at least some embodiments of the present
invention;



US 7,595,687 B2

5

FIG. 3 is a schematic diagram illustrating a boosted com-
mon mode capacitance branch of the hybrid filter of FIG. 2, in
accordance with at least some embodiments of the present
invention;

FIG. 4 is a schematic diagram showing a circuit capable of
operating as the hybrid filter of FIG. 2, in accordance with at
least some embodiments of the present invention;

FIGS. 5A and 5B are schematic diagrams illustrating
equivalent circuits capable of being used to develop an ana-
Iytic model to determine performance of the hybrid filter of
FIGS. 2 and 4; and

FIG. 6 is a graph comparing the performance, in terms of a
closed loop transfer function H_,, (s), of a conventional power
converter operating in conjunction with only a passive filter
arrangement such as that of FIG. 1 with that of a power
converter operating in conjunction with an improved hybrid
filter such as that described with reference to FIGS. 2-5B.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 2, an exemplary improved version of the
power system 0 of FIG. 1 is shown as a power system 20.
Although the exemplary power system 20 includes the power
source 4, the switching power converter 6 and the load 8 of
FIG. 1, the power system 20 in place of the filter 2 instead
include an improved hybrid filter 22, in accordance with at
least some embodiments of the present invention. As
described above with respect to the power system 0, the
switching power converter 6 includes first and second input
terminals 10 and 12, respectively, and the power source 4
includes first and second output terminals 14 and 16, respec-
tively, to which the hybrid filter 22 is coupled. Depending
upon the embodiment, the hybrid filter 22 can be embedded
within or as part of the switching power converter 6 or alter-
natively be a device that, while coupled to the power con-
verter, is nevertheless structurally independent of the power
converter 6. In at least some embodiments in which the hybrid
filter 22 is embedded as part of the switching power converter
6, the overall circuit is formed as an integrated circuit (albeit
possibly one or more components such as inductors may be
implemented as discrete components).

Although the switching power converter 6 in the present
embodiment is a DC to DC buck switching power converter,
as was discussed above with respect to FIG. 1, the present
invention is also intended to encompass embodiments in
which are implemented other types of switching power con-
verters including, for example, other DC to DC converters
(e.g., boost converters and buck-boost converters), AC to DC
converters (e.g., rectifiers), DC to AC converters (e.g., invert-
ers), and AC to AC converters. Also for example, the present
invention is intended to encompass embodiments in which
the power converters handle or interface a single phase of
power, as well as embodiments in which the power converters
handle or interface multiple phases of power (e.g., power
converters capable of receiving and/or outputting three-phase
power).

With respect to the power source 4, that power source also
can take a variety of forms depending upon the embodiment
or application and can be, for example, a DC power source or
an, AC power source such as a transmission line. It is assumed
that, in all embodiments, the power source includes some type
of connection to ground (e.g., to earth ground or to another
structure that can be considered as ground, for example, the
body of a satellite). In a home environment, while the power
source could be two prongs of an outlet, it is assumed that a
coupling to ground would also be present (e.g., the third
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prong of a three-prong outlet). Also, for purposes of modeling
(or testing) operation of the hybrid filter 22, in some cases the
power source can be replaced with the combination of a
power source (e.g., a DC voltage source) and a line imped-
ance stabilization network coupled between that power
source and the filter.

The improved hybrid filter 22 can take a variety of forms
depending upon the embodiment. In general, the hybrid filter
22 includes both a passive common mode filter component
and an active common mode filter component that operate in
conjunction with one another to reduce the overall amounts of
common mode current flowing within the power system 20,
particularly within the switching power converter 6. The
hybrid filter 22 in at least some embodiments includes both
inductive and capacitive components and, to filter common
mode currents, the passive common mode filter component
includes both an inductive element and a capacitive element.
Further, to provide enhanced levels of filtering of the common
mode currents without the need for large inductive elements,
the capacitive element of the passive common mode filter
component is supplemented by the active common mode
filter component that is capable of effectively varying and
increasing/boosting the common mode capacitance of the
filter, particularly as a function of frequency, without any
concomitant increase in ambient ground leakage currents
(such that ground leakage currents can be maintained within
desired or acceptable levels).

Referring to FIG. 3, a schematic diagram is provided to
illustrate on a conceptual level a boosted common mode
capacitance branch 24 of the hybrid filter 22 of FIG. 2. As
shown, the branch 24 includes an active element, namely, a
voltage controlled voltage source 26 of appropriate polarity
that is introduced in series with a common mode capacitor 28
having a capacitance C,, . The amplitude of the voltage source
26 is proportional to a common mode voltage V,, that is
nominally appearing across the branch 24. An equivalent
impedance Z,,, of the branch 24 under this configuration can
be determined based upon s (where s represents j2nf, and fis
the signal frequency) and the capacitance C,, as follows:

1 M

Zoy = ————
@ T SC(L+A)

Thus, the value of C,, is boosted by a factor (1+A), where
A is the gain of an amplification network used to realize the
voltage source 26 (one example of which is shown in FIG. 3).
Due to the increased capacitance that is created by the opera-
tion of the active element (voltage source 26), the overall
impedance is smaller, thereby allowing more parasitic current
to be absorbed within the branch, away from the power source
4. The operation of the active element serves not so much to
cancel noise but rather to steer noise (e.g., steer noise away
from the power source 4) so as to minimize the impact of the
noise in terms of the generation of EMI. The boosting effect
is typically active (or most pronounced) only within the fre-
quency range of the active amplification network, and there-
fore as mentioned above does not contribute significantly to
ground leakage current.

Turning to FIG. 4, an additional schematic diagram is
provided showing an exemplary circuit 30 that can be imple-
mented as the hybrid filter 22 of FIG. 2 in accordance with at
least some embodiments of the present invention. As shown,
the circuit 30 includes first and second input terminals 32 and
34, respectively, which are configured to be coupled to the
first and second output terminals 14 and 16, respectively, of
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the power source 4. The circuit 30 also includes first and
second output terminals 36 and 38, respectively, which are
configured to be coupled to the first and second input termi-
nals 10 and 12, respectively, of the power converter 6. As
further shown, the circuit 30 in the present embodiment (like
the filter 2 of FIG. 1) includes an inductor 40 having first and
second magnetically-coupled inductive portions (or wind-
ings) 42 and 44, respectively, and having a common mode
inductance L, The first magnetically-coupled inductive
portion 42 links the terminal 32 with the terminal 36, while
the second magnetically-coupled inductive portion 44 links
the terminal 34 with the terminal 38.

In contrast to the inductor 3 shown in FIG. 1, the inductor
40 of the circuit 30 additionally includes (or is magnetically
coupled to) an additional sense winding 46 in addition to the
inductive portions 42 and 44. The sense winding 46 allows for
the sensing of a common mode voltage V¢, (e.g., a voltage
corresponding to V ,,shown in FIG. 3) appearing across the
inductor 40, which is the same across each of the inductive
portions 42, 44 and across the sense winding (although the
sense winding 46 is represented in FIG. 5A as an additional
inductor, the purpose of the sense winding is merely to sense
the voltage across the inductor 40 and the sense winding
contributes relatively little, if any, inductance in addition to
that of the inductive portions 42, 44). The sense winding 46 is
coupled between a filter ground 45 and an input to an invert-
ing operational amplifier 48 having a transfer function A(s) as
shown. The operational amplifier 48 in particular operates as
a gain amplifier where the gain varies/depends upon fre-
quency, and thus the transfer function A(s) also constitutes a
frequency response characteristic and a gain characteristic.
Although the amplifier 48 of FIG. 4 can be a single opera-
tional amplifier as discussed above, in alternate embodiments
the amplifier 48 could instead be (or be replaced by) a net-
work of more than one operational amplifier (e.g., multiple
cascaded operational amplifiers) and/or other devices (e.g.,
various transistor circuits). In general, the amplifier 48 is
intended to be representative of a gain stage having a transfer
function A(s).

The output signal from the amplifier 48 is a preconditioned
version of the common mode voltage V g, ,and is supplied to
a linear push-pull power stage 50. The linear push-pull power
stage 50 includes a first, NPN bipolar junction transistor
(BJT) 52 and a second, PNP BJT 54, a first biasing voltage
source 56, a second biasing voltage source 58, and a ground-
ing capacitor 60. More specifically, the emitter of the first
transistor 52 is coupled to the collector of the second transis-
tor 54 and additionally to the capacitor 60, which in turn is
coupled to an earth ground 47, which is different from the
filter ground 45. The bases of each of the two transistors 52,
54 are coupled to the amplifier 48 and receive the output
signal therefrom.

Additionally, the first biasing voltage source 56 is coupled
between the collector of the first transistor 52 and the filter
ground 45, while the second biasing voltage source 58 is
coupled between the collector of the second transistor 54 and
the filter ground. The first and second biasing voltage sources
56 and 58 are bidirectional voltage sources having opposite
polarities, with the higher voltage terminal of the first biasing
voltage source 56 being coupled to the collector of the first
transistor 52 and the higher voltage terminal of the second
biasing voltage source 58 being coupled to the filter ground
45. The amplifier 48 and the linear push-pull power stage 50
can be understood as corresponding (or equivalent) to the
voltage V ,, controlling the dependent voltage source 26 of
FIG. 3, and this voltage source can be understood to be
powered by the bidirectional voltage sources 56 and 58.

20

25

30

35

40

45

50

55

60

65

8

Further as shown in FIG. 4, the collector of the first tran-
sistor 52 is also coupled to a first passive common mode
capacitor 62 by way of a first damping resistor 64, with that
capacitor in turn being coupled between that damping resistor
and the second output terminal 38. Additionally, the collector
of the second transistor 54 is coupled to a second passive
common mode capacitor 66 by way of a second damping
resistor 68, with that capacitor in turn being coupled between
that damping resistor and the first output terminal 36. Further
as shown in FIG. 4, the circuit 30 includes first and second
voltage balancing resistors 70 and 72, respectively, which are
connected in parallel with the first and second common mode
capacitors 62 and 66, respectively, to equalize their floating
voltages. Neither the damping resistors, nor the balancing
resistors, are necessary in all embodiments, and consequently
the branch 24 of FIG. 3 does not show any such resistors.
Rather, in at least some embodiments such as the embodiment
of FIG. 4, these resistors are included to diminish the effect of
imperfections in the operation of the capacitors, e.g., to
reduce inaccuracies in performance due to leakage in the
capacitors.

Each of the passive common mode capacitors 62, 66 cor-
responds to the common mode capacitor 28 shown in FIG. 3.
However, in the circuit 30 shown in FIG. 4, there are two
branches corresponding to the branch 24 shown in FIG. 3,
namely, a first branch including the common mode capacitor
62 along with the active voltage source formed from the
elements 46, 48 and 50, and a second branch including the
common mode capacitor 66 along with the active voltage
source formed from the elements 46, 48 and 50, where the
same active voltage source is shared by both branches.

Further, in addition to the above-described components,
the circuit 30 includes more components as follows. First, in
addition to the two passive common mode capacitors 62 and
66 mentioned above, the circuit 30 also includes third and
fourth passive common mode capacitors 74 and 76, respec-
tively, which couple the second and first output terminals 38
and 36, respectively, to the earth ground 47 (as shown in FIG.
4, the output terminal 38 can further be considered as being
coupled to an additional power ground 49 that differs from the
filter ground 45 and the earth ground 47). Additionally, the
circuit 30 includes a first differential mode capacitor 78 link-
ing the first and second output terminals 36 and 38 to one
another, and a second differential mode capacitor 80 linking
the first and second input terminals 32 and 34 to one another.
Since the circuit 30 of FIG. 4 operating as the hybrid filter 22
(and operating as an active capacitance booster) is embedded
as part of, or otherwise implemented in conjunction with, the
switching power converter 6, the selection of the amplifier
gain A(s) plays a significant role in realizing desired system
performance. By appropriately choosing A(s), the effective-
ness of the proposed network can be designed to meet a
certain set of performance specifications without increasing
the capacitance values of the passive common mode capaci-
tors (e.g., the capacitors 62, 66, 74 and 76 of F1G. 4) or the
common mode inductance L,, of the inductor 40 (which
potentially could also be understood to include a differential
mode inductance).

It is desirable in at least some embodiments to employ an
analytical model so as to be able to predict the performance of
a system such as that shown in FIG. 2 employing a hybrid
filter such as the hybrid filter 22 formed using the circuit 30.
In particular, it is desirable that one be capable of determining
a closed loop transfer function H_,,(s) of the circuit 30 when
operating in combination with a power converter (and load)
and power source, such as the power converter 6 (and load 8)
and power source 4 of FIG. 2. Turning to FIGS. 5A and 5B,
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first and second simplified equivalent circuits 84 and 86,
respectively, are provided that allow for the development of
such an analytical model (or models) and the determination of
such a closed loop transfer function. More particularly, these
equivalent circuits allow for the proposed hybrid filter 22 to
be analyzed in conjunction with the power source and power
converter (and load) as a closed loop system having a loop
gain and transfer function that determine the stability and
performance of the system. Based upon these models, it is
possible to determine a first transfer function H,(s) through
the power system in the absence of the filter circuit, as well as
a loop gain T(s), which is equal to the product of the above-
described transfer function A(s) and H,(s). As discussed fur-
ther below, the loop gain T(s) can in turn be employed to
evaluate the stability of the system as well as to arrive at the
closed loop transfer function H_,(s).

Referring to FIG. 5A, a schematic diagram shows the
equivalent circuit 84 as including a circuit 90 that is a simpli-
fied version of the circuit 30 of FI1G. 4, which is representative
of the common mode operation of the circuit 30. As shown,
the circuit 90 includes the inductor 40 (including the sense
winding 46), the capacitors 62, 66, 74 and 76, as well as the
resistors 64 and 68 of the circuit 30. However, other compo-
nents of the circuit 30 are not included. In particular, the
elements that serve to reduce differential mode currents,
namely, the differential mode capacitors 78 and 80, are not
shown. Also, the voltage balancing resistors 70 and 72 are not
shown since those resistors are assumed to be large enough to
be treated as open circuits. As for the operational amplifier 48
and the elements forming the linear push-pull power stage 50
(which together with the sense winding 46 can be understood
as corresponding to the voltage source 26 of FIG. 3), these
elements are shown in a simplified form merely as a voltage
amplifier 88 that operates as a voltage controlled voltage
source outputting a voltage AV ¢, ., where V¢, (is the voltage
occurring across the sense winding and A again is the value of
the transfer function A(s) at any given value of's. Operation of
the voltage source 88, common mode capacitors 62, 66, 74
and 76, resistors 64, 68, and inductor 40 including sense
winding 46 results in a feedback loop 86 being formed.

In addition to showing the circuit 90 corresponding to the
circuit 30, the equivalent circuit 84 also presumes certain
characteristics regarding the power source that is connected
to the first and second input terminals 32, 34 of the circuit 90,
as well as regarding a power converter and load (which are
collectively labeled 97 in FIG. 5A) coupled to the output
terminals 36, 38 of the circuit 90. The characteristics of the
power source and power converter and load that are assumed
will vary depending upon the embodiment—that is, to arrive
at the equivalent circuit 84 in any given situation, the particu-
lar system in which the circuit 30 (or other filter circuit) is
being implemented should be considered.

For purposes of the present example, it is presumed in
developing the circuit 84 shown in FIG. 5A that the power
source provides a connection to the earth ground 47 (or its
equivalent, e.g., the body of a satellite) through some imped-
ance. Further, it is presumed that this impedance provided by
the power source, as viewed looking outward from the first
and second input terminals 32, 34 of the circuit 90, can be
represented (from an AC perspective) by a series combination
of two equal resistances 96, with the node connecting those
resistances being coupled to the earth ground. A standardized
impedance of this type can be created, in a test environment,
by attaching the power source to a line impedance stabiliza-
tion network (LISN), which in turn is coupled to the terminals
32, 34. (Information regarding such a LISN can be found in
“Military Standard, Measurement of Electromagnetic Inter-
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10
ference Characteristics”, MIL-STD-462 Rev. D, Jan. 11,
1993, U.S. Department of Defense, which is hereby incorpo-
rated by reference herein.)

Also, it is presumed that, while the output terminals 36, 38
are coupled to the power converter and load 97, the power
converter and load can be treated as having a parasitic capaci-
tance 98 linking the power converter and load to the earth
ground 47 that is sufficiently small that the output terminals
36, 38 can be treated as being open-circuited from a common
mode filtering perspective. Again, these assumptions regard-
ing the power source, power converter and load are being
made for the purposes of the present example of FIG. 5A and
it should be understood that these assumptions are not nec-
essarily applicable generally in relation to all power sources,
power converters and loads that might be connected to the
circuit 30 (for example, the above assumptions concerning
the power converter and load might need to be modified in
cases where the load is a DC motor employing switching
circuitry).

Referring to FIG. 5B, the equivalent circuit 84 of FIG. 5A
can be further simplified by absorbing identical parallel
branches into one so as to arrive at the equivalent circuit 86.
Namely, the parallel combination of the two pairs of capaci-
tors and resistors 62, 64, 66 and 68 can be represented by a
single resistor 100 in series with a single capacitor 102, where
the resistor 100 has a value that is half that of either of the
resistors 64, 68 and the capacitor 102 has a value that is twice
that of either of the capacitors 62, 66. Also, the parallel
combination of the capacitors 74, 76 can be represented as a
single capacitor 104 having a value that is twice that of either
of the capacitors 74, 76, and the two resistors 96 associated
with the power source can be represented as a single resistor
108 having half the value of either of those resistors. Further,
the inductor 40 and sense winding 46 can together be repre-
sented by an equivalent fictitious inductance 106 having the
same voltage across it as the voltage across the inductor 40
and the sense winding, namely, V., and having half the
common mode inductance L, ,of the inductor 40. As a result
of these simplifications, the overall equivalent circuit 86
merely includes the capacitor 104 in parallel with the series
combination of the amplifier 88 (which in FIG. 5B is merely
represented by a diamond indicating a voltage source), the
resistor 100 and the capacitor 102, the combination of which
is then coupled between the earth ground 47 and the series
combination of the inductor 106 and the resistor 108. More
particularly, the inductor 106 is coupled in between the resis-
tor 108 and each of the capacitors 102, 104, and the capacitor
104 at its opposite end is coupled to the amplifier 88 and to the
earth ground 47.

Given the circuit representations of FIGS. 5A-5B, H,(s)
can be determined. In determining H,(s) based upon the cir-
cuits 84 and/or 86, several assumptions can be made. First, as
is evident from FIGS. 5A and 5B, which do not include any
components corresponding to the differential mode elements
of FIG. 4 (e.g., the capacitors 78, 80), it is assumed that the
differential mode elements in the circuit 30 play no role in the
common mode signal analysis and can be ignored. Second, it
is assumed that the voltage balancing resistors 70 and 72 of
FIG. 4 are large enough to be open circuits and also can be
ignored in the common mode signal analysis. Third, it is
assumed that the voltage amplifier 88 (which is a push-pull
amplifier since the power stage 50 is a linear push-pull power
stage) is operating with unity gain. Fourth, it is assumed that
the impedance of the forward path through the parasitic
capacitance 98 is much larger than that of the backward path
through the resistances 96 (and also that the parasitic capaci-
tance 98 is much smaller than the capacitances within the
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filter circuit 90). Given these assumptions, H,(s) can be cal-
culated by way of the following equation:

@

In this equation, H, is equal to the resistance of the resistor
108, o, is equal to the resistance of the resistor 108 divided by
the inductance of the inductor 106, and w,, ®,, 05, ®, and Q,
can be determined via the following relations:

1 3)
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where R ;, is the resistance of either of the resistors 64 or 68,
C,, is the capacitance of either of the capacitors 62 or 66, C,-
is the capacitance of either of the capacitors 74 or 76, L, ,is
the inductance of the inductor 40 (which is twice the induc-
tance of the inductor 106), and R, is the resistance of one of
the resistors 96.

H,(s) can be considered a system or “plant” transfer func-
tion, since it can be viewed as the transfer function ofa system
(or plant) that is to be controlled and stabilized. Also, H,(s)
can be considered the frequency response transfer function of
the voltage V., appearing across the sense winding 106
arising due to the excitation from the dependent voltage
source 88. In any event, once the transfer function H,(s) is
determined, then the loop gain T(s) can be determined as the
product of H,(s) and A(s) (where, again, A(s) is the transfer
function between AV, and V. or the gain stage gain).
Theloop gain T(s) is of interest since the circuit 90 effectively
creates a control loop, with the controlled variable being the
voltage Vs, across the common mode inductor (the sense
winding 46). Although not possible in practice, ideally the
voltage V,, would be controlled to be zero, since if that
voltage was zero, then there would be no common mode
current and consequently no EMI generated by the power
converter and load 97. In practice, it is sufficient that V., ,be
reduced significantly. Additionally, in determining the loop
gain T(s), the operation of the circuit also should be consid-
ered from a stability perspective. Various approaches can be
pursued in considering the stability issue including, for
example, a consideration of Bode plots. It can be observed
from equation (2), and the low frequency asymptotes of the
frequency response function, that the circuit 86 (or circuit 84)
has two inverted poles, leading to a phase lead of 180° at low
frequencies. Therefore the preconditioning amplifier network
needs to provide adequate phase lag at the lower gain cross-
over frequency of the loop-gain in order to maintain stability.
In atleast some embodiments, a simple first order roll-off can
be chosen for A(s) as the following:
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@

where w5 is a corner frequency chosen such that the overall
system transfer function meets desired stability requirements.

Upon determining the loop gain T(s), then the closed loop
transfer function H_, (s) can be determined based upon the
following relation:

_ H(
s 1+ T(s)

He(s) ®

With the hybrid filter operational, the transfer function
between the common mode voltage and the measurement
point at the power source, H_,,(s), ideally is zero. The extent
to which H_,,,(s) approaches zero (or is reduced) is a measure
of'the success of the filter in reducing common mode current
and thus reducing the EMI of the power converter. Referring
to FIG. 6, a graph 109 is provided comparing the perfor-
mance, in terms of the closed loop transfer function H_,,(s), of
a conventional power converter operating in conjunction with
only a passive filter arrangement such as that of FIG. 1 (rep-
resented by a solid line 110) with that of a power converter
operating in conjunction with a hybrid filter such as that
described with reference to FIGS. 2-5B (represented by a
dashed line 112). As is evident, the values of H_, (s) that are
achieved by way of the hybrid filter arrangement are gener-
ally equal to or significantly less than those achieved by way
of'the conventional filter arrangement. It should be noted that,
in this example, the active common-mode capacitance
booster (e.g., the voltage controlled voltage source) of the
hybrid filter is eftective within the bandwidth of the loop gain
between 1 kHz and about 800 kHz, with adequate phase
margins at both crossover frequencies (it should further be
noted that this frequency range is appropriate particularly for
one exemplary test setup and that other systems/realizations
of'the present invention may have different operational band-
widths).

Although FIGS. 4-5B show a particular embodiment of
hybrid filter design, the present embodiment is intended to
encompass a variety of different designs in which there are
both passive and active filter components, particularly
designs in which the active filter components include at least
one voltage source (albeit the voltage source need not always
be a voltage controlled voltage source), and/or designs in
which an active element varies an overall capacitance so as to
steer common mode current away from a power converter/
load or source. In comparison with some conventional filter
designs, at least some embodiments of the present invention
are advantageous in that they operate to boost capacitance
values to be larger only within a predefined frequency range
(or ranges) rather than generally over all frequencies. Further,
the increased capacitance is a result of small signal boosting,
and capacitance is not increased from a power perspective.

While the particular embodiment described above with
respect to FIGS. 2-5 envisions that parasitic capacitance/
current in a power converter such as the power converter 6 is
the primary source of EM], it is also possible in other embodi-
ments that EMI is the result of parasitic capacitance/current
occurring in locations other than (or in addition to) the power
converter. For example, parasitic capacitance/current could
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be occurring in the load, for example, if the load included a
power converter of its own or a device including switching
devices such as a DC motor. In such embodiments, a hybrid
filter could be coupled to the output terminals of the power
converter rather than to the input terminals of the power
converter, or multiple hybrid filters coupled to each of these
locations or other locations could be employed.

Further, the particular analysis and formulas described
above (e.g., concerning H,(s), A(s), T(s) and H_,(s)) are
intended merely as an example given the assumptions
described above, and the present invention is intended to
encompass a variety of other embodiments used in different
application situations that may require different assumptions,
analysis and corresponding formulas. Indeed, the present
invention is intended to encompass a variety of embodiments
of filters and filter circuits employed in relation to a variety of
different power converters such as those described above, and
in a variety of applications including, but not limited to,
aerospace applications, automotive applications (e.g., trac-
tion-related applications), applications in commercial facili-
ties (e.g., utilities, industrial and/or military applications),
and residential’/household applications such as in personal
(e.g., desktop or laptop) computers and various appliances
(e.g., refrigerators).

It is specifically intended that the present invention not be
limited to the embodiments and illustrations contained
herein, but include modified forms of those embodiments
including portions of the embodiments and combinations of
elements of different embodiments as come within the scope
of the following claims.

We claim:

1. A hybrid filter for use in reducing EMI, the hybrid filter
comprising:

a passive filtering component;

an active filtering component coupled at least indirectly to

the passive filtering component,
wherein the active filtering component includes a voltage
controlled voltage source that is controlled by a sensed
common mode voltage, and wherein the hybrid filter
operates to reduce a level of a common mode current,

whereby the EMI generated due to the common mode
current is reduced.

2. The hybrid filter of claim 1, wherein the passive filtering
component includes a filter capacitor.

3. The hybrid filter of claim 2, further comprising an addi-
tional passive filtering component that is a first inductor.

4. The hybrid filter of claim 3, wherein the voltage con-
trolled voltage source operates in response to a voltage expe-
rienced across at least one of the first inductor and a second
inductor that is magnetically coupled to the first inductor.

5. The hybrid filter of claim 2, wherein the voltage con-
trolled voltage source serves to adjust an effective overall
capacitance that includes a first capacitance provided by the
filter capacitor.

6. The hybrid filter of claim 1, wherein the voltage con-
trolled voltage source includes a power stage having at least
one transistor.

7. The hybrid filter of claim 1, wherein the voltage con-
trolled voltage source includes a gain generating device hav-
ing a first transfer function A(s).

8. The hybrid filter of claim 7, wherein the hybrid filter has
a loop gain T(s) equaling a product of the first transfer func-
tion A(s) and a second transfer function.

9. The hybrid filter of claim 7, wherein the hybrid filter
serves to reduce values of a closed loop transfer function
H_,,(s) over a first range of a frequency spectrum.
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10. The hybrid filter of claim 1, further comprising at least
one component capable of filtering a differential mode cur-
rent.
11. A power conversion device, wherein the hybrid filter of
claim 1 is either coupled in combination with the power
conversion device or included as a part of the power conver-
sion device.
12. The power conversion device of claim 11, wherein the
hybrid filter is either coupled to an input terminal of the power
conversion device or coupled to an output terminal of the
power conversion device.
13. The power conversion device of claim 11, wherein the
power conversion device is selected from the group consist-
ing of'a DC to DC converter, an AC to DC converter, a DC to
AC converter, and an AC to AC converter.
14. The power conversion device of claim 11, wherein the
power conversion device is a multiphase device.
15. An apparatus employing the power conversion device
of'claim 11, wherein the apparatus is selected from the group
consisting of a first apparatus capable of being implemented
in an automobile, a second apparatus capable of being imple-
mented in an acrospace vehicle, and a third apparatus capable
of being implemented in a home appliance, and a fourth
apparatus capable of being implemented in a commercial
facility.
16. A hybrid filter for use in relation to a power conversion
device, the hybrid filter comprising:
an active filtering component that includes a voltage con-
trolled voltage source that is controlled by a sensed
common mode voltage and operates to provide a vari-
able first capacitance, and wherein as a result the hybrid
filter operates to reduce a level of a common mode
current within the power conversion device,
whereby an amount of EMI generated by the power con-
version device is reduced, and wherein the hybrid filter
additionally comprises a passive filtering component
including a filter capacitor that is coupled at least indi-
rectly to the active filtering component, and wherein the
active filtering component serves to adjust an overall
capacitance including both the variable first capacitance
and a second capacitance provided by the filter capaci-
tor.
17. The hybrid filter of claim 16, wherein the hybrid filter
is configured to be either coupled at least indirectly in com-
bination with the power conversion device or included as a
part of the power conversion device.
18. A method of operating a power conversion device in a
manner resulting in a reduction in an EMI generated by the
power conversion device, the method comprising:
providing a hybrid filter that is implemented in combina-
tion with the power conversion device, wherein the
hybrid filter includes a passive filter component and an
active filter component, the active filter component
including a voltage controlled voltage source that is
controlled by a sensed common mode voltage; and

operating the active filter component so that an overall
common mode reactance including a first capacitance of
the passive filter component is varied over frequency,
and so that a common mode current occurring within the
power conversion device is reduced,

whereby the EMI generated by the power conversion

device is reduced.
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