wo 2016/208762 A1 [N H0F 00 00000 O 0 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/208762 Al

(51

eay)

(22)

(25)
(26)
(30)

1

1

(72

74

29 December 2016 (29.12.2016) WIPO | PCT
International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO2M 1/12 (2006.01) kind of national protection available): AE, AG, AL, AM,
. L AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/IP2016/068936 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
International Fi]ing Date: HN, HR, HU, ID, IL, H\I, IR, IS, JP, KE, KG, KN, KP, KR,
20 June 2016 (20.06.2016) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, 1N,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Priority Data: . L
15306018.1 26 June 2015 (26062015) EP (84) De51gnated States (unless otherwise zndlcated, fO}" every
kind of regional protection available): ARIPO (BW, GH,
Applicant (for all designated States except JP): MIT- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
SUBISHI ELECTRIC CORPORATION [JP/JP]; 7-3, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Marunouchi 2-chome, Chiyoda-ku, Tokyo, 1008310 (JP). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Applicant (for JP only): MITSUBISHI ELECTRIC DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
R&D CENTRE EUROPE B.V. [NL/NL]; Capronilaan LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, S, SK,
46, NS Schiphol Rijk, 1119 (NL). SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).
Inventors: RAMBAUD, Luc; ¢/o MITSUBISHI ELEC- .
Published:

TRIC R&D CENTRE EUROPE, 1 allee de Beaulieu CS
10806, RENNES Cedex 7, 35708 (FR). MOLLOY,
Stefan; c¢/o MITSUBISHI ELECTRIC R&D CENTRE
EUROPE, 1 allee de Beaulieu CS 10806, RENNES Cedex
7, 35708 (FR).

Agents: SOGA, Michiharu et al.; S. SOGA & CO, 8th
Floor, Kokusai Building, 1-1, Marunouchi 3-chome, Chiy-
oda-ku, Tokyo, 1000005 (JP).

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: COMMON MODE FILTER DEVICE AND ELECTRICAL EQUIPMENT

21 22
b 40
10 l Y | 1 iIem 30
2”45:1.\}. QQ%M
2\% 72
1] Iiisn n‘g)unuu 4/1 uuMq& L 31
CiTY
12 - [ T T [ [ 32
0004000 -
13 a2 | Tine [ 33
50000000 y
rE—% 3 222 s Tinta
237 L) 232 252771 (TI 95
i 241 ™V, Veors | 251 3
current 1, \ng//
control comp 100
FIG 1 circuit
/
24
D

(57) Abstract: A common mode filter device (2) comprises two LC-filters (21, 22) which are serially connected, two transtormers
(23, 25) and an active current control circuit (24). The transformers are dedicated to sensing a common mode current and injecting
compensation currents driven by the current control circuit. The transtormers provide electric isolation between the current control
circuit and power-transferring connections of the common mode filter device. Continuing operation of an electrical apparatus which
is power-supplied through the common mode filter device is also ensured in case of failure of the current control circuit, with the
LC-Afilters still producing partial common mode filter function.
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[DESCRIPTION]
[Title of Invention]

COMMON MODE FILTER DEVICE AND ELECTRICAL EQUIPMENT
[Technical Field]
[0001]

The invention relates to a common mode filter device and also to an
electrical equipment which comprises such common mode filter device.

[Background Art]
[0002]

Many electrical apparatuses incorporate power converters which are
switching-based with high switching frequency. Due to fast switching transitions,
switching-based operation which is implemented in one apparatus produces
electromagnetic interference which is transmitted to the AC network used for
supplying power to this apparatus, and also transmitted to other apparatuses.
In particular, common mode currents which are produced by one apparatus
may cause damages to other apparatuses which are also powered by the same
AC network. For example, reliability and lifetime of motors are significantly
affected by such common mode currents. Indeed, capacitive couplings exist
between the stator and rotor of a motor, so that a shaft voltage which is due to
the common mode currents may cause electrical discharges through the motor
air gap, which then may damage the insulation barrier. Also mechanical
unbalance and wearing of the rotor bearings may be caused by the common
mode currents.

[0003]

Because of these reasons, electromagnetic interference (EMI)
standards such as CISPR 11/EN 55011 and CISPR 22/EN 55022 set limits for
the common mode currents which are transmitted by an electrical apparatus
back to the power-supplying AC network. Plural form is used for the common
mode currents due to their magnitudes for all frequency values. Then for
meeting the requirements of these standards, some electrical apparatuses
have to be equipped with common mode filter devices.

[0004]

Such common mode filter device is electrically inserted between the
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apparatus and the AC network, so as to form a barrier against transmission of
the common mode currents from the apparatus to the AC network. Because
such barrier has to effective for common mode current for industrial
applications, the common mode filter device is commonly comprised of one or
several low-pass filters, each low-pass filter being based on at least one
capacitor and at least one inductor. For example, such common mode filter
device to be connected between the electrical AC network and an electrical
apparatus may comprise:

- a first electrical connection which is dedicated for connecting an earth
terminal of the AC network to a common terminal of the apparatus;

-at least two second electrical connections each for connecting a
respective phase terminal of the AC network to a respective power
terminal of the apparatus; and

- separately for each second electrical connection: two LC-filters which
are arranged serially, each LC-filter comprising a separate capacitor
which is connected between this second electrical connection and the
first electrical connection, and each LC-filter also comprising a separate
common mode inductor which is arranged in the second electrical
connection upstream of the capacitor of the same LC-filter, relative to a
direction from the AC network to the apparatus.

[0005]

Such common mode filter device is of passive type. It is more efficient
for reducing the common mode currents which are produced by the apparatus
when each inductor and each capacitor have large values, but the unit price of
the common mode filter device is then higher. Also the common mode filter
device is then bulky and large, resulting in heavy and cumbersome electrical
equipments. '

[0006]

Active filters are also well known. For example, one LC-filter comprised
of one inductor and one capacitor connected as indicated above, may be
completed with an active circuit which is arranged for sensing the voltage or the
current at the filter output, on the AC network side. Then the active circuit is
equivalent to a current source which is connected in parallel to the AC network,
or to a voltage source which is connected serially between the LC-filter and the

- AC network. In both cases, the active circuit is designed so that the equivalent
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current source or voltage source reduces the common mode current which is
transmitted back into the AC network. A major advantage of such active
common mode filter devices is to allow reducing the values of the inductor and
capacitor of the LC-filter while maintaining substantially constant efficiency for
reducing the common mode currents. As a consequence; the common mode
filter device is reduced in size and price. Such active common mode filter
devices are presented in particular in Non Patent Literature 1.

[0007]

In. particular, there are already active common mode filter devices
which implement magnetic operation for sensing the common mode currents
which are transmitted to the AC network.

[Citation List]

[Non Patent Literature]
' [0008]

[NPL 1]

Heldwein M.L., Ertl H., Biela J. and Kolar JW: “Implementation of a
Transformerless Common-Mode Active Filter for Offline Converter Systems”,
Industrial Electronics, IEEE Transactions on, vol. 57, n°5, pp.1772-1786, May
2010

[Summary of Invention]
[Technical Problem]
[0009]

General issues for a filter device are the isolation issue, the failure
impact and the stability issue.

[0010]

The isolation issue deals with safety. For this purpose, there is a great
interest for device designs where no electrical path connects any of the phase
terminals of the AC network to the earth terminal.

[0011]

The failure impact deals with operation of the apparatus continuing
without disturbance even when the common mode filter device encounters itself
a failure. It depends on the electrical components which are used and their



WO 2016/208762 PCT/JP2016/068936

arrangement and implementation within the common mode filter device.

[0012]

The stability issue relates to using an active circuit. The output
impedance of an electrical apparatus to be equipped with one common mode
filter device varies depending on the apparatus. Furthermore the active
common mode filter must remain stable when reducing the common mode
current whatever is the AC network impedance within an impedance range as
large as possible.

[0013]

Starting from this situation, one object of the present invention consists
in providing a novel common mode filter device which reduces in a greater
extent the common mode currents which are transmitted back to the AC
network.

[0014]

Other objects of the invention relate to the isolation issue, failure impact
and stability issue presented above.

[0015]

- Still other objects of the invention relate to reducing the unit price and
the geometrical size of the common mode filter device.

[Solution to Problem]

[0016]

For meeting at least one of these objects or others, a first aspect of the
present invention proposes a common mode filter device-of the type presented
above, which comprises two serially-connected LC-fiters for each second
electrical connection between the electrical AC network and the electrical

apparatus.
[0017]

According to the invention, the common mode filter device further
comprises two transformers and a current control circuit. Then, a secondary
winding of a first one of the transformers is arranged for producing a detection
voltage which is representative of a common mode current existing in the
second electrical connections. In addition, the current control circuit is arranged
for sensing the detection voltage and for generating a control of current in a
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primary winding of the second one of the transformers.

[0018]

_ According to a further feature of the invention, the common mode
inductor of the LC-filter which is closest to the apparatus for each second
electrical connection is a respective secondary winding of the second
-transformer, separately for each second electrical connection, so as to
generate a compensation current in this common mode inductor. Hence the
second transformer comprises one primary winding which is current-fed by the
current control circuit, and as many secondary windings as the number of
phase terminals of the AC network.

[0019]

Then, the current control circuit and both transformers are adapted so
that the injected currents, denoted compensation current just above,
compensate at least partially for the sensed common mode current which is
transmitted into the second electrical connections by the apparatus from its
power terminals.

[0020]

Thus, the common mode filter device of the invention is a special -
combination of a passive filter device which is based on two LC-filters with an
additional current control circuit which acts as an active circuit.

[0021]

In addition, magnetic operation is implemented for both sensing the
~common mode current which is transmitted to the AC network and injecting
compensation currents into the second electrical connections.

[0022]

Also in the common mode filter device of the invention, the current
control circuit is electrically isolated from the phase terminals of the AC network,
since it interacts with the second electrical connections only though the first and
second transformers with separate windings. Put another way, there is a
galvanic isolation between the current control circuit and the phase terminals of
the AC network.

[0023]

Also in the common mode filter device of the invention, an operation
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failure of the current control circuit leads to a rise in the common mode current,
but the electrical apparatus goes on working normally. The electromagnetic
interference standards will be possibly no longer met, but without impeding the
use of the apparatus. Such situation only requires a maintenance work during
the next stop of the apparatus, and meanwhile both LC-filters maintain a partial
reduction of the common mode current.

[0024]

Hence, both transformers of the invention common mode filter device
act as fault-tolerant multi-purpose magnetic components.

[0025]

In the common mode filter device of the invention, the compensation
current is injected into each second electrical connection between the
respective capacitors of both LC-filters of this second electrical connection. So
the capacitor of the LC-filter which is closest to the apparatus provides the
necessary voltage termination for the compensation current injection. In
addition, the conducted common mode current is sensed immediately at this
interface with the AC network. The stability of the common mode filter device is
independent of the feeder impedance between the common mode filter device
and the AC network.

[0026]

In addition, the current control circuit as an active circuit allows
reducing the values of the inductors and capacitors, and their sizes as a
consequence, while substantially maintaining the reduction efficiency for the
common mode current. So the common mode filter device can be reduced in
size, and its unit cost can be further reduced. In particular, most of or all the
electrical components of the common mode filter device may be substrate-
mounted components, such as PCB-mounted components (PCB standing for
printed circuit board), components mounted on ceramic substrate, or
components integrated with a silicon wafer. Then the common mode filter
device may be produced using machines or robots only, without separate
components to be mounted by an operator.

[0027]

Furthermore, the sensing and compensating parts of the active circuit
are comprised of windings which are additional to the coils of the inductors of
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the LC-filters. Put another way, each transformer has a hybrid or combined
function of pertaining to the corresponding passive LC-filter, and also producing
the function of sensing the common mode current or compensating for it in the
second electrical connections. However, the transformers are each
implemented in the common mode filter device as one single component, with
total reduced size compared to separate components.

[0028]

In some implementations of the invention, the common mode filter
device may further comprise at least one damping circuit, this damping circuit
comprising a damping resistor and a damping capacitor which are serially
connected. Also, the second transformer may further comprise another winding
which is connected in closed loop with the damping resistor and the damping
capacitor. Then, the damping resistor and damping capacitor may be selected
so that a resonance effect of at least one of the LC-filters on an insertion loss
function which is relative to the common mode filter device is reduced or
suppressed. The efficiency of the common mode filter device is thus more
progressive over the whole frequency range.

[0029]

In preferred implementations of the invention, the current control circuit
may comprise a compensator and a current buffer. The compensator is
adapted for feeding the current buffer with an intermediate signal which varies
as a function of the detection voltage. The current buffer is adapted for acting
as a current generator which outputs the control current as a function of the
intermediate signal. The current control circuit together with the second
transformer thus operates as a current source which produces the
compensation currents. This operation further reduces the influence of the
output impedance of the apparatus on the stability of the whole electrical
equipment. One same common mode filter device can thus be used with a
further increased number of different apparatuses. Mass production with
constant values for the components contributes to reducing the unit price of the
common mode filter device.

[0030]

In most preferred ones of such implementations, the current control
circuit may further comprise optionally:

- a direct signal suppression module, which has an input connected to a
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node between the compensator and the current buffer, and also an
output connected to an input of the compensator, and which is adapted.
for reducing or cancelling a direct component of the intermediate
signal;

- a direct current compensation module which is arranged so as to reduce
or cancel a direct component of the control current; and

- a protection module when the intermediate signal is a control voltage,
this protection module being connected to a node between the
compensator and the current buffer, and also connected to an exit
terminal of the primary winding of the second transformer, this exit
terminal being opposed to the current buffer for the primary winding of
the second transformer.

Generally in the invention, the common mode inductor of the LC-filter
which is closest to the AC network for each second electrical connection may
form a respective primary winding of the first transformer. With such filter
design, the first transformer comprises any many primary windings as the
number of phase terminals of the AC network, and the secondary winding

- forming one additional winding.

[0031]

According to an alternative filter design, the secondary winding of the
first transformer which produces the detection voltage may be a Rogowski-type
sensor. Such Rogowski-type sensor is then arranged at the second electrical
connections for detecting the common mode current which exists in the
common mode inductors of the LC-filters closest to the AC network.

[0032]

A second aspect of the invention proposes an electrical equipment
comprising an electrical apparatus and a common mode filter device which is in
accordance with the first invention aspect. The common mode filter device is
then arranged for transferring electrical power from an AC network to the
apparatus when the equipment is connected to the AC network. Within the
equipment, the common terminal of the apparatus is connected to the first
electrical connection of the common mode filter device, and the power
terminals of the apparatus are respectively connected to the second electrical
connections of the common mode filter device. With such connections, the
common mode filter device is effective for compensating for the common mode
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current which is produced by the apparatus and transferred to the first and
second electrical connections, so that the AC network receives compensated
common mode current.

[0033]

The apparatus of the electrical equipment may comprise an electrical
rotating machine. In particular, the electrical rotating machine may be a motor
which is coupled with a motor drive unit.

[0034]

Alternatively, the apparatus may comprise a photovoltaic system which
includes at least one photovoltaic panel coupled with a DC-AC power generator.

[0035]

These and other features of the invention will be now described with
reference to the appended figures, which relate to preferred but not-limiting
embodiments of the invention.

[Brief Description of Drawings]

[0036]
[Fig. 1]

Figure 1 is a diagram of an electrical equipment which includes a
~ common mode filter device according to the invention;
[Fig. 2]

Figure 2 illustrates an improvement of the invention for avoiding a
resonance effect on a loss function of the common mode filter device of
Figure 1,

[Fig. 3]

Figure 3 illustrates an alternative embodiment of the invention which

relates to a sensing part of the common mode filter device;

[Fig. 4]
Figure 4 is a diagram of a current control circuit which may be used in
preferred embodiments of the invention; and |

[Fig. 5]

Figure 5 is a function block diagram of the electrical equipment of



WO 2016/208762 PCT/JP2016/068936

10

Figure 1 when the current control circuit of Figure 4 is used.
[Description of Embodiments]

[0037]
The reference numbers indicated in Figure 1 have the following
meanings:
1. AC network for supplying power to an electrical apparatus
- 10 earth terminal of the AC network

11, 12, 13 phase terminals of the AC network, in case of a three-phase
AC network

2 the common mode filter device

3 electrical apparatus, for example an electrical rotating machine or
a photovoltaic system '

30 common terminal of the electrical apparatus
31, 32, 33 power terminals of the electrical apparatus

100 electrical equipment formed by the common mode filter device 2
and the electrical apparatus 3 connected to one another

40 first electrical connectidn of the common mode filter device 2

41, 42, 43 second electrical connections of the common mode filter
device 2

21,22 two LC-filters for each second electrical connection 41-43
23 first transformer

24  current control circuit

25 second transformer

211, 221 capacitors of the LC-filters 21 and 22, respectively |
212,222 inductors of the LC-filters 21 and 22, respectively

231 secondary winding of the first transformer 23

232, 252 magnetic cores of the first and second transformers 23, 25
251 primary winding of the second transformer 25

D  circuitry direction orientéd from the AC network 1 to the electrical



WO 2016/208762 PCT/JP2016/068936

11

apparatus 3, for defining words such as upstream and
downstream used in the description '

[0038]

In figures, same reference numbers which are indicated in different
figures denote identical elements of elements with identical function.

[0039]

The common mode filter device 2 may be provided as a stand-alone
device to be purchased separately from the apparatus 3. Alternatively, it may
be combined with the electrical apparatus 3 for forming with this latter the
electrical equipment 100. Small dimensions of the common mode filter device 2
make it easy to add it within a housing of the apparatus 3, and in particular in
combination with a power converter of this apparatus.

[0040]

The first electrical connection 40 electrically connects the earth terminal
10 of the AC network 1 to the common terminal 30 of the electrical apparatus
30.

[0041]

, The AC network 1 which is represented is three-phase as an example,
but the invention can be implemented for a two-phase AC network, by deleting
the second electrical connection 43. |

[0042]

The second electrical connection 41 electrically connects the phase
terminal 11 of the AC network 1 to the power terminal 31 of the electrical
apparatus 3. Similarly, the second electrical connection 42 electrically connects
the phase terminal 12 of the AC network 1 to the power'terminal 32 of the
electrical apparatus 3. This is complete for a two-phase AC network but when
the AC network 1 is three-phase, the further second electrical connection 43
electrically connects the phase terminal 13 of the AC network 1 to the power
terminal 33 of the electrical apparatus 3. The electrical connections 40-43
transmit the electrical power which is necessary for the operation of the
apparatus 3, from the AC network 1 to the apparatus terminals 30-33.

[0043]

One of the inductors 212 is arranged within the second electrical
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connection 41, and one capacitor 211 is connected between the connections
40 and 41 downstream the inductor 212. The capacitor 211 and the inductor
212 form one LC-filter 21. Each other second electrical connection 42 and 43 is
equipped identically with a respective LC-filter 21 based on one separate
capacitor 211 and one separate inductor 212. All capacitors 211 are identical
and all inductors 212 are identical. The capacitors 211 and the inductors 212
may be selected so that each LC-fiter 21 is a low-pass filter with cut-off
frequency of some hundreds of kHz. Then the LC-filters 21 may be called 'high-
frequency filters, and the component values thereof are labelied hf later in this
description.

[0044]

Similarly, one of the inductors 222 is arranged within the second
electrical connection 41, and one capacitor 221 is connected between the
connections 40 and 41 downstream the inductor 222. The capacitor 221 and
the inductor 222 form one LC-filter 22. Each other second electrical connection
42 and 43 is equipped identically with a respective LC-filter 22 based on one
separate capacitor 221 and one separate inductor 222. All capacitors 221 are
identical and all inductors 222 are identical. The capacitors 221 and the
inductors 222 may be selected so that each LC-filter 22 is a low-pass filter with
cut-off frequency of some tens of kHz. Then the LC-filters 22 may be called
middle-frequency filters, and the component values thereof are labelled mf later
in this description. '

[0045]

With respect to the direction D, the LC-filters 21 and 22 are arranged
serially for each connection 41-43, with the LC-filter 21 upstream from the LC-
filter 22.

[0046]

But each of the LC-filters 21, 22 may produce a resonance in a well-
known manner, which reduces the filtering efficiency at the cut-off frequency.
Put another way, when considering the loss function defined as the ratio of the
expected common mode current value without using the filter device 2 over the
measured common mode current value when using the filter device 2, the filter
resonance decreases the loss function values in a spectral range which
contains the cut-off frequency. For avoiding such effect, the transformer 25 may
comprise an additional winding 253 as represented in Figure 2. Then, a
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damping circuit 26 may be provided which contains at least one damping
resistor 261, at least one damping capacitor 262, and the additional winding
253, all connected serially in a closed loop. Then the values for these
components of the damping circuit 26 can be selected easily by the Man skilled
in electrical technics for reducing the resonance effect on the loss function.
Possibly a single damping circuit of this kind may be provided for reducing or
suppressing the resonance effect of the LC-filters 21, or of the LC-filters 22, or
two damping circuits may be provided in parallel which are respectively
dedicated to the LCfilters 21 and the LC-filters 22.

[0047]

Alternatively for reducing or supressing the resonance effect of the LC-
filters 22, it is also possible to add a RC-branch in parallel with each capacitor
221, for the three connections 41-43. Similar RC-branches may also be added
in parallel with the capacitors 211 for reducing or suppressing the resonance
effect of the LC-filters 21.

[0048]

According to first embodying modes for the invention which correspond
to Figure 1, the three inductors 212 are further combined within the transformer
23 so as to form three primary windings of this latter. The transformer 23 then
also comprises the secondary winding 231, and all windings of the transformer
23 are arranged so that the secondary winding 231 operates as a current
sensor: the secondary winding 231 produces across a resistor (denoted 240 in
Figure 4 and called load resistance below) a detection voltage V; which is
proportional to the sum of the currents which flow separately in the three
inductors 212 with identical orientations relative to the direction D. All windings
of the transformer 23 may be arranged around the common magnetic core 232.
The magnetic core 232 may be a ferrite core in particular. The value of the
inductors 212 can thus be high, so that such design is more adapted for
apparatuses which implement small or intermediate currents. But such limited
currents avoid saturation effects which may be caused by the magnetic core
232. The high inductor value is also suitable for obtaining a cut-off frequency in
the range of few hundreds of kHz for the LC-filter 21. With such design, the
transformer 23 is a discrete component which includes the three common
mode inductors 212, the secondary winding 231 and the magnetic core 232 in
a single unit component. It can be mounted on a PCB substrate used for the
LC-filters 21 without occupying much substrate surface.
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[0049]

According to second invention embodying modes which are alternative
to the first ones and correspond to Figure 3, the secondary winding 231 may be
a Rogowski coil as represented. Such coil is located near a zone where the
three connections 41-43 are running in parallel with same current orientation
and close to each other. Because a Rogowski coil does not implement any
magnetic core, no saturation effect is involved over a very large frequency
range. But the mutual induction value of such secondary winding is quite low in
general, although depending on its number of turns. So such alternative design
is more adapted for apparatuses with large currents. In addition, a Rogowski
coil can be easily integrated in a PCB substrate if enough substrate surface is
available. ’

[0050]

Generally in the invention, the three inductors 222 are combined within
the transformer 25 so as to form three secondary windings of this latter. The
transformer 25 then also comprises one primary winding 251 (Figures 1 or 3),
and all windings of the transformer 25 are arranged so that a control current
lcomp Which flows in the primary winding 251 produce in the three inductors 222
currents which are equal and proportional to leomp, With identical orientations
relative to the direction D.

[0051]

A common mode current l.n which is produced by the electrical
apparatus 3 from the power terminals 31-33, is indicated in Figure 1. Then, the
current control circuit 24 is adapted for producing the control current leomp
based on the detection voltage V;, so that the current which is produced by the
transformer 25 in each one of the inductors 222 compensates at least partially
the common mode current l., within the corresponding second electrical -
connection 41-43. Hence, the transformer 25 operates as a current injector,
and the currents which are produced by the transformer 25 in the inductors 222
have been called compensation currents in the general part of this description.

[0052]

Because of their arrangements in the transformers 23 and 25, the
inductors 212 and 222 have been called common mode inductors.

[0053]
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A preferred embodiment of the current control circuit 24 is now
described with reference to Figure 4. The base components of the current
control circuit 24 are a compensator 241 and a current buffer 242.

[0054]

The compensator 241 has an integrator function so that an
intermediate signal which is outputted by this compensator is proportional to -
the common mode current which flows in the common mode inductors 212. For
example, the secondary winding 231 of the first transformer 23 may be
connected in closed loop with a load resistor 240, and both inputs of the
compensator 241 are connected to both terminals of the load resistor 240. The
compensator 241 may comprise at least one among a proportional-integral
and/or proportional-integral-derivative compensator stage. For example, the
compensator 241 outputs a control voltage denoted V, as the intermediate
signal. This control voltage V, is then transmitted to the current buffer 242.

[0055]

The current buffer 242 acts as a current generator which outputs the
control current lcomp as a function of the control voitage V,. Thus for each
frequency above the mf cut-off frequency, the compensation currents which are
produced by the windings 222 may be substantially proportional to the
detection voltage V.. In embodiments which can be designed by anyone skilled
in the art, the current buffer 242 may comprise at least one push-pull transistor
assembly and possibly one or several driving stages. Reference number 245
denotes a load resistance which is arranged for correct operation of the current
buffer 242.

[0056]

But possibly in- such current control circuit, troubles may arise from
undesired offset signal components which are produced by the compensator
241 and/or by the current buffer 242.

[0057]

For this purpose, the current control circuit 24 may further comprise a
direct signal suppression module 243. This direct signal suppression module
243 is dedicated to reducing or cancelling a direct component possibly existing
in the control voltage V,. It has an input which is connected to a node N located
between the compensator 241 and the current buffer 242, and has an output
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which is connected to one of the compensator inputs for producing a negative
feedback. Any well-known DC-compensator structure may be used for the
direct signal suppression module 243, which is efficient for reducing or
suppressing the direct component of the control voltage V,.

[0058]

Independently or in combination with implementing the direct signal
suppression module 243, the current control circuit 24 may further comprise a
direct current compensation module 244. Such direct current compensation
module 244 is dedicated to reducing or cancelling a direct component of the
control current leomp Which is outputted by the current buffer 242. It may
comprise a low-pass filter 2441 which is connected at the exit terminal of the
primary winding 251 of the second transformer 25, so that the low-pass filter
2441 senses a low frequency component existing in the control current leomp.
Then the direct current compensation module 244 also comprises a
subtraction-effective arrangement 2442 which is connected between the
compensator 241 and the current buffer 242. The output terminal of the low-
pass filter 2441 is connected to the subtraction-effective arrangement so as to
subtract from the control voltage V, a signal which is representative for the low
frequency component existing in the control current. Also the low-pass filter
2441 may comprise itself a proportional-integral compensator.

[0059]

Optionally, the current contro! circuit 24 may further comprise a
protection module 246 which is dedicated to avoiding that the current buffer
242 produces a control current lcomp Which is too large. The protection module
246 is connected to the node N between the compensator 241 and the current
buffer 242, and also connected to the exit terminal of the primary winding 251
of the second transformer 25. Connection of the protection module 246 to the
exit terminal of the primary winding 251 may encompass the load resistor 245,
and the connection of the protection module 246 between the compensator 241
and the current buffer 242 may be on either side of the subtraction-effective
arrangement 2442 if this latter is used. For example, the protection module 246
may comprise two diodes which are connected in parallel and with opposed
current-conducting directions, and this diode assembly is serially combined with
a resistor as represented in Figure 4. Such structure of the protection module
246 is cheap, but other structures may be used alternatively, in particular

~ without resistor.
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[0060]

The following developments prove the efficiency of the common mode
filter device as implemented according to Figures 1 and 4, in the frame of a
two-phase AC network only for being short. Similar developments but for a
three-phase AC network can be extrapolated therefrom easily.

[0061]

If Veomp denotes the voltage across the primary winding 251 of the
second transformer 25, then:

Veomp = Lo P-leomp + M-p-(lint1 + lint2)

where L, is the inductance value of the primary winding 251, M is the mutual
inductance between the primary winding 251 and each common mode inductor
222, p is the Laplace'parameter associated to the frequency and iy, linz are
the currents in the common mode inductors 222 as indicated in Figure 1. Also
the voltage across each common mode inductor 222 is:

for connection 41: Vi = M-p-lcomp + Ls'P-lint1 + M-p-line2
and also for connection 42: Viz = M-plcomp + Ls'P-lintz + M*p-lint1

where Ls is the inductance value of each inductor 222 and m is the mutual
inductance value between two inductors 222. Then a factor k meets the
followings: M = k-(L,'Ls)"? and m = k-Ls.

For symmetry reason: lint1 = linz Noted i, so that:
Veomp = Lo'pleomp + 2-M-p-lint
Vi=Vy =Vp= M'p'lcomp + (Ls + M)-p-lint

Then the common mode current Icm which originates from each one of the
power terminals 31-33 of the apparatus 3 is:

where Cps is the capacitor value of each capacitor 221, Ve is the voltage
across each capacitor 221 and Vi is the voltage across each capacitor 211.

This leads to:
lmc = lint + Cme'p(Vene + Vi)
and the remaining current equations are:

lint = lisn + Chep-Vens
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Vene = (Rusn + Liuep)-lusn
which combine into:
it = lsne(1 + Ryusn-Chep + CheLarp?)

where Cy is the capacitor value of each capacitor 211, sy is the value of the
current which is transmitted by each one of the second electrical connections
41-43 respectively to the phase terminals 11-13, and Rysy is the input
resistance value which is admitted for the AC network 1 between each one of
the phase terminals 11-13 and the earth terminal 10. LISN stands for line -
impedance stabilization network, which is an intermediate device prescribed by
the EMI standards for conducting electromagnetic interference and
compatibility tests.

[0062]
Solving all previous equations leads to the following formula for the
common mode current:
lem = lusnFt + M-Cro' P lcomp
where
Fe= (1 + Rusn'Crrp + CrrLne P21 + (Ls + M)-Crrp?] + Crnp-(Ruisn + Lne'p)
From this formula for lcm, it comes:
lisn = (Ime = M-CrntP?*loomp)/Ft
Therefore, the condition for the exact compensatio'n of the common mode
Qurrent, namely lysy = 0, is:
leomp = lem/(M-Crorp?)

This is the operation characteristic to be produced by the current control circuit
24. This corresponds to the function block diagram of Figure 5, where symbol K
indicates each time a multiplier-type operator and symbol % indicates an adder-
type operator. This diagram shows that the compensation of the common mode
current actually results from the injection of currents in the second electrical
connections 41-43 in the opposite way from the common mode current. The
resulting current which is transmitted by each second electrical connections 41-
43 to the AC network 1 is therefore reduced by an identical extent for all the
connections 41-43, corresponding to common mode compensation.

[0063]
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The invention may be reproduced while modifying or adapting
secondary aspects but maintaining at least some of the cited advantages. In
particular, the intermediate signal may be a current instead of the control
voltage V,. Necessary adaptations of the current control circuit 24 relating to
such change are within the scope of the Man skilled in the art. .

[Industrial Applicability]
[0064]

The common mode filter device and the electrical equipment of this
invention are applicable to systems in many kinds of fields.
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[CLAIMS]
[Claim 1]

A common mode filter device (2) adapted for being connected
between an electrical AC network (1) and an electrical apparatus (3),

said common mode filter device (2) comprising:

- a first electrical connection (40) dedicated for connecting an earth
terminal (10) of the AC network (1) to a common terminal (30) of the
apparatus (3);

- at least two second electrical connections (41-43) each for connecting a
respective phase terminal (11-13) of the AC network (1) to a respective
power terminal (31-33) of the apparatus (3); and

- separately for each second electrical connection (41-43): two LC-filters
(21, 22) arranged serially, each LC-filter comprising a separate
capacitor (211-221) connected between said second electrical
connection and the first electrical connection (40), and each LC-filter
also comprising a separate common mode inductor (212, 222)
arranged in said second electrical connection upstream of the capacitor
of the same LC-filter, relative to a direction (D) from the AC network (1)
to the apparatus (3),

characterized in that the common mode filter device (2) further comprises two
transformers (23, 25) and a current control circuit (24),

a secondary winding (231) of a first one (23) of the transformers being
arranged for producing a detection voltage representative of a common mode
current existing in the second electrical connections (41-43),

the current control circuit (24) being arranged for sensing the detection voltage
and for generating a control current in a primary winding (251) of the second
one (25) of the transformers,

the common mode inductor (222) of the LCfilter (22) closest to the apparatus

- (3) for each second electrical connection (41-43) being a respective secondary
winding of the second transformer (25), so as to generate a compensation
current in said common mode inductor of the LC-filter closest to the apparatus
of each second electrical connection,
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and in that the current control circuit (24) and both transformers (23, 25) are
adapted so that the compensation currents compensate at least partially for the
common mode current which is transmitted into the second electrical
connections (41-43) by the apparatus (3) from the power terminals (31-33).

[Claim 2]

The common mode filter device according to claim 1, further

' comprising at least one damping circuit (26), said damping circuit comprising a
damping resistor (261) and a damping capacitor (262) which are serially

connected, and the second transformer (25) further comprises another winding -

(253) connected in closed loop with the damping resistor and the damping

capacitor, and the damping resistor and damping capacitor are selected so that

a resonance effect of at least one of the LC-filters (21, 22) on an insertion loss

function relative to the common mode filter device (2) is reduced or suppressed.

[Claim 3]

The common mode filter device according to Claim 1 or 2, wherein
the current control circuit (24) comprises a compensator (241) and a current
buffer (242), the compensator being adapted for feeding the current buffer with
an intermediate signal, said intermediate signal varying as a function of the
detection voltage, and the current buffer is adapted for acting as a current
generator which outputs the control current as a function of the intermediate

signal.

[Claim 4]

The common mode filter device according to Claim 3, wherein the
compensator (241) comprises at least one proportional-integral or a
proportional-integral-derivative compensator stage.

[Claim 5]

The common mode filter device according to Claim 3 or 4, wherein
the current control circuit (24) further comprises a direct signal suppression
module (243), said direct signal suppression module having an input connected
to a node (N) between the compensator (241) and the current buffer (242), and
an output connected to an input of said compensator, and being adapted for
reducing or cancelling a direct component of the intermediate signal.

[Claim 6]
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The common mode filter device according to any one of Claims 3 to
5, wherein the current control circuit (24) further comprises a direct current
compensation module (244) arranged so as to reduce or cancel a direct
component of the control current.

[Claim 7]

The common mode filter device according to Claim 6, wherein the
direct current compensation module (244) comprises a low-pass filter (2441)
connected at an exit terminal of the primary winding (251) of the second
transformer (25), so that the low-pass filter senses a low frequency component
existing in the control current, and the direct current compensation module also
comprises a subtraction-effective arrangement (2442) connected between the
compensator (241) and the current buffer (242), and an output terminal of the
low-pass filter is connected to the subtraction-effective arrangement so as to
subtract a signal representative for the low frequency component existing in the
control current from the intermediate signal.

[Claim 8]

The common mode filter device according to any one of Claims 3 to
7, wherein the intermediate signal is a control voltage, and the current control
circuit (24) further comprises a protection module (246) connected to a node
(N) between the compensator (241) and the current buffer (242), and
connected to an exit terminal of the primary winding (251) of the second
transformer (25), which is opposed to the current buffer.

[Claim 9]

The common mode filter device according to any one of Claims 1 to
8, wherein the common mode inductor (212) of the LC-filter (21) closest to the
AC network (1) for each second electrical connection (41-43) form a respective
primary wind'ing of the first transformer (23).

[Claim 10]

The common mode filter device according to any one of Claims 1 to
8, wherein the secondary winding (231) of the first transformer (23) is a
Rogowski-type sensor arranged at the second electrical connections (41-43) for
detecting the common mode current existing in the common mode inductors
(212) of the LC-filters (21) closest to the AC network (1).

[Claim 11]
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The common mode filter device according to any one of Claims 1 to
10, wherein all electrical components of said common mode filter device (2) are
substrate-mounted components.

[Claim 12]

An electrical equipment (100) comprising an electrical apparatus (3)
and a common mode filter device (2), said common mode filter device being in
accordance with any one of the preceding claims -and arranged for transferring
electrical power from an AC network (1) to said apparatus when the equipment
is connected to the AC network, with the common terminal (30) of the
apparatus connected to the first electrical connection (40) of the common mode
filter device, and the power terminals (31-33) of the apparatus respectively
connected to the second electrical connections (41-43) of the common mode
fiter device so that said common mode filter device is effective for
compensating for a common mode current which is produced by the apparatus
and transferred to the first and second electrical connections, and so that the
AC network receives compensated common mode current.

[Claim 13]

The electrical equipment according to Claim 12, wherein the
apparatus (3) comprises an electrical rotating machine.

[Claim 14]

The electrical equipment according to Claim 12, whereinv the
apparatus (3) comprises a photovoltaic system, which system includes at least
one photovoltaic panel coupled with a DC-AC power generator.
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