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Common-mode Filter Device and System

Field of the Invention

The present invention relates to a device and system for power converters and
inverter systems using an active common-mode filter. In particular it relates to a
common-mode filter device and system for regulating aspects of power conversion
from external source such as solar panels to an electricity utility grid but is not limited
to such.

Background to the Invention

Power converters are used to transfer electric power between electric circuits. Each
electric circuit is connected to a different power port of the power converter. Each
power port has at least two power conductors. The power port voltages are
characterized by the Differential-Mode (DM) voltages and the Common-Mode (CM)
voitage. The DM voltages are the potential differences between pairs of power
conductors. The CM voltage is the average potential difference between all of the
power conductors and a reference potential, such as ground (earth). Similarly, the
power port currents are characterized by the DM currents and the CM current. The
DM currents are the differences between the currents in pairs of power conductors.
The CM current is the sum of the currents on all power conductors.

Throughout this document the following acronyms are used:
CM  Common-Mode

DM  Differential-Mode

EMI  ElectroMagnetic Interference

PWM Pulse Width Modulation

UPS Uninterruptible Power Supply

VSI  Voltage Source Inverter

In a well-designed power converter, the power flow is primarily via the designated
power conductors. Therefore, the CM current is small and the power flow at power
port is primarily determined by the DM voltage and DM currents. When selecting a
power converter topology, the DM voltage and DM current characteristics are the
main consideration. The CM voltage and CM current characteristics are typically of
secondary importance. For a power converter, key performance measures inciude
the operating DM voltage range, the power conversion efficiency, installed cost, size
and mass.
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Many of the best performing power converters have a systematic CM voltage
between the power ports. For example, the three-phase Voltage Source Inverter
(VSl) is a DC to AC switched-mode type power converter with a significant CM
voltage difference between the DC and AC power ports. See Figure 1 for an
example VSI circuit. The CM voltage includes components at DC, harmonics of the
AC port frequency and harmonics of the VSI switching frequency. See Figure 2 for an
example VSI CM voltage waveform. See Figure 3 for a typical plot of the low
frequency (switching averaged) component of the VSI CM voltage waveform.

High efficiency inverters are desirable but the cost must be justified. Presently the
VS| has high efficiency and low cost but the associated CM voltage creates
unacceptably high ground current when used with photovoltaic power sources. It is
therefore beneficial to provide high efficiency power converters that are low cost and
which operate with low ground current when used with photovoltaic power sources.

In many applications using a VSI, the external circuit impedance between the power
ports is high, so the CM voltage difference creates only a small CM current. For
example, the majority of variable speed motor drives use a three-phase VSI. The CM
voltage difference is applied across the motor winding insulation, which is typically of
special type. The insulation is characterized by a small cépacitance to ground (earth).
The AC component of the CM voltage, creates a small CM current in the insulation
capacitance, which is usually tolerable.

In some applications the capacitance to ground is significant, for example, solar
photovoltaic power generation systems connected to the AC utility grid. Power
converters with CM voltage difference at the switching frequency and harmonics
typically create unacceptable levels of CM current. For large photovoltaic systems,
power converters with CM voltage difference at the utility grid frequency and
harmonics may aiso create unacceptable levels of CM current. For other
applications, ‘such as double conversion Uninterruptible Power Supply (UPS)
systems, there is a low impedance external circuit for CM current between the input
and output power ports. In this case, any significant CM voltage will result in
unacceptable levels of CM current.

Prior art solutions for applications with high ground capacitance or low impedance
external CM circuits include:
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e Power converter topologies with iow or zero CM voltage. This is usually at the
expense of performance in other key areas such as: DM voltage range, power
conversion efficiency, installed cost, size and mass.

o Power converter topologies with significant CM voltage, used in conjunction
with an isolation transformer. The transformer reduces the power conversion
efficiency and increases installation cost, size and mass.

It is therefore an object of the invention to provide an improved common-mode filter
device and system that overcomes or at least substantially ameliorates one or more
of the problems of the prior art.

Summary of the Invention

The invention therefore provides in one form a common-mode filter device and
system for regulating aspects of power conversion by a power converter from
external source such as solar panels to another external circuit wherein the common-
mode filter device substantially attenuates common-mode voltage at the switching
frequency plus harmonics of the power converter. The power converter can be single
phase.

Preferably the power converter is multiple phase. Therefore in accordance with the
invention there is provided a common-mode filter device and system for regulating
aspects of power conversion from external source such as solar panels to an AC
system such as an electricity utility grid wherein the CM filter device substantially
attenuates CM voltage at the AC system fundamental frequency plus harmonics and
at the switching frequency plus harmonics of the associated power converter.

The CM filter device can include an active filter configuration.
The CM filter device can include a passive filter configuration.
The active or passive filter of the common-mode filter device and system can have a
CM transformer with muitiple primary windings. The primary windings all have an
equal number of tums. A primary winding is connected in series with each power

terminal of the power port.

An active CM filter can further include secondary windings.
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in one form the active CM filter can include control power sources which can be
connected to a controlled voltage source via an inductive impedance.

The CM filter device can include the inductive impedance in the range 25% to 200%
of the CM transformer magnetizing inductance measured at the secondary winding
and at the switching frequency of the associated power converter.

In accordance with one form of the invention there is provided an active filter to be
used in series with a power converter to support the CM voltage difference between
the power converter ports and to control the CM current to acceptable levels.

The active filter can make use of real time measured CM current and provide real
time control of CM current with CM current return paths and impedances.

The active filter can be an active power source which is a controllable voltage source
with a series impedance coupled to the secondary winding of the CM transformer.

The series impedance can be primarily an inductive impedance.

The inductive impedance is in the range 25% to 200% of the CM transformer
magnetizing inductance measured at the secondary winding and at the switching
frequency of the associated power converter.

In one preferred form the controllable voltage source is a full-bridge with pulse width
modulation PWM. However the controliable voltage source can be a half-bridge with
PWM.

The controllable voltage source PWM period can be synchronized to the switching
transitions of the associated power converter.

Preferably the CM transformer has a magnetizing inductance in the range 0.1H to
10H measured at a primary winding and at the utility grid frequency. This can be
achieved with the CM transformer having a core made of amorphous metal
(metglas).

PCT/AU2012/000141
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In one form of the invention the common-mode filter device and system is for a power
converter used to transfer electric power between electric circuits with each electric
circuit connected to a different power port of the power converter and each power
port having at least two power conductors with the power port voltages being
characterized by the Differential-Mode (DM) voltages and the Common-Mode (CM)
voltage wherein the DM voltages are the potential differences between pairs of power
conductors and the CM voltage is the average potential difference between all of the
power conductors and a reference potential, such as ground (earth) and the power
port currents being characterized by the DM currents and the CM current with the DM
currents being the differences between the currents in pairs of power conductors and
the CM current being the sum of the currents on all power conductors which flows
back into one or more other power ports of the power converter via an external
circuit, typically involving the ground (earth) conductor;

wherein the common-mode filter device and system includes an active filter
used in series with a power port of the power converter to limit and control the AC
component of common-mode current at the power port;

and wherein the common-mode current at the power port is measured and
the AC component of common-mode current is limited and controlled using a
feedback controller to adjust the controlled voltage source.

One method to resolve the problem of CM inductor saturation is to apply a CM filter
that attenuates both switching frequency and low frequency CM voltage. This also
has the benefit of limiting the low frequency CM current. The drawback is that a
passive CM filter to attenuate the low frequency CM voltage adds significant cost,
size and mass to the power converter. It is also difficult to provide effective damping
to prevent resonance and CM voltage overshoots. These limitations may be
overcome using an active CM filter.

Most prior art applications for active CM filters have been limited to increased
performance in EMI filters. In EMI filter appliéations the CM voltage is small
compared to the DM voltages and is only attenuated significantly at high frequency
(typically > 100kHz). Design limitations of these systems, such as capacitive coupling
and/or voltage based control, prevent them being extended to low frequency CM
voltages or CM voltages at levels significant compared with the DM voltages.

Other prior art applications for active CM filters in variable speed motor drives have
provided attenuation of switching frequency CM voltages at levels significant
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compared to the DM voltage. Due to design limitations, such as voltage based
control, these systems cannot be extended to low frequency CM voltages.

The active filter of the common-mode filter device and system can have a
transformer with multiple primary windings and a secondary winding. The primary
windings all have an equal number of turns. A primary winding is connected in series
with each power terminal of the power port. The secondary winding is connected to a
controlied voltage source via an impedance.

The invention enables the best performing power converters, such as a standard
VSI, to be used without isolation transformers in applications with high ground
capacitance or low impedance external CM circuits. For example, solar photovoltaic
applications and double conversion Uninterruptible Power Supplies.

This invention implements an active filter that attenuates both switching frequency
and low frequency CM voltages, even when these are significant compared to the
DM voltages.

The active CM filter can have a transformer with multiple primary windings and a
single secondary winding. The primary windings all have an equal number of turns. A
primary winding is connected in series with each power terminal of the power
converter port to which the CM filter is attached. The secondary winding is connected
to an active control power source.

in one embodiment, the active control power source is a controlied voltage source
with series inductive impedance.

In one form the CM current at the power port can be measured. The AC component
of CM current is limited and controlled using a feedback controlier to adjust the active
control power source.

In other embodiments, estimates or measurements of the CM voltage at the power
converter power port are also used to provide feedforward control of the active
control power source. This can reduce the AC component of CM current at
frequencies above the bandwidth of the closed-loop CM current controller. For
example, at the power converter switching frequency and harmonics.

-6-
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In further embodiments, active damping of the CM filter response is obtained by
appropriate closed-loop dynamics in the CM current feedback controller.

In some embodiments, a circuit is provided to return the CM current from the output
of the CM transformer to one or more other power ports of the power converter.

In a typical case, this circuit will include at least one series capacitive impedance.

In other embodiments, the CM current from the output of the CM transformer returns
to other power ports of the power converter via external circuits, such as insulation
capacitance.

The operation of the disclosed active filter is similar in concept to a passive CM filter,
except that the active control forces the majority of the CM transformer magnetizing
current to flow in the secondary control winding, rather than in the primary windings.
The method makes the effective impedance of the CM transformer much higher than
a passive CM transformer, choke or inductor of equivalent size. This reduces the
cost, size and mass of the disclosed active CM filter compared to a passive CM filter.

In concept it is also possible to add a CM filter in series with a power converter to
support the CM voltage difference between the power converter ports and to control
the CM current to acceptable levels. With this method, a high performance power
converter, such as a VSI, may be used in applications with high ground capacitance
or with low impedance external CM circuits. The CM filter may be of passive or active

type.

In prior art, it is common to use passive CM filters in series with one or more power
ports of a power converter to reduce conducted Electro-Magnetic Interference (EMI).
In this application, the CM voltage is small compared to the DM voltages and is only
attenuated significantly at high frequency (typically > 100kHz).

There have also been some passive CM filters designed to attenuate the switching
frequency component of CM voltage, even when this is significant compared to the
DM voltages. The main application for these filters has been in variable speed motor
drives, but they are not in widespread use. It is difficult to extend the use of switching
frequency CM filters to applications with high ground capacitance or low impedance
external CM circuits. A particular problem is saturation in the CM filter inductors
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caused by low frequency CM currents. One method to resolve the problem of CM
inductor saturation is to apply a CM filter that attenuates both switching frequency
and low frequency CM voltage.

The invention also provides a means for regulating aspects of power conversion from
external source, such as solar panels, to an electricity utility grid in applications with
high ground capacitance or.low impedance external CM circuits including the steps
of:

connecting an active CM fitter device in series between an external source
power circuit and a power converter

measuring CM current at CM filter input or output

provide active CM current return based on measured CM current
whereby the power converter regulates the CM voltage difference between the power
converter ports and controls the CM current to acceptable levels.

The active filter can make use of real time measured CM current and provide real
time control of CM current with CM current return paths and impedances. The
function of the active filter is to limit and control the AC component of CM current at
the power port

The active filter can include a transformer with multiple primary windings and a
secondary winding. Each primary winding has an equal number of turns. A primary
winding is connected in series with each power terminal of the power port. The
secondary winding is connected to an active power source.

The active filter includes a measurement related to the CM current at the powér port.
The active filter includes a control mechanism using feedback of said measurement
to control the active power source such that the CM current at the port is controlied or
limited.

The active filter can include an additional measurement or estimation of the CM
voltage supported by the primary windings of the CM transformer.

The control mechanism can use feedforward of the CM voltage measurement or
estimation to control the active power source such that the CM current at the port is
reduced.
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In another form the control mechanism uses the CM voltage measurement or
estimation to control the active power source to provide active damping of the CM
filter.

In a still further form of the invention the active filter in series with a power converter
can include DC blocking capacitors in series with an AC power port, such that the
flow of DC CM current is limited and controlled by the series capacitors and the flow
of AC CM current is limited and controlled by the active CM filter.

Brief Description of the Drawings
Preferred embodiments of the invention will now be described, by way of illustration
only, with reference to the accompanying drawings, in which:

Figure 1 is a circuit diagram of a typical Voltage Source Inverter (VSI) circuit;

Figure 2 is a common mode voltage graph of a typical Voltage Source
inverter (VSI) circuit at the DC power port;

Figure 3 is a common mode voltage graph of a typical Voltage Source
Inverter (VSI) circuit at the DC power port with values averaged over each switching
period Ts; ‘

Figure 4 is a diagrammatic operative block diagram of a common-mode filter
device and system in accordance with a first embodiment of the invention;

Figure 5 is a circuit diagram of a typical Voltage Source Inverter (VSI) circuit
of a common-mode filter device and system in accordance with a second
embodiment of the invention using a common mode active filter;

Figure 6 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with a third embodiment of the invention with
active common mode filter;

Figure 7 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with a fourth embodiment of the invention with
common mode voltage feedforward,;

Figure 8 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with a fifth embodiment of the invention with
active damping and common mode voltage feedforward;

Figure 9 is a circuit diagram of a controller for common-mode filter device and
system in accordance with a sixth embodiment of the invention with active control
power source;

Figure 10 is a diagrammatic circuit diagram of a controlier for common-mode
filter device and system in accordance with a seventh embodiment of the invention
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with combined active common mode filter for control of AC component of common
mode current and series capacitors for blocking DC components of common mode
current;

Figure 11 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with an eighth embodiment of the invention
with Controller for Output Common-Mode Current and Voltage with Common-Mode
Voltage Feedforward and Inner Loop for Common-Mode Control Current

Figure 12 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with an ninth embodiment of the invention with
Controller using Measured Functions of CM Current; '

Figure 13 is a diagrammatic circuit diagram of a controller for common-mode
filter device and system in accordance with an tenth embodiment of the invention
with passive low pass filter for grid frequency harmonic and switching frequency
harmonic common mode voltage;

Figure 14 is a diagrammatic circuit diagram of a voltage source inverter with
reduced ground voltage with a common-mode filter device and system in accofdance
with an eleventh embodiment of the invention which attenuates high frequency and
low frequency ground voltage;

Figure 15 is a diagrammatic circuit diagram of a voltage source inverter with
reduced ground vdltage with an active common-mode filter device and system in
accordance with a twelth embodiment of the invention which active circuit carries
magnetising current with increased effective filter inductance;

Figure 16 is a graphical display of the resultant low common mode voltage
inverter CM voltage waveform;

Figure 17 is a graphical display of the magnetic material characteristics of the
CM inductor used in embodiments of CM filter of the common-mode filter device and
system in accordance with the invention,

Figure 18 is a diagrammatic view of an active common-mode filter device in
accordance with an embodiment of the invention showing the CM transformer and
relative size of the CM filter with the power converter; and

Figure 19 is diagrammatic view of a toroidal type transformer showing the
core, coil former and support structure of the CM transformer with the actual windings
not shown but are located in the grooves of the coil former of the CM inductor used in
embodiments of CM filter of the common-mode filter device and system in
accordance with the invention.
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Figures 20A to 20D are various constructional views of the toroidal type
transformer showing the core, coil former and support structure of the CM
transformer of Figure 19.

Figures 21A to 21D are various constructional views of the toroidal type
transformer showing the actual windings are located in the grooves of the coil former
of the CM inductor of the CM transformer of Figure 19.

Figure 22 is a schematic circuit diagram of a VSI with series active CM filter.
The active CM filter is composed of the CM Transformer (LCM) and CM current
return path (Cdn, Rdn, Cdna). Figure 22 also shows the CM current measurement
IDC_CM and the, CM transformer secondary control current input, IDC_CTRL_IN
and IDC_CTRL_OUT for connection to the active CM control bridge power circuit.

Figure 23 is a schematic circuit diagram of the CM control bridge power
circuit.

Description of a Preferred Embodiment of the Invention

Referring to Figure 4 there is shown a block diagram and partial circuit diagram
showing the common-mode filter device and system in an example circuit. The
device can use either an active common-mode filter or a passive common-mode
filter. A power converter is shown with an AC power port that is connected to the AC
utility grid and a DC power port that is connected to the input port of the active CM
filter. The output port of the active CM filter is connected to an external circuit, such
as a power source or load.

The common-mode filter device and system in this form has the common-mode filter
used in series with a power converter to support the common-mode voltage
difference between the power converter ports and to control the common-mode
current to acceptable levels. The power converter can be a VSI. The common-
mode filter makes use of real time measured common-mode current and provides
real time control of common-mode current with common-mode current return paths
and impedances. '

In accordance with the invention and with reference to Figures 5 to 10 there is shown
a common-mode filter device and system 21 including an active filter used in series
between an external circuit 11 such as a solar photovoltaic array and a power
converter 12 feeding power to an electricity utility grid 13. The CM filter device
connecting two power conductors 35, 36 having primary windings 33, 34 respectively
to power port 25, of the power converter and limiting and controlling the AC
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component of common-mode current at the power port 25 by having the common-
mode current at the power port measured by a CM current measurement device 41A
or 41B at the CM filter input port 35 on the power convertor end of the power
conductors or at the CM filter output port 37 at the external circuit end of the power
conductors 31, 32 and the AC component of common-mode current is limited and
controlled using a feedback controller 51 to adjust the controlled voltage source.

The CM filter 21 consists of a CM transformer and one or more CM current return
circuits 53, 54 and 55 connected between the power converter and the external
circuit 11, first power conductor 31 at the CM filter output port 37 or second power
conductor 32 at the CM filter output port 37 respectively. CM current from the DC
power port 25 flows through the primary windings 33, 34 of the CM transformer and
returns to the power converter via the CM current return circuits 53, 54 and 55. The
CM current return circuits can include filter components with defined impedances.
These are shown in Figure 4 as Zcm_p and Zcm_n. Alternatively, the CM current
return circuits 53, 54 and 55 can be parasitic components such as ihsulation
capacitance in the external circuits. This is shown in Figure 4 as Zcm_ext.

The CM transformer has multiple primary windings 33, 34 and a secondary winding
58. The primary windings all have an equal number of turns. A primary winding is
connected in series with each power terminal of the power converter port to which
the CM filter is attached. The secondary winding is connected to an active control
power source 52 directly controlled by the CM current controller 51. Figure 4 shows a
typical implementation of the active control power source as a controlled voltage
source 56 with series inductive impedance 57.

The CM current is measured by a current sensor 41A or 41B at either the input port
35 or output port 37 of the CM filter 21. A sensor at the input port of the CM filter
measures the total CM current from the DC port of the power converter. A sensor at
the output port of the CM filter measures the total CM current delivered to the
external circuit, this excludes any CM current that returns via CM current return paths
within the filter. The CM filter device also contains the CM Current Controller 51
which applies feedback of the CM current measurement to adjust the active control
power source 56, such that the CM current is controlled and limited.

It can be seen that the common-mode filter device and system 21 provides a means
for regulating aspects of power conversion from external source, such as solar
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panels, to an electricity utility grid in applications with high ground capacitance or low
impedance external CM circuits including the steps of: connecting an active CM filter
device in series between an external source power circuit and a power converter,
measuring CM current at CM filter input or output, providing active CM current return
based on measured CM current, whereby the power converter regulates the CM
voltage difference between the power converter ports and controls the CM current to
acceptable levels.

A wide range of CM Current Control structures can be used. It is recognized that the
CM Current Controller can be implemented entirely in hardware, or in a combination
of hardware and firmware associated with a programmable hardware device.

To prevent saturation of the CM transformer, the active CM filter can only attenuate
the AC component of CM voltage. Therefore, the CM current measurement is
typically processed by a high pass filter to extract the AC component. In a typical
application the cut-off frequency of the high pass filter is between 50% and 300% of
the AC utility grid frequency. In practice there is also a bandwidth limit on the CM
current sensor. Therefore, the CM current signal is typically band-passed filtered to
produce the measurement idc_cm. This filtering may be done by the CM current
sensor characteristics possibly in conjunction with external circuits.

The action of the CM Current Controller is to control and limit the CM ‘Current
towards a zero value or small value reference. It is therefore recognized that the
invention will give satisfactory operation in the presence of significant accuracy and
linearity errors in the CM Current measurement.

Figure 6 is a block diagram of an example CM Current Controller. The measured CM
current is processed by a high pass filter and compared to a zero value CM current
reference in a summing block to produce the CM Current Error Signal. The ldc_cm

- Controller acts on the CM Current Error Signal to produce a Secondary Control
Current reference, lcm_s_ctrl*, which is compared to the measured Secondary
Control Current, lcm_s_ctrl, in a summing block to produce the Secondary Control
Current Error Signal. The Icm_s_ctrl Controller acts on the Secondary Control
Current Error Signal to produce a control voltage for the active control power source,
Vem_s_ctrl.
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In the Figure 6 example, the controller has a nested loop structure, with an inner
controller for lcm_s_ctrl. This is useful to limit the level of lcm_s_ctrl according to the
specifications of the active control power source. However it is recognized that the
Idc_cm Controller could be used to control the active control power source directly.
Both the Idc_cm Controller and the Icm_s_ctrl Controller are shown as linear Pl
controllers without limiting. It is recognized that many different linear or non-linear
control structures are suitable for this application and that many intermediate
variables could be subject to limits such as lcm_s_ctrl* and Vem_s_ctrl.

Figure 7 is a block diagram of an alternative example CM Current Controller, with
feedforward of the measured or estimated CM voltage to the active control power
source voltage. This example does not show an inner loop controlier for lcm_s_ctri,
but this could be included in the dynamics of the Idc_cm Controller. The CM voltage
at the power converter power port, Vdc_cm, is measured or estimated from
knowledge of the power converter operating state. This is multiplied by the
Feedforward Controller Gain to produce a feedforward voltage which is combined in
a summation block with the output of the Idc_cm Controller to produce the active
control power source voltage, Vem_s_ctrl.

Figure 8 is a block diagram of an alternative example CM Current Controller, with
active damping of the CM filter and feedforward of the CM voltage. This example
does not show an inner loop controller for icm_s_ctrl, but this could be included in the
dynamics of the Idc_cm Controller. The CM voltage at the power converter power
port, Vdc_cm, is measured or estimated from knowledge of the power converter
operating state. This is multiplied by the Feedforward Controller Gain to produce a
feedforward voltage which is combined in a summation block with the output of the
Idc_cm Controller to produce the active control power source voltage, Vem_s_ctrl. In
this example, the Active Damping Controller acts on Vdc_cm to produce a non-zero
CM Current reference for the idc_cm Controller. Typically, the Active Damping
Controlier has a resistive characteristic in the region of the CM filter resonance, with
significantly reduced gain at frequencies above and below this region.

Figure 9 is a block diagram and partial circuit diagram showing an example active
control power source. A source of DC power supplies a DC voltage, Vpsu_ctrl, to a
Full Bridge circuit. The Active Control Power Source Controller provides PWM control
signals to the Full Bridge, to control the output voltage, Vcm_s_ctrl, or output current,
lcm_s_ctrl, towards reference values from the DC CM Current Controller.
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Figure 10 shows a configuration with a combined active CM filter for control of the AC
component of CM Current and series capacitors for blocking the DC component of
CM Current. The series capacitors, Cac_series, are applied in series with the AC
power port of the power converter. The active CM filter is shown in series with the DC
power port of the power converter. The series capacitors support the DC component
of CM voltage from the power converter. The active CM filter supports the AC
component of CM voltage from the power converter. The example configuration is
suitable in applications where a low impedance external CM circuit exists. For
example, solar photovoltaic power generation systems connected to the AC utility
grid, where the positive or negative solar array conductor is connected to ground
(earth).

Referring to Figures 11 and 12 there is shown that the common-mode filter device
and system can operate with the active filter making use of function of real time
measured common-mode current in various ways and providing real time control of
common-mode current across common-mode current return paths and impedances.

This includes the concept where the common-mode current is measured and apply
feedback to reduce the common-mode current at either input or output port of the
filter. This will cover any scheme where a function of the common-mode current is
used as the feedback variable. In one form 2 variables can be measured, one is the
voltage across the common-mode return path (the common-mode output voitage of
the filter), the other is the common-mode current delivered to the external circuit.
Feedback is applied to both of these variables to control the voltage source of the
controlled power source and reduce the common-mode current. Proportional
feedback on the voltage is used because this is in effect the integrated value of the
common-mode current. Integral feedback on the current can be used. Clearly there
are many ways that different related variables could be used to achieve the same
effect but all use the concept of measured function of the common-mode current or
measured function of the common-mode current or voltage at the filter input or output

port.
Figure 11 shows the active filter making use of functions of real time measured

common-mode current. It should be noted that Ipc_cm our and Vpc cmour are
functions of lpc_cm.
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In particular
loc_em_out = (Zem_torar/ Zem_ext)- loc_om.

Voc_cm_out = Zem_totaL- loc_om.

Zow_tora= (1 (1/Zoup + 1/Zemn + 1/ Zow_ext))

Figure 12 shows wherein the function of real time measured common-mode current
includes measurement and feedback control of the voitage across the common-mode
current return path. The common-mode filter device and system makes use of
measured functions of the common-mode current and provides feedback applied on
the Common-Mode output circuit and Common-Mode output Voltage.

Referring to Figure 13 there is shown a block diagram and partial circuit diagram
showing the common-mode filter device and system in an example circuit. The
device a passive common-mode filter. A power converter is shown with an AC
power port that is connected to the AC utility grid and a DC power port that is
connected to the output port of the passive CM filter.

The common-mode filter device and system in this form has the common-mode filter
used in series with a power converter to support the common-mode voltage
difference between the power converter ports and to control the common-mode
current to acceptable levels. The power converter is a VSI. The passive common-
mode filter includes a common mode transformer and a common-mode current return
path consisting of a capacitance with parallel branch of series capacitor and resistor
S0 as to create a damped low pass filter that substantially attenuates CM voltage at
the AC system fundamental frequency plus harmonics and at the switching frequency
plus harmonics of the associated power converter.

Figure 14 shows a passive embodiment, this is equivalent to Figure 13, but the CM
filter representation is a bit simplified and the Power Converter is shown in more
detail. Figure 15 is an active embodiment, although the drawing is simplified and
does not show the CM current measurement and control blocks. This is equivalent to
Figure 5, but the CM filter representation is simplified and the Power Converter is
shown in more detail. Figure 16 is an actual measured waveform that shows the
improvement in CM volitage provided by the active CM filter (compared to CM voltage
of the VSI without filter shown in Figures 2 and 3 — which are theoretical waveforms).
Figure 17 is the magnetizing curve for the inductor core. It shows very high
permeability, as required to keep the magnetizing current low.
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With reference to Figures 18 and 19 there is shown a toroidal type transformer of
Figure 18 forming the common-mode filter 21 embedded in a typical power converter
12. The main visible component of the CM filter is the CM transformer, which is
shown in constructional form in Figures 20A to 20D. |

Figure 18 in particular shows the relative size of the CM Filter compared with the
power converter which is one substantial advantage of this system. Figure 19 and
Figures 20A to 20D show the core, coil former and support structure of the CM
transformer. The actual windings are shown Figures 19A to 19D in the grooves of the
coil former.) This is a toroidal type transformer construction, but other types could
also be used to form a common mode inductor.

A common-mode inductor being an inductive component with multiple windings
arranged so that a flux change in the core induces voltages of the same polarity in
each winding. A typical common-mode inductor has strong coupling between the
windings and is similar to a voltage transformer in that the magnetizing current is
small compared to the current ratings of the windings. Use of a common-mode
transformer indicates that the device is operating primarily as a voltage transformer.

The CM transformer must be designed to support both the switching frequency and
low frequency CM voltage without saturation or overheating of the core. Also, the
magnetizing inductance of the CM transformer must be large enough so that the
peak magnetizing current is within the capability of the active control power source.

Example CM Transformer Specification

The DC-side common-mode main inductpr of the 50kVA solar Grid Connect Inverter.

The DC-side Common-Mode main inductor is located between the GCI booster and
inverter stage. It supporis the AC component of common-mode voltage produced by
the inverter stage. The common-mode voltage includes significant components at
triplen harmonics of the line frequency. There are also significant components at the
inverter switching frequency and harmonics.

The key function of the DC-side CM main inductor is to prevent AC components of

ground circulating current, when the DC side load is ground referenced, or has
significant ground capacitance, as is the case for a large solar array. (The DC
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component of ground circulating current is prevented by control of the inverter
switching patterns.) The design enables the inverter to be ground referenced on both
the AC-side and DC-side. (The DC-side ground reference must be close to the DC
bus voltage mid-point, unless DC blocking capacitors are also fitted to the AC-side of
the inverter.)

The DC-side CM main inductor includes 3 windings. There are two main windings for
DC positive and DC negative. There is also a control winding, which is driven by an
external control circuit, such that the majority of the inductor magnetizing current
flows in the control winding. This method allows the DC-side CM filter to use smaller
values of inductance and capacitance than would otherwise be necessary. In this
design, the control winding is driven by a low voltage circuit, so there is a significant
turns ratio, ng_cm, between the main windings and the control winding.

The inductor magnetic field is dominated by the line frequency third harmonic, but
there are also significant components at other line frequency triplen harmonics and at
the fundamental and harmonic switching frequencies. The inductor core design
needs to address the significant switching frequency component. it is also important
to limit the power loss of the inductor to achieve a high power conversion efficiency.

The Electrical Specifications include:

Configuration: 1 coupled inductor, with 2 main windings of equal turns in a common-
mode configuration and a control winding a common-mode configuration. The turns
ratio between the main windings and the control winding is Ngc_em © Ngc_em : 1

Main winding to control winding turns ratio, Ng_cm: 2 CeIl((3-Vac_max)/(4-Vern_min)) = 28

Main winding self inductance, Ly om: > AWmax/(2.¥2.lett_max/Nac_em) = 0.00826. Nyc_om

In this case, inductance is defined as Wmax_peax,/lcm_max, t0 give an “integrated value” of
inductance, rather than an incremental value of inductance. The key is that the lower
bound on the inductance is defined by the maximum available control current and the
maximum applied volt seconds. It is assumed that the peak flux linkage corresponds
to a balanced AC flux density variation.

The inductor must meet this specification over all manufacturing tolerance.
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Main winding leakage inductance, Ly em i S 0.02 * Lye cm

The inductor must meet this specification over all manufacturing tolerance.

Control winding leakage inductance, Lac cm et ki S 0.02 * Lgc candc_cmz

Main winding current rating: 80ADC
(with No significant line frequency or switching frequency harmonic current.)

Control winding current rating: 8Arms (line frequency third harmonic)

This includes a smaller amount of other line frequency tripien harmonic current and
switching frequency current. The exact control winding current can be derived from
the specified inductor voitage, self inductance and turns ratio.

Nominal switching frequency: 15 kHz
The design should tolerate switching frequency in the range 10 kHz to 30 kHz

(Operation above 20kHz will be restricted to fundamental current levels of < 25% of
rated current)

Inductor voltage: < 300Vrms (Total)

The inductor voitage has significant components at triplen harmonics of the line
frequency and at the switching frequency and associated harmonics. The exact
values depend on the several factors including AC and DC side voltage. In general,
the total line frequency voltage increases with the AC-side voltage. The total rms
switching frequency voltage increases with both the DC-side voltage and reduces
with the AC-side voltage. A selection of results is given in Table 1 and Table 2.
These are at the worst case DC-side voltage of 800V. The results show the rms
value for the total line frequency voltage and the rms value at each line frequency
harmonic number, Ng. There is also the rms vélue for the total switching frequency
voltage and the rms value at each switching frequency harmonic number, Ngs.

Vac P : Total - Ng=3 Np=9 Np =15
200 (50Hz) 43 42 4.7 2.0
231 (50Hz) 49 48 5.2 2.1
305 (60Hz) 64 63 6.2 2.7

Table 1: Line frequency voltages at several AC-side operating voltages
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Vacen [Total [Nes =|{Nps =|Nes ={Nrs = Nrs =|Nps =|Nes =[N =
1 2 3 4 5 6 7 8

200 |278 |250 |44 68 21 27 15 33 13

231 252 217 46 81 20 31 15 23 15

305 177 129 47 60 22 40 14 30 18

Table 2: Switching frequency voltages at several AC-side operating voltages

The maximum flux linkage change that occurs is Aymax = 0.187Vs.

This is a superposition of both line frequency and switching frequency values. The
common-mode inductor voltage is established at a controlled rate, such that the core
flux swing corresponding t0 Aymax Can be assumed to be balanced around zero. The
common-mode inductor should be designed to support a flux linkage change of up to
0.1Vs starting with a core at zero flux density, without entering the saturation region.
As an example, a flux linkage swing of 0.1Vs, should not cause an initially unfluxed
core of longitudinal annealed metglas 2605SA1 to exceed a flux density of 1.4T.

Maximum power loss: 125W @ 75ADC, 25C cooling air

Stray field Issues: The stray fiux from the inductor should be minimized to prevent
stray field losses and interference. The inductor base plate will be mounted directly to
a steel plate. The inductor should be designed to minimize stray field losses in this
plate. (Note: Except for this steel plate, no ferrous material will be used within 20mm
of the inductor core.) '

Insulation to winding to winding: 1000VDC continuous, 2500V (DC, 50Hz or 60Hz)
for 1 minute

Insulation to ground: 1000VDC continuous, 2500V (DC, 50 Hz or 60 Hz) for 1 minute
The control winding insulation to ground should be rated for 600V continuous.

Cooling air temperature: -20C to 50C
Cooling air flow rate: > 0.005m’s"

Cooling air speed: > 0.3ms™

An example design is provided for reference purposes. This is a high level design
and does not include full details of mounting and termination. The example design
should not be used by potential suppliers without further work using magnetic
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analysis software and/or experimentation to verify key parameters such as
inductance, leakage inductance and losses. Without this additional work, the
example design may fail to meet the specification. -

Example CM Transformer Implementation
Referring to Figures 17, 18A to 18D and 19A to 19D, one form of such a common
mode inductor has the characteristics of:

Inductance: Len = 0.61H + 25% at peak flux density 1.2T, 150Hz defined as Lon(B)
= N.B.A/\cm(B)

inductance: Len = 0.034H + 25% at peak flux density 50mT, 10kHz defined as
Lem(B) = N.B.A,/Icm(B)

Core: Custom Metglas part
Shape: Toroid core in plastic case
Core inner Diameter: 90.0mm
Core outer Diameter: 185mm
Core depth: 60.0mm
Case inner Diameter: 85.5mm inside, 81.5mm outside
Case outer Diameter: 192.0mm inside, 197.0mm outside
Case depth: 62mm inside, 72.0mm outside (5.5mm radius on OD and

ID edges)
Core material: Metglass 2605SA1 longitudinal field annealed
Case material: Plastic with working temperature 2 180C

Air gap: None.

Winding 1: 30-turns on one side of the core covering the angle approximately +10° to
+170°
The coil has 4 layers connected in parallel. Each layer has 30 turns of
10AWG heavy enamelled round copper magnet wire (UL180C rated, e.g.
MW30). (Typical conductor diameter = 2.59mm. Typical total diameter <
2.69mm.)
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The wires are evenly spaced on each layer. To maintain wire spacing, the
first and second layers are aligned by grooves in the end faces of the
plastic case of the core.

The winding is secured by ties to points on the plastic case of the core.
The 4 10AWG wires are then formed into flying leads.

Winding 2: As winding 1, except on the other side of the core covering the angle -10°
to -170°.
The winding orientation is set to create a common-mode inductor.

Winding 3: 1-turn 16-AWG insulated copper wire. With 500mm flying leads.
Insulation rating = 600V at 180C. For example, PTFE insulated UL1213
wire.

Insulation: UL Class 180C
Winding: The wire coating is sufficient for turn-to-turn and layer-to-layer
insulation.
Outside (wrapper): Winding 1 and Winding 2 are finished with at least 2
layers of glass-fibre tape.
Leads to terminations: Glass-fibre tube.

Winding to Winding. Two inter-winding spacers are integrated into the
plastic core case. These are raised sections in the end-faces of 9mm
height that extend from an inner radius of 25mm to an outer radius of
106mm. Each spacer covers an arc of 10°.

Mounting: The core is mounted in vertical configuration in a U shaped bracket that
connects via M6 tapped holes in the inter-winding spacers. .

Finish:  Varnish finish to UL Class 180C. Mask or avoid terminations.
With reference to Figures 22 and 23 it can be seen that the diagrams each show part
of the overall system. Figure 22 is a functional circuit schematic of the power

converter and series active CM filter and Figure 23 is a detailed circuit schematic of
the active power source. The interfaces on each do not align completely and are
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described with different names to each other however it can be understood that the
two are linked by this interface to supply the secondary CM control current,
ICM_S_CTRL, from the active power source to the series active filter CM transformer
secondary winding and such interface would be understood by person skilled in the
art in order to understand the invention disclosed and claimed herein.

Figures 22 and 23 show a partial schematic circuit diagram of a VS| with series
active CM filter. Referring to Figure 22, the active CM filter is composed of the CM
Transformer part name LCM and CM current return path formed of part names Cdn,
Rdn and Cdna. The CM Transformer primary windings are connected in series with
the DC power port of a VSI. Figure 22 shows the CM current measurement IDC_CM
at the output of the CM active filer.

Figure 22 also shows the CM transformer secondary control current input,
IDC_CTRL_IN and output IDC_CTRL_OUT for connection to the active CM control
bridge power circuit, which shown in Figure 23 as connector DC CM CTRL. This
interface supplies the secondary CM control current, ICM_S_CTRL, from the active
power source to the series active filter CM transformer secondary winding. The full-
bridge controlled voltage source is realized using power integrated circuit U11 and
associated components. The series inductive element is realized with parts L5, L6
and L7. The ICM_S_CTRL current measurement is provided by part CS1. The
ICM_S_CTRL measurement, full-bridge controlled voltage source PWM control and
status signals are connected to a digital control system (not shown) at the connector
CONTROL BRD. The digital control system also receives the IDC_CM measurement
signal and other related measurements. The digital control system implements the
feedback and feedforward control schemes to limit and control IDC_CM.

While we have described herein particular embodiments of a common-mode filter
device and system, it is further envisaged that other embodiments of the invention
could exhibit any number and combination of any one of the features previously
described. Those of skill in the art will appreciate that suéh modifications or changes
to the particular embodiments exemplified can be made without departed from the
scope of the invention. All such modifications and changes are intended to be
included within the scope of this invention.

In particular the above applications are where the power converter and series active
CM filter are connected to the utility grid. However other applications include where
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the power converter and series active CM filter are connected to an array of solar
photovoltaic cells. Further it includes applications where the CM filter is connected
between the two power converters of a double conversion Uninterruptible Power
Supply UPS. Still further applications include where the active CM filter supports CM
voltage AC components at harmonics of the utility grid frequency at a level significant
compared to the utility grid DM voltages. Clearly persons skilled in the art would see
the analogous and obvious variations to the above and these are included within the
scope of the invention.

Further there can be specific variations in structure. For example an active filter of
the invention can include components to provide a CM return circuit with defined
impedance for the CM current at the power port to return to the power converter after
passing through the CM transformer. These CM return circuit components can have
predominantly capacitive impedance.

However, it is to be understood that any variations and modifications which can be

made without departing from the spirit and scope thereof are inciuded in the scope of
the invention as defined in the following claims.
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CLAIMS |

1.

A common-mode filter device and system for regulating aspects of power
conversion by a power converter from external source such as solar panels to
another external circuit wherein the common-mode filter device substantially
attenuates common-mode voltage at the switching frequency plus harmonics
of the power converter. '

A common-mode filter device and system according to claim 1 wherein the
power converter is single phase.

A common-mode filter device and system according to claim 1 wherein the
power converter is multiple phase.

A common-mode filter device and system according to claim 1 for regulating
aspects of power conversion from external source such as solar panels to an
AC system such as an electricity utility grid wherein the common-mode filter
device substantially attenuates common-mode voltage at the AC system
fundamental frequency plus harmonics and at the switching frequency plus
harmonics of the associated power converter.

A common-mode filter device and system according to any one of claims 1 to
4 wherein the common-mode filter device include an active filter configuration.

A common-mode filter device and system according to any one of claims 1 to
4 wherein the common-mode filter device include a passive filter
configuration.

A common-mode filter device and system according to any one of claims 1 to
Swherein the common-mode filter device and system has active common-
mode filter provided by a common-mode transformer (common-mode
inductor) with multiple primary windings.

A common-mode filter device and system according to claim 7 wherein the
primary windings all have an equal number of turns and each primary winding

'is connected in series with each power terminal of the power port.

A common-mode filter device and system according to claim 7 or 8 wherein
an active common-mode filter further includes secondary windings.
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10. A common-mode filter device and system according to claim 9 wherein in one
form the active common-mode filter includes control power sources which are
coupled to the secondary windings.

11. A common-mode filter device and system according to claim 10 wherein
control power source is composed of a controlled voltage source in series
with an inductive impedance.

12. A common-mode filter device and system according to claim 11 wherein the
control power source device includes the series inductive impedance in the
range 25% to 200% of the common-mode transformer magnetizing
inductance measured at the secondary winding and at the switching
frequency of the associated power converter.

13. A common-mode filter device and system according to any one of the
preceding claims having a common-mode filter and a power converter
connected in series to support the common-mode voltage difference between
the power converter ports and to control the common-mode current to
acceptable levels. '

14. A common-mode filter device and system according to claim 13 wherein the
common-mode filter is an active filter.

15. A common-mode filter device and system according to claim 13 wherein the
common-mode filter is a passive filter.

16. A common-mode filter device and system according to claim 13 wherein the
power converter is a Voltage Source Inverter.

17. A common-mode filter device and system according to claim 13 wherein the
active fiter makes use of function of real time measured common-mode
current and provides real time control of common-mode current across
common-mode current return paths and impedances.

18. A common-mode filter device and system according to claim 17 wherein the
function of real time measured common-mode current includes measurement
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and feedback control of the voitage across the common-mode current return
path.

19. A common-mode filter device and system according to claim 13 wherein the

active filter makes use of real time measured common-mode current and
provides real time control of common-mode current with common-mode
current return paths and impedances.

20. A common-mode filter device and system according to claim 13 wherein the

21.

common-mode filter consists of a common-mode transformer and one or
more common-mode current return circuits connected between the power
converter and the external circuit, first power conductor at the CM filter output
port or second power conductor at the common-mode filter output port
respectively.

A common-mode filter device and system according to claim 20 wherein the
active filter includes an active power source coupled to a secondary winding
of the common-mode transformer.

22. A common-mode filter device and system according to claim 20 or 21 wherein

the active filter includes an active power source composed of a controlied
voltage source in series with an inductive impedance.

23. A common-mode filter device and system according to claim 22 wherein the

series impedance is primarily an inductive impedance.

24. A common-mode filter device and system according to claim 23 wherein the

series inductive impedance of the active power source is in the range 25% to
200% of the common-mode transformer magnetizing inductance measured at
the secondary winding and at the switching frequency of the associated.
power converter.

25. A common-mode filter device and system according to claim any one of

claims 20 to 24 having a controllable voltage source which is a full-bridge with
pulse width modulation (PWM).
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26. A common-mode filter device and system according to claim any one of
claims 20 to 24 having a controllable voltage source which is a half-bridge
with pulse width modulation (PWM).

27. A common-mode filter device and system according to claim 25 or 26 wherein
the controllable voltage source PWM period is synchronized to the switching
transitions of the associated power converter.

28. A common-mode filter device and system aocording to claim any one of
claims 20 to 24 wherein the common-mode transformer has a magnetizing
inductance in the range 0.1H to 10H measured at a primary winding and at
the utility grid frequency.

29. A common-mode filter device and system according to claim any one of
claims 20 to 24 wherein the common-mode transformer has a core made of
amorphous metal (metglas) or nanocrystalline metal.

30. A common-mode filter device and system according to claim 13 wherein the
common-mode filter device and system is for a power converter used to
transfer electric power between electric circuits with each electric circuit
connected to a different power port of the power converter and each power
port having at least two power conductors with the power port voltages being
characterized by the Differential-Mode (DM) voltages and the Common-Mode
(CM) voltage wherein the DM voltages are the potential differences between
pairs of power conductors and the common-mode voltage is the average
potential difference between all of the power conductors and a reference
potential, such as ground (earth) and the power port currents being
characterized by the DM currents and the common-mode current with the DM
currents being the differences between the currents in pairs of power
conductors and the common-mode current being the sum of the currents on
all power conductors which flows back into one or more other power ports of
the power converter via an external circuit, typically involving the ground
(earth) conductor;

a. wherein the common-mode filter device and system includes an active
filter used in series with a power port of the power converter to limit
and control the AC component of common-mode current at the power
port;
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b. and wherein the a function of the common-mode current at the power
port is measured and the AC component of common-mode current is
limited and controlled using a feedback controller to adjust the active
filter control.

31. A common-mode filter device and system according to claim any one of
claims 20 to 24 wherein common-mode transformer saturation is controlled
by a common-mode filter that attenuates both switching frequency and low
frequency common-mode voltage.

32. A common-mode filter device and system wherein the active filter of the
common-mode filter device and system has a transformer with multiple
primary windings and a secondary winding; the primary windings having an
equal number of turns and each primary winding connected in series with
each power terminal of the power port; and the secondary winding is
connected to a controlled voltage source via an impedance wherein this
invention implements an active filter that attenuates both switching frequency
and low frequency common-mode voltages, even when these are significant
compared to the DM voltages.

33.A cbmmon-mode filter device and system according to claim 32 wherein
common-mode transformer saturation is controlled by a common-mode filter
that attenuates both switching frequency and low frequency common-mode
voltage.

34. A common-mode filter device and system according to claim 32 wherein in
one form the common-mode current at the power port is measured, the AC
component of common-mode current is limited and controlled using a
feedback controller to adjust the active control power source.

35. A common-mode filter device and system according to claim 32 wherein the
active filter makes use of function of real time measured common-mode
current and provides real time control of common-mode current across
common-mode current return paths and impedances.

36. A common-mode filter device and system according to claim 32 wherein the
function of real time measured common-mode current includes measurement
and feedback control of the voltage across the common-mode current return
path.
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37. A common-mode filter device and system according to claim 32 wherein
estimates or measurements of the common-mode voltage at the power
converter power port are used to provide feedforward control of the active
control power source to reduce the AC component of common-mode current
at frequencies above the bandwidth of the closed-loop common-mode current
controller including at the power converter switching frequency and
harmonics.

38. A common-mode filter device and system according to claim 32 wherein
active damping of the common-mode filter response is obtained by
appropriate closed-loop dynamics in the common-mode current feedback
controller.

39. A common-mode filter device and system according to claim 32 wherein a
circuit is provided to return the common-mode current from the output of the
common-mode transformer to one or more other power ports of the power
converter. '

40. A common-mode filter device and system according to claim 39 wherein this
. ¢ircuit includes at least one series capacitive impedance.

41. A common-mode filter device and system according to claim 32 wherein the
common-mode current from the output of the common-mode transformer
returns to other power ports of the power converter via external circuits, such
as insulation capacitance.

42. A common-mode filter device and system according to claim 32 wherein the
_operation of the disclosed active filter is similar in concept to a passive
common-mode filter, except that the active control forces the majority of the
common-mode transformer magnetizing current to flow in the secondary
control winding, rather than in the primary windings wherein the effective
impedance of the common-mode transformer is much higher than a passive
common-mode transformer, choke or inductor of equivalent size.

43. A commen-mode filter device and system according to claim 32 wherein a
common-mode filter is in series with a power converter to support the
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common-mode voltage difference between the power converter ports and to
control the common-mode current to acceptable levels.

44. A means using a common-mode filter device and system for regulating
aspects of power conversion from external source, such as solar panels, to
an electricity utility grid in applications with high ground capacitance or low
impedance external common-mode circuits including the steps of:

a. connecting an active common-mode filter device in series between an
external source power circuit and a power converter
b. measuring a function of the common-mode current at common-mode
filter input or output
c. provide active common-mode current return based on measured
common-mode current |
wherein the power converter regulates the common-mode voltage difference
between the power converter ports and controls the common-mode current to
acceptable levels.

45. A means using a common-mode filter device and system according to claim
44 wherein the active filter uses function of real time measured common-
mode current and provides real time control of common-mode current across
common-mode current return paths and impedances.

46. A common-mode filter device and system according to claim 44 wherein the
function of real time measured common-mode current includes measurement
and feedback control of the voltage across the common-mode current return
path.

47. A means using a common-mode filter device and system according to claim
44 wherein the active filter uses real time measured common-mode current
and provides real time control of common-mode current with common-mode
current return paths and impedances wherein the active filter limits and
controls the AC component of common-mode current at the power port.

48. A means using a common-mode filter device and system according to any
one of claims 44 to 47 wherein the active filter include a common-mode
transformer with multiple primary windings and a secondary winding with
each primary winding having an equal number of turns and each primary
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winding connected in series with each power terminal of the power port and
the secondary winding being connected to an active power source.

49. A means using a common-mode filter device and system according to claim
48 wherein the active filter includes a measurement related to the common-
mode current at the power port wherein the active filter includes a control
mechanism using feedback of said measurement to control the active power
source such that the common-mode current at the port is controlled or limited.

50. A means using a common-mode filter device and system according to claim
48 wherein the active filter includes an additional measurement or estimation
of the common-mode voltage supported by the primary windings of the
common-mode transformer.

51.A means using a common-mode filter device and system and system
according to claim 48 wherein the control mechanism uses feedforward of the
common-mode voltage measurement or estimation to control the active
power source such that the common-mode current at the port is reduced.

52. A means using a common-mode filter device and system according to claim
48 wherein the control mechanism uses the common-mode voitage
measurement or estimation to control the active power source to provide
active damping of the common-mode filter.

53. A means using a common-mode filter device and system according to claim
44 wherein the active filter is in series with a power converter and includes
DC blocking capacitors in series with an AC power port, such that the flow of
DC common-mode current is limited and controlled by the series capacitors
and the flow of AC common-mode current is limited and controlled by the
active common-mode filter. '

54. A common-mode filter device and system substantially as hereinbefore
described with reference to the examples and the drawings.

55. A means using a common-mode filter device and system substantially as
hereinbefore described with reference to the examples and the drawings.
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AMENDED CLAIMS
received by the International Bureau on 26 June 2012 (26.06.2012)

CLAIMS

1.

A common-mode filter device and system for regulating aspects of power conversion
by a power converter from external source such as solar panels to another external
circuit wherein the common-mode filter device substantially attenuates common-
mode voltage at the switching frequency plus harmonics of the power converter.

A common-mode filter device and system according to claim 1 wherein the power
converter is single phase.

A common-mode filter device and system according to claim 1 wherein the power
cohverter is multiple phase.

A common-mode filter device and system according to claim 1 for regulating aspects
of power conversion from external source such as solar panels to an AC system such
as an electricity utility grid wherein the common-mode filter device substantially
attenuates common-mode voltage at the AC system fundamental frequency plus
harmonics and at the switching frequency plus harmonics of the associated power
converter.

A common-mode filter device and system according to any one of c¢laims 1 to 4
wherein the common-mode filter device Include an active filter configuration.

A common-mode filter device and system according to any one of claims 1 to 4
wherein the common-mode filter device include a passive filter configuration.

A common-mode filter device and system according to any one of claims 1 to
Swherein the common-mode filter device and system has active common-mode filter
provided by a common-mods transformer (common-mode inductor) with multiple
primary windings.

A common-mode filter device and system according to claim 7 wherein the primary
windings all have an equal number of turns and each primary winding is connected In
series with each power terminal of the power port.

A common-mode filter device and system according to claim 7 or 8 wherein an active
common-mode filter further includes secondary windings.

33
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10. A common-mode fliter device and system according to claim 9 wherein in one form
the active common-mode filter includes control power sources which are coupled to
the secondary windings.

11. A common-mode filter device and system according to claim 10 wherein control
power source is composed of a controlled voltage source in series with an inductive
impedance,

12. A common-mode filter device and system accerding to claim 7 wherein the common-
mode filter device include thse inductive impedance in the range 25% to 200% of the
common-mode transformer magnetizing Inductance measured at the secondary
winding and at the switching frequency of the associated power converter.

13. A common-mode filter device and system according to any one of the preceding
claimg having a common-mode filter and a power converter connected in series to
support the common-mode voltage difference between the power converter ports and
to control the common-mode current to acceptable Jevels.

14. A common-mode filter device and system according to claim 13 wherein the
common-mode filter is an active filter.

156. A common-mode fiiter device and system according to claim 13 wherein the
common-mode filter is a passive filter.

16. A common-mode filter device and system according to claim 13 wherein the power
converter is a Voltage Source Inverter.

17. A common-mode filter device and system according to claim 13 wherein the active
filter makes use of function of real time measured common-mode current and
provides real time control of common-mode current across common-mode current
return paths and impedances.

18. A common-mode filter device and system according to claim 17 wherein the function
of real time measured common-mode current includes measurement and feedback
control of the voltage across the common-mode current return path.

19. A common-mode filter device and system according to claim 13 wherein the active
filter makes use of real time measured common-mode current and provides real time
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20.

21.

22.

23.

24,

25.

26.

27.

control of common-mode current with common-mode current return paths and
impedances.

A common-mode filter device and system according to claim 13 wherein the
common-mode filter consists of a common-mode transformer and one or more
common-mode current return circuits connected between the power converter and
the external circuit, first power conductor at the CM filter output port or second power
conductor at the common-made filter output port respactively.

A common-mode filter device and system according to claim 20 wherein the active
fiter includes an active power source coupled to a secondary winding of the
common-mode.

A common-mode filter device and system according to claim 20 or 21 wherein the
active filter includes an active power source composed of a controlled voltage source
in series with an inductive impedance.

A common-mode filter device and system according to claim 22 wherein the series
impedance is primarily an inductive impedance.

A common-mods filter device and system according to claim 23 wherein the inductive
impedance Is In the range 25% to 200% of the common-mode transformer
magnetizing inductance measured at the secondary winding and at the switching
frequency of the associated power converter.

A common-mode filter device and system according to claim any one of claims 20 to
24 having a controllable voltage source which Is a full-bridge with pulse width
modulation (PWM).

A common-mode filter device and system according to claim any one of claims 20 to
24 having a controllable voltage source which is a half-bridge with pulse width
madulation (PWM). |

A common-mode filter device and system according to claim 25 or 26 wherein the
controllable voltage source PWM period is synchronized to the switching transitions
of the associated power converter.
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28. A common-mode filter device and system according to claim any one of claims 20 to

24 wherein the common-mode transformer has a magnetizing inductance in the
range 0.1H to 10H measured at a primary winding and at the utility grid frequency.

20. A common-mode filter device and system according to claim any one of claims 20 to

24 wherein the common-mode transformer has a core made of amorphous metal
(metglas).

30. A common-mode filter device and system according to claim 13 wherein the

31.

common-mode filter device and system is for a power converter used to transfer
electric power between electric circults with each electric circuit connected to a
different power port of the power converter and each powser port having at least two
power conductors with the power port voltages being characterized by the
Differential-Mode (DM) voltages and the Common-Mode (CM) vdltage wherein the
DM voltages are the potential differences between pairs of power conductors and the
common-mode voitage is the average potential difference between all of the power
conductors and a reference potential, such as ground (earth) and the power port
currents being characterized by the DM currents and the common-mode current with
the DM currents being the differences between the currents in pairs of power
conductors and the common-mode current being the sum of the currents on all power
conductors which flows back into one or more other power ports of the power
converter via an external circuit, typically involving the ground (earth) conductor;
a. wherein the common-mode filter device and system includes an active filter
used in series with a power port of the power converter to limit and control the
AC component of common-mode current at the power port;
b. and whereln the a function of the common-mode current at the power port is
measured and the AC component of common-mode current Is limited and
controlled using a feedback controller to adjust the active filter control.

A common-mods filter device and system according to claim any one of claims 20 to
24 wherein common-mode transformer saturation is controlled by a common-mode
filter that attenuates both switching frequency and low frequency common-mode
voltage.

32. A common-mode filter device and system wherein the active filtar of the eommon-

mode filter device and system has a transformer with multiple primary windings and a
secondary winding; the primary windings having an equal number of turns and each
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primary winding connected in series with each power terminal of the power port; and
the secondary winding is connected to a controlled voltage source via an impedance
wherein this invention implements an active filter that sttenuates both switching
frequency and low frequency common-mode voltages, even when these are
significant compared to the DM voltages.

33. A common-mode filter device and system according to claim 32 wherein common-
mode transformer saturation is controlied by a common-mode filter that attenuates
both switching frequency and low frequency common-mods voltage.

34, A common-mode filter device and system according to claim 32 wherein in one form
the commoen-mode current at the power port is measured, the AC component of
common-mode current is limited and controlled using a feedback controller to adjust
the active control power source.

35. A common-mode filter device and system according to claim 33 wherein the active
filter makes use of function of real time measured common-mode current and
provides real time control of common-mode current across common-mode current
return paths and impedances.

36. A common-mode filter device and system according to claim 33 wherein the function
of real time measured common-mode current Includes measurement and feedback
control of the voltage across the common-mode current return path.

37. A common-mode filter device and éystem according to claim 32 wherein estimates or
measurements of the common-mode voltage at the power converter power port are
used to provide feedforward control of the active control power source to reduce the
AC component of common-mode current at frequencies above the bandwidth of the
closed-loop common-mode current controller including at the power converter
switching frequency and harmonics.

38. A common-mode filter device and system according to claim 32 wherein active
damping of the common-mode filter response is obtained by appropriate closed-loop
dynamics in the common-mode current feedback controller.

39. A common-mode filter device and system according to claim 32 wherein a circuit is
provided to return the common-mode current from the output of the common-mode
transformer to one or more other power ports of the power converter.
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40. A common-mode filter device and system according to claim 37 wherein this circuit
includes at least one serles capacitive impedance.

41. A common-mode filter device and system according to claim 32 wherein the
common-mode current from the output of the common-mode transformer returns to
other power ports of the power converter via external circuits, such as ingulation
capacitance.

42. A common-mode filter device and system according to claim 32 wherein the
operation of the disclogsed active filter is similar In concept to a passive common-
mode filter, except that the active control forces the majority of the common-mode
transformer magnetizing current to flow in the secondary contro! winding, rather than
in the primary windings wherein the effective impedance of the common-mode
transformer is much higher than a passive common-mode transformer, choke or
inductor of equivalent size.

43. A common-mode filter device and system according to claim 32 wherein a common-
mode filter is in series with a power converter to support the common-mode voltage
difference between the power converter ports and to control the common-mode
current to acceptable levels. ‘

44, A means using a common-mode filter device and system for regulating aspects of
power conversion from external source, such as solar panels, to an electricity utility
grid in applications with high ground capacitance or low impsdance external
common-made circuits including the steps of:

a. connecting an active common-mode filter device in series between an
external source power circult and a power converter
b. measuring a function of the common-made current at common-mode filter
input or output
c. provide active common-mode current return based on measured common-
mode current
wherein the power converter regulates the common-mode voltage difference

between the power convertér ports and controls the common-mode current to
acceptabla levals.
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45.

46.

47.

48.

49,

S0.

51.

A means using a common-mode filter device and system according to claim 44
wherein the active filter uses function of real time measured common-mode current
and provides real time control of common-mode current across common-mode
current return paths and impedances.

A common-mode filter device and system according to claim 44 wherein the function
of real time measured common-mode current includes measurement and feedback
control of the voltage across the common-mode current return path.

A means using a common-mode filter device and system according to claim 44
wherein the active filter uses real time measured common-mode current and
provides real time control of common-mode current with common-mode current
refurn paths and impedances wherein the active filter limits and controls the AC
component of common-mode current at the power port.

A means using a common-mode filter device and system according to any one of
claims 44 to 47 wherein the active fliter include a common-mode transformer with
multiple primary windings and a secondary winding with each primary winding having
an equal number of turns and each primary winding connected in series with each
power terminal of the power port and the secondary winding being connected to an

active power source.

A means using a common-mode filter device and system according to claim 48
wherein the active fiiter Includes a measurement related to the common-mode
current at the power port wherein the active filter includes a control mechanism using
feedback of said measurement to control the active power source such that the
common-mode current at the port is controlled or limited.

A means using a common-mode filter device and system according to claim 48
whereln the active filter includes an additional measurement or estimation of the
common-mode voltage supported by the primary windings of the common-mode
transformer.

A means using a common-mode filter device and system and system according to
claim 48 wherein the control mechanism uses feedforward of the common-mode
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voltage measurement or estimation to control the active power source such that the
common-mode current at the port is reduced.

52. A means using a common-mode filter device and system according to claim 48
wherein the control mechanism uses the common-mode voltage measurement or
estimation to control the active power source to provide active damping of the
common-mode filter.

53. A means using a common-mode filter device and system according to claim 44
wherein the actlve filter is in series with a power converter and includes DC blocking
capacitors in series with an AC power port, such that the flow of DC common-mode
current is limited and controlied by the series capacitors and the flow of AC common-
mode current is limited and controlled by the active common-mode filter.

54. A common-mode filter device and system substantially as hereinbefore descrlbed
with reference to the examples and the drawings.

55.A means using a common-mode filter device and system substantially as
hereinbefore described with refarence to the examples and the drawings.

56. A common-mode (CM) fliter device and system for regulating aspects of power
conversion from external source, such as solar panels, to an electricity utility grid in
applications with high ground capacitance or low impedance external common-mode
circuits including: '

a. the common-mode filter device connected in series between an external
source power circuit and a power converter and including a common-mode
blocking impedance, such as a common-mode transformer, connected
between the common-filter input and output ports and a common-mode
current return impedance from the filter output to the power converter forming
a common-mode low-pass filter,

b. wherein above the filter cut-off frequency, the blocking impedance is greater
than the return impedance and the common-mode filter provides significant
voltage attenuation;

wherein the common-mode filter device substantially attenuates common-mode
voltage at the Alternating Current (AC) system fundamental frequency plus
harmonics and at the switching frequency plus harmonics of the associated power
converter.

40
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57.

- 68,

59.

60.

61.

A controller for common-mode filter device and system in accordance with claim 56
wherein the common-mode filter device is a passive low-pass filter for filtering grid
frequency harmonic and switching frequency harmonic common mode voltage.

A controller for common-mode filter device and system in accordance with claim 57
wherein the filter provides substantial attenuation of common-mode voltage and
current above the cut-off frequency less than about 2 times the grid frequency.

A controller for common-mode filter device and system in accordance with claim 58
with passive low pass filter provides substantial attenuation of common-mode voltage
and current substantially in the range of 1 Hz.to 100Hz.

A controller for common-mode filter device and system In accordance with claim 59
wherein the power converter is a Voltage Source Inverter (VSI) and the passive
common-mode filter includes a common mode transformer and a common-mode
current return path consisting of a capacitance with parallel branch of series
capacitor and resistor so as to create a damped low pass filter that substantiaily
attenuates CM voltage at the AC system fundamental frequency plus harmonics and
at the switching frequency plus harmonics of the assoclated power converter.

A controlier for common-mode filter device and system in accordance with claim 56,
wherein the CM current measurement is typically processed by a high pass filter to
extract the AC component with the cut-off frequency of the high pass filter is between
50% and 300% of the AC utility grid frequency.
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