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(57) Abstract: An active filter (11) is provided to reduce a common mode current in a pulse width modulating driving circuit. The
~~ driving circuit includes a rectifier (10) connected to an AC lines (L1, L.2) from an AC source, a PWM inverter (12) having input
terminals connected to outputs of the rectifier (10) through a current sensor (13) and output terminals coupled to drive a load (13).
The active filter (11) comprises first and second transistors (Q1, Q2) connected in series between the outputs of the rectifier (10)
and controlled such that they are alternatively switched between a non-conducting state and a conducting state in a linear region
by controlling the control electrodes of the transistors responsive to a sensed current from the current sensor (13). An output node
between the transistors is coupled to ground through an isolating capacitor (C).
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ACTIVE COMMON MODE FILTER CONNECTED IN A-C LINE

CROSS REFERENCE TO RELATED APPLICATION
This application claims the benefit and priority of U.S. Provisional
Application S.N. 60/291,676 filed May 17, 2001 entitled “Active Common Mode

Filter Connected In A-C Line”, the entire disclosure of which is hereby incorporated

by reference. This application is also related to the subject matter of U.S.
Application S.N. 09/816,590 filed March 23, 2001 entitled “Active Filter For
Reduction of Common Mode Current”, the entire disclosure of which is hereby

incorporated by reference.

BACKGROUND OF THE INVENTION

An active common mode filter for aPWM inverter is known and is described

in detail in application Serial No. 09/816,590, referred to above. The active common
mode filter of the above application includes an amplifier and current driver circuit
located in the d-c link between the rectifier and the inverter of a pulse width
moduliated driving circuit.

For that filter, as shown in Figure 1, an a~c line input having terminals L, L,
(for a single phase) and ground (GND) is connected to a full wave bridge connected
rectifier 10 which is coupled by a d-c link P, N to a 3 phase PWM inverter 12 (which
may employ thyristors or IGBTs in each leg, with suitable controls, not shown).
Invertor 12 then drives the a-c motor 13. The grounded case of motor 13 is
connected to GND and to coupling capacitor 14. An active filter 11 includes a
ground current sense transformer 15 which produces an output to op-amp 16. This,
in turn, controls the gates of transistors Q, and Q, of current driver circuit 17
coupled across the d-c link to switch the transistors between a non-conducting state
and a conducting state in a linear region.

Amplifier 16 receives an input from a secondary of the current transformer

15, which has two primary coils coupled in the two legs of the d-c link. The current

\
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transformer provides an output on its secondary proportional to the common mode
current which equals the leakage or noise current in the ground line G from the
motor. This noise current is generated across the internal capacitance between the
motor windings and the motor case, and flows in the ground line G. This noise
current can be substantial and can also generate significant EMI.

The circuit of Fig. 1 is designed to cancel the noise current by replicating the
current through the isolating capacitor 14, allowing the current to travel back to the
buses of the d-c link. This substantially eliminates the ground current on the GND
line back to the a-c network and therefore the common mode noise current present
on the a-c network. Thus, the filter 11 reproduces the common mode current that
flows from the d-c link into the inverter, creating circulating paths for the common
mode current via the ground wire from the motor, the coupling capacitor 14 and
back to the d-c link, bypassing the common mode current from the a-c input lines.

The circuit in Figure 1 may not always be practically convenient, because it
involves “breaking into” the d-c link to insert the active filter 11 and the current
sensing transformer 15.

In some applications, it would be preferable to insert the common mode filter
11 in the input a-c line that feeds the rectifier 10 of the PWM driving circuit. This
would conform to the usual connection point of a normal passive common mode
filter, which is commonly connected in the a~c line. If the active common mode
filter could also be placed in the a-c line, it would be a direct substitute for the
normal passive common mode filter, and would not require modifying the PWM
drive itself.

SUMMARY OF THE INVENTION

It is accordingly an object of the present invention to provide an active

common mode filter which can be constructed as a form of a-c filter which can be
added on to an inverter without modifying the inverter circuit.

It is further an object of the invention to provide such an active common
mode filter which can be utilized both in a feed forward or feed back architecture.

In a traditional feed back architecture for a common mode filter circuit, the common
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mode noise is sensed after the cancellation point and the canceling signal is injected
by an amplifier having high gain and fed back to the point of noise cancellation. In
contrast, in a feed forward architecture, the common mode noise is sensed before the
cancellation point and the canceling signal is injected by a gain of one amplifier and
fed forward to the noise cancellation point.

It is still a further object of the invention to provide an active common mode
filter circuit which does not require modification of a system into which it is
connected.

It is yet still a further object of the present invention to provide an active
common mode filter circuit which can directly replace a passive a-c line common
mode filter.

The above and other objects of the present invention are achieved by an
active filter for reducing common mode current in a pulse width modulated driving
circuit for driving a load from a-c lines of an a-c source, wherein the driving circuit
includes a rectifier connectable to the a-c lines and producing a rectified output
voltage connected to a d-c bus, a PWM inverter having input terminals connected
to the d-c bus and having a controlled a-c output for driving the load , the active
filter comprising a current sensor for sensing the common mode current in the
driving circuit, a current driver circuit comprising first and second transistors, each
having first and second main electrodes and a control electrode, the transistors being
coupled in a series circuit to feed a single output node betwéen them, the transistors
being controlled such that they are alternately switched on and off by control of their
control electrodes, their control electrodes being connected to an output from the
current sensor, the output node between the transistors being coupled to an isolating
capacitor, the isolating capacitor being coupled to a ground line coupled to the load,
the two transistors providing alternate paths for current in the ground line to flow to
the a-c lines of the a-c source thereby to reduce the common mode current flowing
from the a-c source by providing a circulating path for the current the active filter
being connected in the a-c lines coupled to the pulse width modulated driving

circuit.
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The above and other objects are also achieved by an active filter for reducing
common mode current in a driving circuit for driving a load from a-c lines of an a-c
source, wherein the driving circuit provides a controlled a-c output for driving the
load and the load has a ground line coupled to the a-c source, the active filter
comprising a current sensor for sensing the common mode current in the driving
circuit, an active filter circuit comprising a transistor current driver circuit controlled
by the current sensor such that it provides a circulating path for a ground current in
the ground line, the current driver circuit being coupled to an isolating capacitor, the
isolating capacitor being coupled to the ground line coupled to the load, the current
driver circuit enabling the current in the ground line to flow to respective ones of the
a-c lines of the a-c source thereby to reduce the ground current flowing in the ground
line, the active filter circuit being connected in the a-c lines coupled to the driving
circuit.

Other features and advantages of the present invention will become apparent
from the following description of the invention which refers to the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWING(S)

Figure 1 is a circuit diagram showing the active mode filter in the d-c link of
a PWM driving circuit;

Figures 2 and 3 are circuit diagrams showing the active mode filter (in a feed
forward architecture) in the a-c line input for a single phase and 3 phase input to a
PWM driving circuit,

Fig. 4 shows a simplified schematic diagram of the active filter connected
into the a-c line input using a feed back architecture;

Fig. 5 shows the active filter wherein the current sensor is connected directly
in the ground line in a feed back architecture; and

Fig. 6 shows the active filter wherein the current sensor is connected directly
in the ground line in a feed forward architecture.

Throughout the drawings, like parts are designated by the same reference

numbers.
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DETATLED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Figure 2 shows the connection of the active filter directly in the a-c line, for
a single phase input. Diode D and Capacitor Cygg establish a d-c voltage,
approximately equal to the peak line to line voltage, for the active filter 11. Resistor
R limits the initial charging current of Cygg. Diode DZ regulates the d-c level on
filter bus 18.

The current sensing transformer 15 acts as a differential current sensor,
sensing the difference between the two currents flowing in the two legs L1 and 1.2
ofthe a-c line. Transformer 15 thus senses the common mode current flowing from
L1oyr and L2y, to the a-c input terminals of the PWM drive (and which also flows
in the ground line G), and the amplifier 16 and MOSFETs Q1 and Q2 reproduce this
current as the current I, in the ground coupling capacitor 14. This effectively
cancels, or reduces the common mode current Iy Igyp is the difference between
I and L, that flows back to the a-c line. The level of Iy, is thus reduced to near
zero by the active filter.

When Q1 conducts the common mode current flowing from the ground wire
of the PWM drive finds its way back to L2, via the capacitor 14, the drain of Q1
and Cpgyr gus, @nd to Llyy, via the drain of Q1, Cgyp pyg and Cppp,. When Q2
conducts, the common mode current flowing from the ground wire of the PWM
drive is returned to L2,y via the capacitor 14, the drain of Q2 directly to L2y, and
to L1gyy via the drain of Q2 and C; 1, to L1yyy.

It should be noted that in connection with the description of Fig. 2 (as well
as in connection with Fig. 1 and the other embodiments described below), it is
assumed to simplify the description that the ground current that flows back from the
load in the ground wire is equal to the common mode line current flowing in a-c
input lines L1 and 1.2, and therefore that the supply line ground current is zero. In
fact, there is an additional ground current component that commonly flows from the
load into the ground itself via stray capacitance of the motor, cables, the motor drive,
etc to the surrounding physical ground.

This additional component circulates back through the supply ground wire

to capacitor 14 to satisfy the requirement that the sum of all the ground currents
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equals the common mode line current. Thus, it will be understood that while there
can be current in the supply ground wire, the active common mode filter of this
invention effectively maintains the common mode line current at the desired
virtually zero-level.

Referring still to Fig. 2, a circulating path for the common mode current is
thus created via the ground wire of the PWM drive, back to L1yy; and L2qyy,
eliminating common mode current from flowing into terminals L1 and L2y from
the input a-c supply source.

The capacitor C; 1, serves the dual purpose of providing filtering of normal
mode (line to line) conducted EMI, and provides a low impedance path between L1,
and L2, for returning common mode current that flows through the active filter to
Lloyr. The capacitor C FILT BUS also serves to return ground current to line .2
and further acts to smooth the d-c level on the filter bus 18.

Figure 3 shows an equivalent arrangement of the active filter of Figure 2 for
a three-phase input.

The common mode current sensing transformer 15 has three a-c lines L1,
L2, and L3, provided through the core of the transformer as the primaries for
sensing the common mode current. The output of the secondary is provided to the
amplifier 16 in the same fashion as in Fig. 2 and responds to any differences between
the current flowing in the a-c lines. The circuit 11 operates in the same way as
described with respect to Fig. 2. It is powered in the same way between two of the
a-c lines, in this case lines L2, and L3,. Filter capacitors CL1-L2, CL2-L3 and
CL3-L1 provide normal mode (line-to-line) filtering and also provide low impedance
paths between the a-c lines for returning common mode current that flows through
the active filter to lines L1y and L2

Figs. 4, 5 and 6 show some other arrangements of the invention in simplified
schematics for a single phase a-c input. The power supply components for the filter
bus are not shown in detail, but would be provided similarly as for filter bus 18 in
the circuits of Figs. 2 and 3. Similarly, the components of the active filter circuit

corresponding to amplifier 16 and current driver circuit 17 are not shown in detail.
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Fig. 4 shows a feedback arrangement, in contrast to the feed forward
arrangement of Figs. 2 and 3. Figs. 5 and 6 show arrangements wherein the current
sensing transformer 15'is located in the ground line GND directly. The line GND
serves as the primary of the current transformer 15'. Fig. 5 shows a feedback
structure. Fig. 6 shows a feed forward structure.

Further, although in the illustrated embodiments the current sensor comprises
a current transformer other current sensors can be used, e.g., resistive or
magnetoresistive current sensors or any other current sensors, as can be appreciated
by those of skill in the art.

Other variations are also possible. For example, in the illustrated
embodiments, the d-c bus voltage for the filter is provided by a single phase half-
wave rectifier circuit. Full-wave rectifier circuits may also be employed, and in the
embodiment of Fig. 3, a three-phase rectifier circuit may be employed. Likewise,
while the illustrated embodiments employ particular r-c circuits from which the filter
bus voltage is derived, other circuit configurations, such as a single resistor and a
single capacitor may be used instead.

While the present invention has been described in relation to particular
embodiments thereof, many other variations and modifications and other uses will
become apparent to those skilled in the art. Therefore, that the present invention
should not be limited by the specific disclosure herein, but only by the appended

claims.
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WHAT IS CLAIMED IS:

1. An active filter for reducing common mode current in a pulse width

modulating driving circuit for driving a load from a-c lines of an a-c source, wherein
the driving circuit includes a rectifier connectable to the a-c lines and producing a
rectified output voltage connected to a d-c bus, a PWM inverter having input
terminals connected to the d-c bus and having a controlled a-c output for driving the
load, the active filter comprising:

a current sensor for sensing the common mode current in the driving circuit;

an active filter circuit comprising first and second transistors, each having
first and second main electrodes and a control electrode, the transistors being
coupled in a series circuit to drive an output node, them, the transistors being
controlled such that they are alternately switched between a non-conducting state
and a conducting state in a linear region by control of their control electrodes, their
control electrodes being connected to an output from the current sensor, a output
node between the transistors being coupled to an isolating capacitor, the isolating
capacitor being coupled to a ground line coupled to the load, the two transistors
providing alternate paths for current in the ground line to flow to respective ones of
the a-c lines of the a-c source thereby to reduce the common mode current flowing
from the a-c source by providing a circulating path for the current in the ground
line, the active filter circuit being connected in the a-c lines coupled to the pulse

width modulated driving circuit.

2. The active filter of claim 1 further comprising an amplifier coupled

between the current sensor and the control electrodes of the two transistors.

3. The active filter of claim 1, further comprising a rectifier circuit for

producing a rectified d-c bus voltage on a d-c bus for the two transistors.

4. The active filter of claim 1, further comprising at least one capacitor
connecting the a-c lines of the a-c source for providing a circulating path between

the a-c lines for the ground current.
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5. The active filter of claim 3, further comprising at least one d-c bus
voltage capacitor for providing a circulating path for the ground current between the

d-c bus and one of the a-c lines.

6. The active filter of claim 3, wherein the d-c bus voltage is derived

from at least one diode connected to at least one filter capacitor.

7. The active filter of claim 6, wherein the d-c bus includes at least one

voltage regulator element.

8. The active filter of claim 1, wherein the first and second transistors
have first electrodes coupled to the output node, the transistors each having second

electrodes coupled respectively to a positive rail of the d~c bus and a negative rail

of the d-c bus.

9. The active filter of claim 1, wherein the current sensor is coupled in

the a-c lines after the active filter circuit.

10.  The active filter of claim 1, wherein the current sensor is coupled in

the a-c lines ahead of the active filter circuit.

11.  The active filter of claim 1, wherein the current sensor is coupled to
the ground line between a point where the isolating capacitor is connected to the

ground line and the load.

12.  Theactive filter of claim 1, wherein the current sensor is coupled into
the ground line between a ground terminal connected to the a-c source and a point

where the isolating capacitor connects to the ground line.

13.  The active filter of claim 1, wherein the current sensor comprises a

current transformer.
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14.  Theactive filter of claim 1, wherein the a-c source comprises a single

phase a-c source.

15.  The active filter of claim 1, wherein the a-c source comprises a

multiple-phase a-c source.

16.  The active filter of claim 1, wherein the load comprises an electric

motor.

17.  Theactive filter of claim 1, wherein the active filter circuit is coupled
across the a-c lines of the a-c source and the current sensor comprises a current
transformer having a primary winding coupled in series with each ones of the a-c

lines and a secondary winding coupled to the active filter circuit.

18.  Theactive filter of claim 1, wherein the active filter circuit is coupled
across the a-c lines of the a-c source and the current sensor comprises a current
transformer having a primary winding coupled in series with the ground line and a

secondary coupled to the active filter circuit.

19.  An active filter for reducing common mode current in a driving
circuit for driving a load from a-c lines of an a-c source, wherein the driving circuit
provides a controlled a-c output for driving the load and the load has a ground line
coupled to the a-c source, the active filter comprising:

a current sensor for sensing the common mode current in the driving circuit;

an active filter circuit comprising a transistor current driver circuit, the
current driver circuit being controlled by the current sensor such that it provides a
circulating path for a ground current in the ground line, the current driver circuit
being coupled to an isolating capacitor, the isolating capacitor being coupled to the
ground line coupled to the load, the current driver circuit enabling the current in the

ground line to flow to respective ones of the a-c lines of the a-c source thereby to
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reduce the ground current flowing in the ground line, the active filter circuit being

connected in the a-c lines coupled to the driving circuit.
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