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ABSTRACT OF THE DISCLOSURE

[0080] A parallel filter arrangement with at least two filters supplying current in line side
sensing configuration and a number of sensors for measuring current. The sensors are used to
determine the amount of current being supplied by the filters and the amount of current being
supplied by a source. The filters adjust their supplied current in order to reduce or eliminate the

amount of reactive or harmonic current being supplied by a source.
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PARALLELING OF ACTIVE FILTERS WITH INDEPENDENT CONTROLS
CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims tﬂe benefit of United States Provisional Patent

Application Serial Number 61/748,382, filed January 2, 2013.

FIELD OF THE INVENTION

[0002]  The present invention relates genperally to the field of controlling electrical
devices that supply current into the electrical system. More particularly, the present invention
relates to compensating for the harmonic or reactive currents drawn by non-linear electric loads

with multiple parallel active filters with independent controls.

BACKGROUND OF THE INVENTION

[0003]  Industrial plants often include power consuming devices such as, for example,
electric motors, pumps, compressors and/or HVAC systems. These devices are often referred to
as loads. Many industrial plants control the loads of their facility with electrical power converters
to improve process control and increase energy efficiency such as, for example through the
regulation of variable speed devices and the minimization of inefficient power consumption.
Power converters typically behave as non-linear loads. A non-linear load draws distorted input
current at multiple frequencies from the electrical power source, whether that source is supplied
by a utility or a local generator.

[0004]  As seen in FIG. 1, distorted currents 14 are currents that have at least a
fundamental component 10 and a harmonic component 12. The fundamental compbnent 10
delivers the energy for the load to do useful work. Although necessary for non-linear loads, the

harmonic component 12 of the current(s) 14 performs no useful work.
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[0005] The harmonic component 12 is harmful to utility transformers, local generators
and other electric loads on the same clectric supply as they cause excessive heating;voltage

distortion on the electrical supply and potentially impact operation of other equipment sharing

t
1

the power source.

[0006] In order or keep the harmonic component drawn from a source at a safe level,
electric utilities and end users are adopting uniform power quality standards such as IEEE-519.
One way electric utilities and end users are complying with uniform power quality standards is
by using harmonic filters to locally source the harmonic component needed by the non-linear
load. If a harmonic filter supplies the harmonic component required by the non-linear load, the
harmonic component supplied by the power source is significantly reduced or eliminated.

[0007] One type of filter being used to comply with uniform power quality standards is
an electronic active filter. Electronic active filters effectively act as a local harmonic component
source to supply the necessary harmonic component to non-linear loads. Such electronic active
filters have been typically used as a shunt as shown in FIG. 2. The electronic active filter 16
operates as a shunt connected current source by creating an output current, Ixr 18, for supplying
the harmonic component 12 for the non-linear load(s) 20. In this arrangement, the electronic
active filter 16 produces the harmonic current 12 drawn by the non-linear load(s) 20, eliminating
a harmonic component from being drawn from the source 22. As a result, the source 22 supplies
a source current 24, via Iy, containing the fundamental current 10 in accordance with the
uniform power quality standards.

[0008] Shunt electronic active filters generally have two main structures, a power circuit
26 and an independent control system 28, as seen in FIG. 3. The power circuit 26 is used to

produce the harmonic component 12 and inject the harmonic component into the electrical
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system. The independent control system 28 is used to determine what harmonic component 12
should be produced, referred to as current reference, and control the power circuit to accurately

produce and track the current reference(s). The shunt electronic active filter could also be used to

L
2

produce a volt-ampere reactive.

[0009] As seen in FIG. 3, the independent control system 28 generally consists of an
outer loop regulator 30, an inner current regulator 32 and a voltage modulator 34. The outer loop
regulator 30 receives the current(s) 14 of the electrical system desired to be filtered. Based upon
the current(s) 14, the outer loop regulator 30 generates a filter reference signal for the current,
that is, current reference 36. The inner current regulator 32 receives the current reference 36 as
well as feedback measurements 39 of the output of the electronic active filter 16. Based upon the
current reference 36 and feedback measurement 39, the inner current regulator 32 generates a
voltage reference 38. The voltage modulator 34 receives the voltage reference 38 and converts
that voltage reference 38 to gate signals 40 that are output to the power circuit 26.

[0010] FIG. 4 shows the schematic of an exemplar electronic active filter power
circuit 26. The illustrated power circuit 26 is capable of injecting 3-phase harmonic currents (e.g.
TaF A, IaF B, lar ¢) into a 3-phase electrical system; however other power circuits are known in
the industry and the use of such power circuits would not depart from the spirit of the invention.

[0011] The illustrated power circuit 26 contains a two level DC to AC power
converter 42 consisting of the DC bus capacitor, Cpc 44, and six power electronic switches, Q;.¢
collectively 46. The switches 46 can be of any type, but are shown for explanatory purpose as
IGBTs. The IGBTs shown are controlled by gate signals to turn on and turn off at switching

frequencies higher than the frequency of the electrical system’s fundamental component 10, as
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determined by the independent control system 28, to produce voltages Vpole 5, Vpole g,
Vpole ¢.

[0012] A three-phase low pass LCL filter (e.g. Li, Ci, Ly) 47 converts each of the
voltages Vpole 5, Vpole 5, Vpole ¢, int(; the tﬁree-phase output currents (e.g. Iar a, Iar B,
Iar ¢). The filter 47 locally filters out extraneous or unwanted currents, such as the high
frequency switching ripple current, but allows the lower frequency harmonic currents to pass into
the electrical system. The control system 28 determines the pattern of IGBT gate signals (G-
Gqe) 40 that most accurately produce the necessary harmonic component 12 in the active filter
output current 18.

[0013] The current(s) 14 of the electrical system desired to be filtered can be determined
and supplied to the outer loop regulator 30 of the independent control system 28 in a number of
different ways. The two most common ways for a single, e.g. non-paralleled, electronic active
filter to obtain the current(s) 14 of the electrical system desired to be filtered are load side
sensing and line side sensing.

[0014] Load side sensing is an open loop control method in which the load current (I a4)
is directly or indirectly sensed. FIG. 5 shows an example of direct sensing of the load side. The
load current(s) 14, Ii .4, is sensed for example, by a current sensor 50. Although a current sensor
is described, the term is intended in a broad sense, and a number of devices are known in the
industry to sense current, e.g. a transducer. The sensed current(s) 48 of the load current(s) 14,
broadly defined as the sensed current itself or at least a signal representing or indicating that
current or the level or value of that current or a component of that current, is received by the
outer loop regulator 30. The outer loop regulator 30 extracts the fundamental component 10 from

the sensed current(s) 48. The extraction of fundamental component 10 can be done by a high
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pass filter although other devices are known in the industry. The fundamental component 10 can
be determined by a number of methods known in the industry such as an adaptive notch filter
with a phase lock loop to determine the notch frequency.

[0015] After the fundamental comp;)nent 10 is stripped from the sensed current(s) 48, the
harmonic component 12 of the sensed current 48 is used to output a current reference 36 to the
inner current regulator 32. The filter output current 18, e.g. Ir, of the power circuit 26 is sensed
for example, by a current sensor 52, and provided to the inner current regulator 32. Here again,
the output of the current sensor 52 is broadly defined as the sensed current itself, a component
thereof or at least a signal representing or indicating that current or the level or value of that
current. A summation junction 54 of the inner current regulator 32 compares the current
reference 36 to the sensed current feedback 39 to determine a comparison or error 56 which is
sent to a compensator 58, G, such as for example via a comparison signal. The inner current
regulator 32 is represented in FIG. 5 as a standard closed loop regulator although other methods
for regulating the power circuit are known and used in the industry. The compensator 58
processes the error 56 and outputs a voltage reference 38. The voltage modulator 34 receives the
voltage reference 38 and, based on that voltage reference, outputs gate signals 40 to the power
circuit 26. Power circuit 26 thereby outputs a current 18 to the electrical system as described
above. From the point where the current reference 36 is output to the inner current regulator 32,
to the point where a current 18 is output by the power circuit 26, is indicated as a dashed box 60,
which will be referred to as the inner electronic active filter 60. The device enclosed by dashed
box 61 will herein be referred to as the load side electronic active filter 61.

[0016] The compensator 58 could be designed for example, to meet current tracking

performance metrics. A couple of exemplary or common compensator implementations include
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proportional; proportional and integral; and proportional, integral and differential compensators.
Other implementations are known in the industry and could also be used without departing from
the spirit of the invention. The harmonic component demand of the load current(s) 14 is supplied
by the clectronic active filter 61, thus elimi;'lating the harmonic components from being supplied
from the source 22.

[0017] Load side sensing can be beneficial because it can be relatively straight forward to
implement in state of the art power converter controllers and because multiple active filters can
be paralleled using this control method to reach higher current levels as described further below.
However, load side sensing is an open loop control method which has inherent inaccuracies and
is sensitive to open loop errors. For example, any errors in the current sensors 50, 52 or in the
implementation of the inner current regulator 32 can lead to current regulator tracking errors and
remnant harmonic currents in the source 22. Also, the physical installation of load side sensors
can be difficult in certain applications, such as motor control centers where the load electrical
bus is not easily accessible, or where multiple non-linear loads are present.

[0018] Line side sensing is an alternate method that overcomes many of the problems
associated with load side sensing. As shown in fIG. 6, line side sensing is a closed loop control
method wherein the sensed current(s) 48 of the source current 24, Is,uce, is sensed for example,
by a current sensor 50. The voltage could also be sensed, for example, in order to determine the
fundamental frequency. Additional electrical system quantities could also be sensed with
addition sensors. Because line side sensing is a closed loop control method, it is not as sensitive
to open loop errors as is load side sensing and can yield better performance due to the closed

loop control action. Further, line side sensing is usually easier to install because the AC voltage
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source bus in a facility is often more accessible for installing current sensors. Line side sensing
also provides filtering for all non-linear loads present.

[0019] Once the current(s) of the source current 24 is sensed, the sensed current(s) 48 is
sent to a filter controller 62. The filter cont;oller 62 removes the fundamental component 10 and
outputs the harmonic component 12 as a feedback 64 to the outer loop regulator 30.

[0020] In addition to receiving the harmonic component feedback 64 of the source
current 24, the outer loop regulator 30 also receives a filter reference 66. Because it is desired in
this illustrated example, that the source 22 supply no harmonic component 12, the filter reference
66 is set to zero. The summation junction 68 of the outer loop regulator 30 compares the
harmonic component feedback 64 to the filter reference 66 to determine a comparison or error 70
which is sent to a compensator 71, G, such as for example via a comparison signal. The
compensator 71 processes the error 70 and outputs a current reference 36. Due to the closed loop
action, the outer loop regulator 30 outputs an often-adjusted current reference 36 to drive down
the harmonic component feedback 64 being supplied by the source 22. At steady state, the
current reference 36 is equal to the harmonic component 12 drawn by the non-linear load 20.
Once current reference 36 is output, the inner electronic active filter 60 operates as previously
described with reference to FIG. 5. Although the prior art circuit shown in FIG. 5 is shown and
described using a filter reference 66, other means for generating an error 70 are known and used
in the industry, including using no harmonic reference at all. From the point at which a feedback
64 is supplied to the outer loop regulator 30 up through the point that a current 18 is output by
the power circuit 26 will be referred to as the line side electronic active filter 72.

[0021] Generally electronic active filters are rated based on their output current capacity.

The necessary capacity of the electronic active filter(s) is based on the amount of harmonic
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component 12 in the load current(s) 14. In many applications, the amount of harmonic correction
current needed to eliminate harmonic current from the source 22 exceeds the capacity of a single
electronic active filter. In these cases, multiple electronic active filters with independent control
systems are deployed in parallel using a cor;lbinatién of the line side and load side sensing.

[0022] FIG. 7 shows an example of parallel electronic active filters wherein all the
electronic active filters are load line sensing. Because load side sensing is an open loop control
method, as referred to above, multiple electronic active filters can be placed in parallel. FIG. 7
illustrates an exemplary embodiment wherein two load side electronic active filters 61, 61° are
shown. A current sensor 50 senses the load current(s) 14 and outputs the sensed current 48 to
both load side electronic active filters 61, 61°. Before the sensed current 48 is received by the
outer current regulators of the load side electronic active filters 61, 61°, the sensed current 48 is
divided by the number of load side electronic active filters. Therefore, in a system with
N parallel load side electronic active filters, each load side electronic active filter will operate on
1/N™ of the sensed current(s) 48 of the load current(s) 14 and supply to the electrical system via
its harmonic component output 18 1/N™ of the harmonic component 12 drawn by the non-linear
load 20. The example illustrated in FIG. 7 is performed entirely using an open loop control
method and therefore, as described above, has the inherent performance limitations of a single
open loop active filter control method described above and, in fact, would be compounded based
on the use of additional load side electronic active filters.

[0023] Another example of parallel electronic active filters is shown in FIG. 8. The
example illustrated in FIG. 8 has one line side electronic active filter 72 and one load side

electronic active filter 61. However, any number of load side sensing electronic active filters

could be added because, as described above, load side sensing is an open loop control method
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and there is no conflict. In the embodiment shown in FIG. 8, a current sensor 50 senses the
source current 24 and outputs the sensed current 48 to the fundamental extractor or filter
controller 62 of the line side electronic active filter 72. Thereafter, line side electronic active
filter 72 operates as described above. Ano'ther current sensor 50° senses the load current(s) 14
and outputs the sensed current 48’ to the load side electronic active filter 61. Thereafter, the load
side electronic active filter 61 operates as described above. Although the example illustrated in
FIG. 8 is not performed entirely using an open loop control method, it is partially open loop, and
to that extent still has the inherent performance limitations of a single open loop active filter
described above.

[0024] Yet another example of parallel electronic active filters is shown in FIG. 9, in
which the load current(s) 14 is synthesized. This arrangement is used when the load bus is
inaccessible for load side sensing. In this embodiment, the current sensor 50 outputs the sensed
current 48 of the source current 24 to a summing junction 76 and also to a fundamental extractor
or filter controller 62 of the line side electronic active filter 72. Thereafter, line side electronic
active filter 72 acts as previously described above. A current sensor 75 senses the sum current 74
of the currents 18, 18’ being output by the electronic active filters 72, 61 respectively. The sum
current 74 is output to the summation junction 76 and is compared to the sensed current(s) 48,
the result of which is called the synthesized load current 78. Summing junction 76 could be, for
example, a current sensor, or the function could be accomplished by a microprocessor. The
synthesized load current 78 is sent to the load side electronic active filter 61, which operates as
described above. In the example illustrated in FIG. 9, the total harmonic component or sum

current 74 is measured directly with one current sensor 75; however, the sum current 74 could be

determined by using a separate current sensor, e.g. 52, 52’ to sense each output 18, 18’ and sum
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the harmonic components such as, for example, by a summing junction. Although the example
iltustrated in FIG. 9 has a line side electronic active filter 72, it still has the inherent performance
limitations of a single open loop due to the load side electronic active filter 61 being, as
described above, set up in an open loop con'ﬁguratié)n.

[0025] Paralleling line side electronic active filters is not currently known, because any
arrangement now known would result in uncontrolled and unacceptable circulating currents
between filters, thereby reducing performance. A circulating current between electronic active
filters is current that flows between filters and but does not cancel the load harmonic component
being drawn from the source. Because each electronic active filter has a maximum current it is
capable of producing, the additional circulating current reduces the current available to supply
the harmonic component being drawn by the non-linear load, thereby allowing the harmonic
component to be drawn from the source. As is seen from the examples provided herein,
therefore, currently all paralleling schemes for multiple electronic active filters require some or
all of the electronic active filters be configured in a load side sensing arrangement, which, as
described further above, has inherent performance drawbacks.

[0026] As a result, there exists a need to parallel all electronic active filters in a line side
sensing arrangement to capture the performance benefits of the closed loop control method
described above, while still avoiding unacceptable circulating currents.

[0027] It will be understood by those skilled in the art that one or more aspects of this
invention can meet certain objectives, while one or more other aspects can lead to certain other
objectives. Other objects, features, benefits and advantages of the present invention will be

apparent in this summary and descriptions of the disclosed embodiment, and will be readily

apparent to those skilled in the art. Such objects, features, benefits and advantages will be
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apparent from the above as taken in conjunction with the accompanying figures and all

reasonable inferences to be drawn therefrom.

SUMMARY OF THE INVENTION .

[0028] The invention provides a parallel filter circuit for use with an electrical system
having a number of filters and sensors, the electrical system being capable of connecting to a
power source and capable of having at least one load connected thereto. The first filter is capable
of producing a first current and connected to the electrical system at a first location downstream
of the first current sensor. The second filter is capable of producing a second current at a second
location downstream of the first current sensor. The first current sensor is capable of sensing at
least a current of the electrical system, produces a first signal indicating the current of the
electrical system and sends the first signal to the first and second filters. The second current
sensor is capable of sensing the first current, produces a second signal indicating the first current
and sends the second signal to the first filter. The third current sensor is capable of sensing the
second current, produces a third signal indicating the second current and sends the third signal to
the second filter. The first filter produces the first current and supplies the first current to the
electrical system through the first location based at least in part upon the first signal, the second
signal and a difference between the first current and the second current. The second filter
produces the second current and supplies the second current to the electric system through the
second location based at least in part upon the first signal, the third signal and the difference

between the first current and the second current.

[0029] The present invention also relates to a method of reducing circulating current
between two line side sensing electronic active filters in an electrical system that has a current

source supplying current to a load. A current from the source is sensed. A first and a second

11
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current component are generated and sensed, and the difference between them is determined.
The difference and the sensed current from the source are compared with a filter reference signal
to arrive at a comparison. The first current component is adjusted using the comparison and the

sensed first current component. The second current component is adjusted using the comparison

and the sensed second current component.

[0030] In another embodiment the parallel filter arrangement is used in a circuit with at
least one load. The parallel filter arrangement includes a first filter capable of producing a first
current, a second filter capable of producing a second current and a first, second and third current
sensor. The first current sensor produces a first signal indicating the first current. The second
current sensor produces a second signal indicating the second current. The third sensor produced
a third signal representing a current of the circuit located upstream from the first and second
filters. The first filter produces the first current and supplies the first current to the circuit based
at least in part upon the first signal and third signal. The second filter produces the second
current and supplies the second current to the circuit based at least in part upon the second signal

and the difference between the first signal and the third signal.

[0031] The invention also relates to a method of reducing circulating current between
two line side sensing electronic active filters in an electrical system that has a current source
supplying current to a load. A first current from the source is sensed at a first location. A second
current from the source is sensed at a second location downstream from the first location. A first
current component is generated, supplied downstream from the first location and sensed. A
second current component is generated, supplied downstream from the second location and

sensed. The first current component is adjusted using the sensed first current and the sensed first

12
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current component. The second current component is adjusted using the sensed second current

and the sensed second current component.

[0032] In yet another embodiment, the parallel filter arrangement is used in a circuit with
at least one load, with the parallel filter arrangement including a first filter capable of producing
a first current, a second filter capable of producing a second current and a first, second, third and
fourth current sensor. The first current sensor produces a first signal indicating the first current.
The second current sensor produces a second signal indicating the second current. The third
current sensor produces a third signal representing a current of the circuit located upstream from
the first and second filters. The fourth current sensor produces a fourth signal representing a
current of the circuit located upstream from the second filter and downstream from the first filter.
The first filter produces the first current and supplies the first current to the circuit based at least
in part upon the first signal and the third signal. The second filter produces the second current
and supplies the second current to the circuit based at least in part upon the second signal and the

fourth signal.

[0033]  The invention further relates to a method of reducing circulating current between
two line side sensing electronic active filters, wherein a current from the source is sensed. A first
and second current component are generated and sensed. The first current component is adjusted
using the sensed current from the source, the sensed first current component and a filter
reference. The second current component is adjusted using the sensed current from the source,

the sensed second current component, the sensed first current component and a filter reference.

[0034]  The present invention also relates to a method of filtering a current drawn by a

load from a current source that is providing a current in an electrical system, the electrical system

13
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having a first line side sensing electronic active filter and a second line side sensing electronic active
filter. A current from the source is sensed. A fundamental current component and a harmonic current
component are generated from the current sensed from the current source. At least a portion of the
harmonic current component from the first line side sensing electronic active filter is supplied by
means of supplying a first current component, and at least a portion of the harmonic current
component from the second line side sensing electronic active filter is supplied by means of supplying
a second current component. A difference between the first current component and the second current
component is determined. The difference, the current from the current source and a filter reference
signal is compared to arrive at a comparison signal. The first current component is adjusted using the
comparison signal and the sensed first current component. The second current component is adjusted

using the comparison signal and the sensed second current component.

[0034a] According to an embodiment, there is provided a parallel filter circuit for use with an
electrical system capable of connecting to a power source and capable of having at least one load
connected thereto comprising: a first current sensor capable of sensing at least a current of the
electrical system; a first filter capable of producing a first current and connected to the electrical
system such that the first filter is connected to the electrical system at a first location downstream of
the first current sensor; a second filter capable of producing a second current at a second location
downstream of the first current sensor; a second current sensor capable of sensing the first current; a
third current sensor capable of sensing the second current; wherein the first current sensor produces a
first signal indicating the current of the electrical system and sends the first signal to the first and
second filters; wherein the second current sensor produces a second signal indicating the first current
and sends the second signal to the first filter; wherein the third current sensor produces a third signal
indicating the second current and sends the third signal to the second filter; and wherein the first filter
produces the first current and supplies the first current to the electrical system through the first location
based at least in part upon the first signal, the second signal and a difference between the first current
and the second current, and the second filter produces the second current and supplies the second
current to the electric system through the second location based at least in part upon the first signal, the

third signal and the difference between the first current and the second current.

[0034b] According to another embodiment, there is provided a parallel filter arrangement for use
with a circuit having at least one load connected thereto comprising: a first filter capable of producing
a first current; a second filter capable of producing a second current; a first current sensor producing a

first signal indicating the first current; a second current sensor producing a second signal indicating the

14
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second current; a third current sensor producing a third signal representing a current of the circuit and
located upstream from the first and second filters; wherein the first filter produces the first current and
supplies the first current to the circuit based at least in part upon the first signal and third signal, and
the second filter produces the second current and supplies the second current to the circuit based at

least in part upon the second signal and the difference between the first signal and the third signal.

[0034c] According to another embodiment, there is provided a parallel filter arrangement for use
with a circuit having at least one load connected thereto comprising: a first filter capable of producing
a first current; a second filter capable of producing a second current; a first current sensor producing a
first signal indicating the first current; a second current sensor producing a second signal indicating the
second current; a third current sensor producing a third signal representing a current of the circuit and
located upstream from the first and second filters; a fourth current sensor producing a fourth signal
representing a current of the circuit and located upstream from the second filter and downstream from
the first filter; wherein the first filter produces the first current and supplies the first current to the
circuit based at least in part upon the first signal and the third signal, and the second filter produces the
second current and supplies the second current to the circuit based at least in part upon the second

signal and the fourth signal.
[0035] Other objects and advantages of the invention will become apparent hereinafter.
BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 is a series of conventional and fundamental charts showing some of the individual

components comprising input current as a function of time.
[0037] FIG. 2 is a schematic diagram of a known shunt electronic active filter arrangement.

[0038] FIG. 3 is a schematic diagram of a conventional independent control system of an

electronic active filter.

[0039] FIG. 4 is a schematic diagram of a known power circuit of an electronic active filter.

14a
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[0040]  FIG. 5 is a schematic diagram of a prior art electronic active filter in a load side

sensing arrangement.

[0041]  FIG. 6 is a schematic diagram of a prior art electronic active filter in a line side
sensing arrangement. . ’

[0042]  FIG. 7 is a schematic diagram of paralleling electronic active filters in a prior art
load side sensing arrangement.

[0043]  FIG. 8 is a schematic diagram of a prior art paralleling of electronic active filters
in a load side sensing and line side sensing combination arrangement.

[0044]  FIG. 9 is a schematic diagram of a prior art paralleling of electronic active filters
in line side sensing and synthesized load line sensing arrangement.

[0045] FIG. 10 is a schematic diagram of paralleling two electronic active filters in line
side sensing arrangement with current difference feedback according to one embodiment of the
present invention.

[0046] FIG. 11 is a schematic diagram of paralleling four electronic active filters in line
side sensing arrangement with current difference feedback according to another embodiment of
the invention.

[0047] FIG. 12 is a schematic diagram of paralleling electronic active filters in line side
sensing with cascading source sensing arrangement in accordance with another embodiment of
the present invention.

[0048] FIG. 13 is a schematic diagram of paralleling electronic active filters in line

sensing arrangement with cascading source sensing and multiple load locations, in accord with

still another embodiment of the present invention.
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[0049]  FIG. 14 is a schematic diagram of paralleling electronic active filters in line
sensing arrangement with synthesized cascading source sensing, according to yet another

embodiment of the present invention.

DETAILED DESCRIPTION

[0050] Reference numerals appearing below that are the same as reference numerals
appearing above refer to the same elements, including circuit elements, currents, and so on.

[0051] Referring now to FIG. 10, a parallel electronic active filter circuit 79 constructed
according to one embodiment of the present invention has multiple electronic active filters
configured in a line side sensing configuration. As shown in FIG. 10, a current sensor 50 senses
the current of the source current 24 and outputs the sensed current 48, such as for example via a
signal, to the first line side electronic active filter 72, and also to the second line side electronic
active filter 72°. Another current sensor 75 is used to sense the difference or error 80 between the
current 18 output by the first line side electronic active filter 72 and the current 18” output by the
second line side electronic active filter 72°. In the illustrated example, one of the outputs is
looped through sensor 75 so as to be inverted with respect to the other output, and thereby create
a differential or error 80. In the example circuit shown in FIG. 10, it is the harmonic current
output 18’ that is so looped as to be inverse to the harmonic current output 18. As just described,
the current sensor 75 outputs this error 80, such as for example via a signal, to the first line side
electronic active filter 72, and also to the second line side electronic active filter 72°. The output
of the current sensor 75 is broadly defined as the difference between the sensed currents itself, a
component thereof or at least a signal representing or indicating that current or the level or value

of that current.
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[0052] The sensed current 48, derived as described earlier herein, is received by the first
outer loop regulator 30. In the example shown in FIG. 10, the fundamental extractor or filter
controller 62 previously described with respect to, for example, the single line side sensing
electronic active filter shown in FIG. 6, is 'include.d in the outer loop regulators 30, 30°. At the
summing junction 68 of the outer loop regulator 30, the sensed current(s) 48 is compared against
the combination of the error 80 and a filter reference 66. As previously described, the filter
reference 66 is set to zero in the circuit shown in FIG. 10 because it is desired that the source 22
supply no harmonic component 12. The summing junction 68 outputs the comparison or error 70
to a compensator 71, such as for example via a comparison signal. The compensator 71 generates
a current reference 36 and outputs it to the inner current regulator 32. Once current reference 36
is output, the inner electronic active filter 60 is as previously described.

[0053] At the summing junction 68° of the outer loop regulator 30° the filter reference
66’ is compared to the combination of the harmonic component of the sensed current(s) 48 and
the error 80. The summing junction 68’ outputs the comparison or error 70° to a compensator
71°, such as for example via a comparison signal. The compensator 71’ generates a current
reference 36° and outputs it to the inner current regulator 32°. Once the current reference 36 is
output, the inner electronic active filter 60° is as previously described.

[0054] The embodiment described above with regards to FIG. 10, provides control
structures that allow multiple electronic active filters to be paralleled on an electrical power
system and controlled using the independent and closed loop, line side sensing arrangement. To
avoid circulating currents present in current parallel electronic active filter arrangements, this
invention integrates the electronic active filter’s internal harmonic current regulator functionality

with a control function to regulate the current difference 80 between electronic active filters to a
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minimum. For the two parallel electronic active filter embodiment shown in FIG. 10, the
circulating current can be defined as the difference, or error 80, between the respective harmonic
current outputs 18, 18° of the two parallel electronic active filters. It then follows that if the
harmonic current 18, 18’of each electronic active ﬁ.lter respectively, is controlled to be the same,
e.g. harmonic component output 18 equals harmonic current output 18°, then the error 80 is zero,
as is the circulating current.

[0055] As described, the electronic active filters 72, 72° of the embodiment described
above use the error 80 together with the sensed current(s) 48 to adjust their respective current
outputs 18, 18’. For example, in a steady state, let the total harmonic component 12 demanded
from the non-linear load 20 be Iy. In steady state, the first and second electronic active filters
together provide the harmonic component 12 demanded, via harmonic current outputs 18, 18,
eliminating the harmonic component 12 drawn from the source 22. If the first electronic active
filter delivers more current than the second electronic active filter, the error 80 is positive. The
positive error together with the sensed current(s) 48 will effectively lower the harmonic current
reference 36 to the first electronic active filter causing the first electronic active filter to adjust its
harmonic current output 18 lower. Simultaneously, the positive error together with the sensed
current(s) 48 will increase the harmonic current reference 36 to the second electronic active
filter causing the second electronic active filter to adjust its harmonic current output 18° higher.
Thus, this mechanism will cause the two electronic active filters to balance their harmonic
current outputs 18, 18’ thereby eliminating or significantly reducing any circulating current
therebetween. In the cmbodiment described above with regards to FIG. 10, the electronic active

filters 72, 72’ can additionally use the feedback measurements 39, 39° of their outputs 18,18’

and/or a filter reference 66, 66” to adjust their respective current outputs 18, 18”.
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[0056] The embodiment described with regards to FIG. 10 could be extended to
paralleling a number of electronic active filters to the power of two in line side sensing (e.g. 2N
electronic active filters where N is an integer and WN=2 48,16 . .. etc). In extending the
number of line side clectronic active filters, the. number of summing junctions to calculate
current difference error between filters is 2"-1 and the number of error inputs to each line side
electronic active filters is N. One example of the extension to paralleling a number of electronic
active filters is shown in FIG. 11 wherein four line side electronic active filters 72, 72°, 72°°,
72°°7 are described.

[0057] As with the embodiment described in FIG. 10 involving two electronic active
filters, the embodiment described with respect to FIG. 11 has a current sensor 50 that senses the
current of the source current 24 and outputs the sensed current 48, such as for example via a
signal, to respective summing junctions 82, 82°, 82°°, 82" of each respective line side electronic
active filter 72, 72°, 72°°, 72°”°. As described with respect to FIG. 10, each summing junction 82,
82°, 82, 82””° of FIG. 11 has a fundamental extractor or filter controller 62 included so as to
remove the fundamental component of the sensed current 48.

[0058] Each line side electronic active filter 72, 72°, 72°°, 72°°° outputs a current 18, 18°,
18>, 18" respectively. Each current output 18, 18°, 18°°, 18" is sensed by a separate current
sensor 84, 84°, 84>, 84", The sensed outputs 18, 18’ of the first and second line side electronic
active filters 72, 72 are output to a summing junction 86. The difference or error 88 between the
two harmonic current outputs 18, 18’ is determined and sent to summing junctions 82, 82° of
each of the first and second line side electronic active filters 72, 72°. The output of the summing

junction 86 is broadly defined as the difference or error 88 between the two harmonic current
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outputs 18, 18 itself, a component thereof or at least a signal representing or indicating that
current or the level or value of that current.

[0059] The sensed current outputs 18°°, 18°*” of the third and fourth line side electronic
active filters 72°°, 72°°° are output to a ;ummin;g junction 86°. The difference or error 88’
between the two current outputs 18°°, 18°”’ is determined and output to the summing junctions
827, 82’ of each of the third and fourth line side electronic active filters 72°, 72>,
respectively. The output of the summing junction 86’ is broadly defined as the difference or error
88’ between the two harmonic current outputs 18”°, 18" itself, a component thereof or at least a
signal representing or indicating that current or the level or value of that current.

[0060] A combination current 90 consisting of the current outputs 18, 18’ of the first and
second line side electronic active filters 72, 72’ is sensed by a current sensor 92. The current
sensor 92 outputs the sensed combination current 94 to a summing junction 96.

[0061] A combination harmonic component 90’ consisting of the harmonic current
outputs 18°°, 18" of the third and fourth line side electronic active filters 72°°, 72> is sensed by
a current sensor 92°. The current sensor 92° outputs the sensed combination harmonic component
94’ to the summing junction 96. The summing junction 96 determines the difference or error 98
between the sensed combination harmonic component 94 and the sensed combination harmonic
component 94° and outputs the error 98 to the summing junctions 82, 82, 827, 82>’ of each line
side electronic active filter 72, 72°, 72°°, 72> respectively. The output of the summing junction
96 is broadly defined as the difference or error 98 between the two combination harmonic

components 90, 90’ itself, a component thereof or at least a signal representing or indicating that

current or the level or value of that current.
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[0062] The summing junction 82 of the first line side electronic active filter 72
determines the difference or error 100 between the error 98 and the combination of the sensed
current 48 and the error 88. The error 100 is then supplied to the outer loop regulator 30 of the
first line side electronic active filter 72. l

[0063] The summing junction 82’ of the second line side electronic active filter 72’
determines the difference or error 100’ between the error 98 and the combination of the sensed
current 48 and the error 88. The error 100’ is then supplied to the outer loop regulator 30” of the
second line side electronic active filter 72°.

[0064] The summing junction 82’ of the third line side electronic active filter 72°°
determines the difference or error 100”” between the error 88’ and the combination of the sensed
current 48 and the error 98. The error 100’ is then supplied to the outer loop regulator 30’ of
the third line side electronic active filter 72°’.

[0065] The summing junction 82’ of the fourth line side electronic active filter 72°>
determines the sum or error 100°*" of the sensed current 48, the error 88" and the error 98. The
error 100°*’ is then supplied to the outer loop regulator 30°*” of the fourth line side electronic
active filter 72°.

[0066] Once the respective errors 100, 100°,100°°, 100°** are output to the respective
outer loop regulators 30, 30°, 30°°, 30°”* of each respective line side electronic active filter 72,
72°, 71277, 72°”°, the line side electronic active filters 72, 72°, 72°°, 727" operate as previously
described with regards to line side electronic active filter 72 in FIG. 6 wherein the respective
errors 100, 100°,100”°, 100”*” are compared to a filter reference.

[0067])  As described above, each pair of electronic active filters, e.g. the first and second

line side electronic active filters 72, 72°, receives the outputs of the sensed current 48 and the
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error difference between those two electronic active filters, in this example, error 88, as they
would if only the two line side electronic active filters 72, 72’ were in parallel. In addition, to
control the circulating current between each pair of electronic active filters, the error 98 between
each pair of electronic active filters is received b}.l each electronic active filter. This could be
applied to virtually any number of electronic active filters to the power of two in a line side
sensing configuration.

[0068] Although the exemplary embodiment shown and described in FIG. 11 shows one
way of measuring, calculating and receiving the error, e.g. 88, other ways are possible. For
example the error, in this example error 88, could be measured using one current transducer for
the current output, e.g. 18, 18’ of each pair of line side electronic active filters, e.g. 72, 72° such
as described with respect to the current sensor 75 shown in FIG.10. Further, the error, e.g. 88,
and the sensed current 48 could each be sent directly to the outer loop regulator 30, 30°, of each
line side electronic active filter 72, 72’ respectively. Another alternative would be to send the
sensed current output, e.g. 18, 18°, 18”°, 18”°” from each of the current sensors, e.g. 84, 84°, 84,
84°, to a single microcontroller that can be programmed to compute all the desired errors and
output them to the desired clectronic active filter. Furthermore, electronic active filters of
different current ratings could be paralleled using a feedback scaling factor applied to error, e.g.
88, prior to being output to the outer loop regulator 30, 30°of each line side electronic active
filter 72, 72°, respectively.

[0069] The paralleling of electronic active filters can also be accomplished using a
cascading line side sensing configuration. Referring to FIG. 12, a current sensor 50 senses the
source current 24 from which one or more non-linear loads 20’ are drawing current, and outputs

the sensed current 48, such as for example via a signal, to the outer loop regulator 30 of the first
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line side electronic active filter 72. Once sensed current 48 is output to the outer loop regulator
30 of the line side electronic active filter 72, the line side electronic active filter 72 operates as
previously described, supplying the harmonic current output 18 at location 106, downstream
from current sensor 50.

[0070] A second current sensor 50° senses the current, Isouccz, Of the source current 24 at
a location 102 downstream from location 106, and upstream from where the harmonic current
output 18’ of the second line side electronic active filter 72’ is supplied to the electrical system at
location 104. The second sensed current 48’ is output, such as for example via a signal by second
current sensor 50°, to the outer loop regulator 30° of the second line side electronic active filter
72°. Once the second sensed current 48’ is output to the outer loop regulator 30°of the line side
electronic active filter 72°, the line side electronic active filter 72° operates as previously
described with regards to the line side electronic active filter 72.

[0071]  Because the current sensor 50° is downstream of both the current sensor 50 and
the location 106 where the current output 18 of the first line side electronic active filter 72 is
supplied to the electrical system, the sensed current 48 is equal to the difference of the sensed
current 48” and the harmonic current output 18 of the first line side electronic active filter 72.

[0072] The cascaded line side sensing arrangement is effective in minimizing circulating
current between electronic active filters because of the separate locations of the current sensors
50, 50°. The second line side electronic active filter 72° supplies its harmonic current output 18’
to cancel any harmonic component 12 drawn by the set of non-linear loads 20°, independent of
and unaffected by the harmonic current output 18 of the first line side electronic active filter 72.
If a portion of the harmonic current output 18’ of the second line side electronic active filter 72’

did circulate into the first line side electronic active filter 72, it would be detected by the current

23



CA 02838384 2014-01-02

sensor 50° and minimized by the outer loop regulator 30” of the second line side electronic active
filter 72°. The first line side electronic active filter 72 supplies its harmonic current output 18 to
cancel harmonic component remaining in the sensed current 48 after the second line side
electronic active filter 72° has supplied i‘ts harr;lonic current output 18°. The arrangement
described with regards to FIG. 12 can be extended to any practical number of additional line side
electronic active filters upstream of the first line side electronic active filter 72 in the same
manner.

[0073] In the embodiment described above with regards to FIG. 11, the electronic active
filters 72, 72’ use the sensed currents 48, 48” together with the feedback measurements 39, 39° of
their outputs 18,18’ to adjust their respective current outputs 18, 18°. In this embodiment, the
electronic active filters 72, 72’ can additionally use a filter reference 66, 66’ to adjust their
respective current outputs 18, 18°. Becausc of the separate locations of the current sensors 50,
50°, this arrangement allows for the flexible location of linear and non-linear loads. Both linear
and non-linear loads can be placed not only at the end of the electrical system and downstream of
all electronic active filters, e.g. 20° as shown in FIG. 12, but also interspersed in the electrical
system as shown in FIG. 13.

[0074] Referring to FIG. 13, the first and second line side electronic active filters 72, 72°
are substantially as described with regards to FIG. 12. The set of non-linear loads 20’ shown in
FIG. 12 are, in FIG. 13, dispersed throughout the electrical system. In this exemplary
arrangement, all non-linear loads are filtered by one or more electronic active filters because of
the location of the current sensors. In the exemplary embodiment shown in FIG. 13, the

harmonic components 12 drawn by the non-linear loads 20a and 20b are supplied by the
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harmonic current output 18” of the second line side electronic active filter 72° because the non-
linear loads 20a and 20b are downstream of the current sensor 50°.

[0075] The harmonic components 12 drawn by the non-linear loads 20c and 20d are
entirely supplied by the harmonic current o.utput 1%5 of the first electronic active filter 72 as are
any remnant harmonic component drawn by non-linear loads 20a and 20b that are not fully
supplied by the harmonic current output 18” of the second line side electronic active filter 72.
Again, this arrangement works because the non-linear loads 20a-20d are downstream of the
current sensor 50.

[0076] The paralleling of electronic active filters can also be accomplished using a
synthesized cascading line side sensing arrangement. Synthesizing the source current can reduce
the size and cost of current sensors. The current sensor 110 in FIG. 14 for example, will typically
be smaller and lower cost than the source current sensor 50° in FIG. 13, because the current 18 is
typically a lower amperage than Isoyrcen.

[0077] Referring to FIG. 14, a current sensor 50 senses the current of the source current
24 from which a set of non-linear loads 20° are drawing, and outputs the sensed current 48. In
this embodiment, the sensed current 48 is output both to the outer loop regulator 30 of the first
line side electronic active filter 72 and also to a summing junction 108. Once sensed current 48 is
output to the outer loop regulator 30 of the first line side electronic active filter 72, the line side
electronic active filter 72 operates as previously described. As such, the first electronic active
filter 72 uses the sensed current(s) 48 together with the feedback measurements 39 of output 18
and a filter reference 66 to adjust its current output 18.

[0078] A second current sensor 110 is employed to sense the current output 18 being

supplied by the first line side electronic active filter 72. The second current sensor 110 outputs
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the sensed harmonic current 112 to the summing junction 108. The summing junction 108 sums
the sensed harmonic current 112 and the sensed current 48 to create a synthesized source current
114. The synthesized source current 114 is fed to the outer loop regulator 30” of the second line
side electronic active filter 72°, which fron; there(;n operates as previously described. As such,
the second electronic active filter 72 uses the sensed current(s) 48 together with the feedback
measurements 39° of output 18’, the sensed harmonic current 112 from output 18 and a filter
reference 66’ to adjust its current output 18°.

[0079] Although the invention has been herein described in what is perceived to be the
most practical and preferred embodiments, it is to be understood that the invention is not
intended to be limited to the specific embodiments set forth above. For example, many of the
illustrated examples described above relate to the production of a harmonic current. However,
the electronic after filter arrangements discussed above could also be used to produce other
current without departing from the spirit of the invention, such as, for example, volt-ampere
reaction. Rather, it is recognized that modifications may be made by one of skill in the art of the
invention without departing from the spirit or intent of the invention and, therefore, the invention

is to be taken as including all reasonable equivalents to the subject matter of the appended claims

and the description of the invention herein.
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CLAIMS:

1. A parallel filter circuit for use with an e¢lectrical system capable of connecting to a power
source and capable of having at least one load connected thereto comprising:

a first current sensor capable of sensing at least a current of the electrical system;

a first filter capable of producing a first current and connected to the electrical system such
that the first filter is connected to the electrical system at a first location downstream of the first
current sensor;

a second filter capable of producing a second current at a second location downstream of the
first current sensor;

a second current sensor capable of sensing the first current;

a third current sensor capable of sensing the second current;

wherein the first current sensor produces a first signal indicating the current of the electrical
system and sends the first signal to the first and second filters;

wherein the second current sensor produces a second signal indicating the first current and
sends the second signal to the first filter;

wherein the third current sensor produces a third signal indicating the second current and sends
the third signal to the second filter; and

wherein the first filter produces the first current and supplies the first current to the ¢lectrical
system through the first location based at least in part upon the first signal, the second signal and a
difference between the first current and the second current, and the second filter produces the second
current and supplies the second current to the electric system through the second location based at least
in part upon the first signal, the third signal and the difference between the first current and the second

current.

2. The parallel filter circuit of claim 1, wherein the difference between the first current and the

second current is determined based upon the difference of the second signal and the third signal.

3. The parallel filter circuit of claim 1, further comprising a fourth current sensor that senses the
first current and the second current, determines the difference between the first current and the second
current and produces and sends a fourth signal indicating the difference between the first current and

the second current to the first filter and the second filter.

4. The parallel filter circuit of claim 3, wherein the first current and the second current are

positioned through the current sensor such that the first current is inverse to the second current.

27

Date Regue/Date Received 2021-09-01



81776681

5. The parallel filter circuit of claim 1, wherein the first current and the second current are a

current selected from the group of harmonic current and volt-ampere reactive.

6. The parallel filter circuit of claim 1, wherein the first, second and third current sensors are
current transducers.
7. The parallel filter circuit of claim 1, wherein the first filter produces the first current and the

second filter produces the second current based additionally upon a filter reference signal.
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