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GRID-CONNECTED INDUCTION MACHINE WITH CONTROLLABLE POWER
FACTOR

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
61/752,189 filed January 14, 2013, which is hereby incorporated by reference.

FIELD OF THE INVENTION:

[0002] The present disclosure is related to the field of electric power distribution, and in
particular, to techniques for controlling the power factor of an induction machine that is
connected to an electric power distribution grid.

BACKGROUND:

[0003] Power factor is the ratio between real power and reactive power in a power
system. In a power system with a sinusoidal alternating voltage supply, power factor
can be calculated by taking the cosine of the difference in phase angies between
voltage and current waveforms. Therefore, the power factor of a power system will be
one (or unity) when the voltage and current waveforms are in phase, and zero when the
phase of the current waveform differs from that of the voltage waveform by 90 degrees.
When the difference between the phases of the voltage waveform and the current
waveform is greater than zero, the power factor is said to be lagging and when the
difference between the phases of the voltage waveform and the current waveform is
less than zero, the power factor is said to be leading.

[0004] Power factor plays a significant role in the efficiency of a power system. Reactive
power does no useful work, but requires current to flow in the power system to supply it.

Thus, power factor can be viewed as a measure of the ratio of useful current to total
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current flowing in a power system. The closer the power factor of a power system is to
unity, the more efficient the power system will be. For example, improving the power
factor of a power system from 0.9 to 1.0 will result in 19% fewer losses in the power
system for the same real power flow, or, viewed another way, will allow the useful power
capacity of the power system to be increased by 11%.

[0005] Induction machines are the primary reason why significant amounts of reactive
power are needed in many power systems. The inability to control the reactive power
demands that induction machines place on power systems is a problem that has existed
since their invention in the late 19" century. With wind generation becoming more
prevalent and many wind turbines employing induction generators, the problem has only
increased in significance.

[0006] Existing solutions for controliing the reactive power demands of induction
machines on power distribution grids include the use of capacitor banks, static VAR
compensators and superconducting magnetic energy storage devices. These systems
are expensive and prone to relatively high rates of failure.

[0007] It is therefore desirable to provide a system and method for controlling the power
factor of induction machines connected to power distribution grids.

SUMMARY:

[0008] A method for controlling the power factor of an induction machine connected to a
power distribution grid is provided. The grid can include an alternating voltage supply
and at least one distribution line, and the induction machine can include at least one

winding.
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[0009] Broadly stated, in some embodiments, the method includes the steps of:
connecting the at least one winding to the at least one distribution line such that the
alternating voltage supply can deliver current to the at least one winding; connecting an
adjustable voltage source in series with the at least one winding, the adjustable voltage
source configured to produce an output voltage whose magnitude and phase angle can
be adjusted; and adjusting the magnitude and phase angie of the output voltage until
the desired power factor is achieved.

[0010] In some embodiments, the adjustable voltage source can include an alternating
current to direct current power electronic converter and a direct current energy storage
device.

[0011]in some embodiments, the alternating current to direct current power electronic
converter includes a floating H-bridge.

[0012] In some embodiments, the direct current energy storage device includes a
capacitor, a super capacitor or an electro-chemical battery.

[0013] In some embodiments, the induction machine includes an induction motor or an
induction generator.

[0014] A method for controlling the power factor of a polyphase induction machine
connected to a polyphase power distribution grid is provided. The grid can include a
plurality of grid phases, and each grid phase can further include an alternating voltage
supply and at least one distribution line. The induction machine can include a plurality of
induction machine phases, and each induction machine phase can further include at

least one winding.
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[0015] Broadly stated, in some embodiments, the method can include the steps of:
connecting the at least one winding of a first induction machine phase to the at least
one distribution line of a first grid phase such that the alternating voltage supply of the
first grid phase can deliver current to the at least one winding of the first induction
machine phase; connecting the at least one winding of the first induction machine phase
to one or more other at least one windings of one or more other induction machine
phases as required to achieve the desired connection configuration between the
polyphase power distribution grid and the polyphase induction machine; connecting an
adjustable voltage source in series with the at least one winding of the first induction
machine phase, the adjustable voltage source configured to produce an output voltage
whose magnitude and phase angle can be adjusted; and adjusting the magnitude and
phase angle of the output voltage until the desired power factor is achieved.

[0016] In some embodiments, the adjustable voltage source can include an alternating
current to direct current power electronic converter and a direct current energy storage
device.

[0017] In some embodiments, the alternating current to direct current power electronic
converter includes a floating H-bridge.

[0018] In some embodiments, the polyphase power distribution grid includes a three-
phase power distribution grid and the induction machine includes a three-phase
induction machine.

[0019] In some embodiments, the desired connection configuration between the three-
phase power distribution grid and the three-phase induction machine includes a wye or

delta configuration.
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[0020] In some embodiments, the adjustable voltage source can include a three-phase
adjustable voltage source disposed to produce three output voltages whose magnitudes
and phase angles can be adjusted, and the three-phase adjustable voltage source can
be connected in series with two or more at least one windings of one or more induction
machine phases such that adjusting the magnitudes and phase angles of the output
voltages can cause changes in the phase angles of the currents flowing through the two
or more at least one windings, and the magnitudes and phase angles of the output
voltages can be adjusted until the phase angles of the currents flowing through the two
or more at least one windings are such that the desired power factor is achieved.

[0021] In some embodiments, the three-phase adjustable voltage source includes an
alternating current to direct current power electronic converter and a direct current
energy storage device.

[0022] In some embodiments, the alternating current to direct current power electronic
converter includes a floating three-phase inverter.

[0023]In some embodiments, the direct current energy storage device includes a
capacitor, a super capacitor or an electro-chemical battery.

[0024] In some embodiments, the induction machine includes an induction motor or an
induction generator.

[0025] Broadly stated, in some embodiments, an improved induction machine with a
controllable power factor is provided, the improved induction machine including: at least
one induction machine phase, each induction machine phase further including at least
one winding; means for connecting the at least one winding of each induction machine

phase to an external alternating voltage supply such that current can be supplied to the



WO 2014/107802 PCT/CA2014/000019
6

at least one winding of each at least one induction machine phase; at least one
adjustable voltage source configured to produce at least one output voltage whose
magnitude and phase angle can be adjusted; and means for connecting the at least one
adjustable voltage source in series with the at least one winding of the at least one
induction machine phase, wherein adjusting the magnitude and phase angle of the at
least one output voltage changes the power factor.

[0026] In some embodiments, the improved induction machine can further include
means for connecting the at least one winding of each at least one induction machine
phase to one or more other at ieast one windings of one or more other induction
machine phases as required to achieve the desired connection configuration between
the induction machine phases.

[0027] In some embodiments, the adjustable voltage source can include an alternating
current to direct current power electronic converter and a direct current energy storage
device.

[0028] In some embodiments, the alternating current to direct current power electronic
converter can include a floating H-bridge.

[0029] In some embodiments, the number of induction machine phases can be three.
[0030] In some embodiments, the desired connection configuration between the
induction machine phases can include a wye or delta configuration.

[0031] In some embodiments, the adjustable voltage source can include a three-phase
adjustable voltage source disposed to produce three output voltages whose magnitudes
and phase angles can be adjusted, and the three-phase adjustable voltage source can

be connected in series with two or more at least one windings of one or more induction
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machine phases such that adjusting the magnitudes and phase angles of the output
voltages can cause changes in the phase angles of the currents flowing through the two
or more at least one windings.

[0032] In some embodiments, the three-phase adjustable voltage source can include an
alternating current to direct current power electronic converter and a direct current
energy storage device.

[0033]In some embodiments, the alternating current to direct current power electronic
converter can include a floating three-phase inverter.

[0034] In some embodiments, the direct current energy storage device can include a
capacitor, a super capacitor or an electro-chemical battery.

[0035] In some embodiments, the improved induction machine can include an improved
induction motor or an improved induction generator.

BRIEF DESCRIPTION OF THE DRAWINGS:

[0036] Figure 1A is a schematic diagram depicting an embodiment of a grid-connected
induction machine with a controllable power factor.

[0037] Figure 1B is a phasor diagram depicting the difference in phase angles between
the voltage and current flowing through the induction machine winding depicted in
Figure 1A.

[0038] Figure 1C is a phasor diagram depicting how a voltage can be applied by the
adjustable voltage source in Figure 1A to match the phase angle of the winding current

to the phase angle of the grid AC source voltage.
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[0039] Figure 1D is a phasor diagram depicting how a voltage can be applied by the
adjustable voltage source in Figure 1A to create a leading phase angle between the grid
AC source voltage and the winding current.

[0040] Figure 2 is a schematic diagram depicting one embodiment of a floating H-bridge
with an integral DC capacitor.

[0041] Figure 3 is a schematic diagram depicting an embodiment of a grid-connected
split-phase induction machine with a controllable power factor.

[0042] Figure 4 is a schematic diagram depicting an embodiment of a wye-equivalent
three-phase grid-connected induction machine with a controllable power factor.

[0043] Figure 5 is a schematic diagram depicting an embodiment of a delta-equivalent
three-phase grid-connected induction machine with a controllable power factor.

[0044] Figure 6 is a schematic diagram depicting an embodiment of a floating three-
phase inverter with an integral DC capacitor.

[0045] Figure 7A is a schematic diagram depicting an embodiment of a three-phase
grid-connected induction machine connected in an open winding configuration.

[0046] Figure 7B is a schematic diagram depicting an embodiment of a three-phase
grid-connected induction machine connected in a wye configuration.

[0047] Figure 7C is a schematic diagram depicting an embodiment of a three-phase
grid-connected induction machine connected in a delta configuration.

[0048] Figure 8A is a schematic diagram depicting an embodiment of a nine-terminal

three-phase grid-connected induction machine connected in a wye configuration.
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[0049] Figure 8B is a schematic diagram depicting an embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a wye configuration with
the windings connected to operate at a high voltage.

[0050] Figure 8C is a schematic diagram depicting an embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a wye configuration with
the windings connected to operate at a low voltage.

[0051] Figure 9A is a schematic diagram depicting an embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a delta configuration.
[0052] Figure 9B is a schematic diagram depicting an embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a delta configuration with
the windings connected to operate at a high voltage.

[0053] Figure 9C is a schematic diagram depicting an embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a delta configuration with
the windings connected to operate at a low voltage.

[0054] Figure 10A is a schematic diagram depicting an embodiment of a three-phase
grid-connected induction machine connected in an open winding configuration with the
floating three-phase inverter of Figure 6 such that the power factor of the induction
machine can be controlled by the floating three-phase inverter.

[0055] Figure 10B is a schematic diagram depicting another embodiment of a three-
phase grid-connected induction machine connected in an open winding configuration
with two of the floating H-bridges of Figure 2 such that the power factor of the induction

machine can be controlled by the floating H-bridges.
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[0056] Figure 10C is a schematic diagram depicting another embodiment of a three-
phase grid-connected induction machine connected in an open winding configuration
with three of the floating H-bridges of Figure 2 such that the power factor of the
induction machine can be controlled by the floating H-bridges.

[0057] Figure 11A is a schematic diagram depicting one embodiment of a three-phase
grid-connected induction machine connected in a wye configuration with two of the
floating H-bridges of Figure 2 such that the power factor of the induction machine can
be controlled by the floating H-bridges.

[0058] Figure 11B is a schematic diagram depicting another embodiment of a three-
phase grid-connected induction machine connected in a wye configuration with three of
the floating H-bridges of Figure 2 such that the power factor of the induction machine
can be controlled by the floating H-bridges.

[0059] Figure 12A is a schematic diagram depicting one embodiment of a three-phase
grid-connected induction machine connected in a delta configuration with three of the
floating H-bridges of Figure 2 such that the power factor of the induction machine can
be controlled by the floating H-bridges.

[0060] Figure 12B is a schematic diagram depicting another embodiment of a three-
phase grid-connected induction machine connected in a delta configuration with two of
the floating H-bridges of Figure 2 such that the power factor of the induction machine
can be controlled by the floating H-bridges.

[0061] Figure 12C is a schematic diagram depicting another embodiment of a three-

phase grid-connected induction machine connected in a delta configuration with three of
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the floating H-bridges of Figure 2 such that the power factor of the induction machine
can be controlled by the floating H-bridges.

[0062] Figure 13A is a schematic diagram depicting one embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a wye configuration with
the windings connected to operate at a high voltage connected with three of the floating
H-bridges of Figure 2 such that the power factor of the induction machine can be
controlled by the floating H-bridges.

[0063] Figure 13B is a schematic diagram depicting another embodiment of a nine-
terminal three-phase grid-connected induction machine connected in a wye
configuration with the windings connected to operate at a high voltage connected with
three of the floating H-bridges of Figure 2 such that the power factor of the induction
machine can be controlled by the floating H-bridges.

[0064] Figure 13C is a schematic diagram depicting one embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a wye configuration with
the windings connected to operate at a low voltage connected with three of the floating
H-bridges of Figure 2 such that the power factor of the induction machine can be
controlled by the floating H-bridges.

[0065] Figure 13D is a schematic diagram depicting one embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a wye configuration with
the windings connected to operate at a low voltage connected with three of the floating
three-phase inverters of Figure 6 such that the power factor of the induction machine

can be controlled by the floating three-phase inverters.
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[0066] Figure 14A is a schematic diagram depicting one embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a delta configuration with
the windings connected to operate at a high voltage connected with three of the floating
H-bridges of Figure 2 such that the power factor of the induction machine can be
controlled by the floating H-bridges.

[0067] Figure 14B is a schematic diagram depicting another embodiment of a nine-
terminal three-phase grid-connected induction machine connected in a delta
configuration with the windings connected to operate at a high voltage connected with
three of the floating H-bridges of Figure 2 such that the power factor of the induction
machine can be controlled by the floating H-bridges.

[0068] Figure 14C is a schematic diagram depicting another embodiment of a nine-
terminal three-phase grid-connected induction machine connected in a delta
configuration with the windings connected to operate at a high voltage connected with
three of the floating three-phase inverters of Figure 6 such that the power factor of the
induction machine can be controlled by the floating three-phase inverters.

[0069] Figure 14D is a schematic diagram depicting one embodiment of a nine-terminal
three-phase grid-connected induction machine connected in a delta configuration with
the windings connected to operate at a low voltage connected with three of the floating
H-bridges of Figure 2 such that the power factor of the induction machine can be
controlled by the floating H-bridges.

[0070] Figure 14E is a schematic diagram depicting another embodiment of a nine-
terminal three-phase grid-connected induction machine connected in a delta

configuration with the windings connected to operate at a low voltage connected with
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three of the floating H-bridges of Figure 2 such that the power factor of the induction
machine can be controlled by the floating H-bridges.

[0071] Figure 14F is a schematic diagram depicting another embodiment of a nine-
terminal three-phase grid-connected induction machine connected in a delta
configuration with the windings connected to operate at a low voltage connected with
three of the fioating three-phase inverters of Figure 6 such that the power factor of the
induction machine can be controlled by the floating three-phase inverters.

[0072] Figure 15 is a block diagram depicting one embodiment of a control system for
the three-phase inverter of Figure 6.

DETAILED DESCRIPTION OF EMBODIMENTS:

[0073] A method for controlling the power factor of an induction machine connected to a
power distribution grid according to the invention is provided. The power distribution
grid has an alternating voltage supply and a distribution line, and the induction machine
has at least one winding, as described below. The winding is connected to the
distribution line allowing the alternating voltage supply to deliver current to the winding.
The adjustable voltage source is connected, and may be connected in series, to the
winding, and the magnitude and phase angle of the adjustable voltage source is
adjustable. The adjustable voltage source may be an alternating current to direct
current power electronic converter and a direct current energy storage device, such as a
capacitor, a super capacitor or an electro-chemical battery. The induction machine may
be an induction motor or an induction generator. The converter may be controlled using

closed-loop feedback, open-loop control, or operate under a pre-defined condition.
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[0074] A method further provides for controlling the power factor of a polyphase
induction machine (for example, three phases) connected to a polyphase power
distribution grid having a plurality of grid phases (for example, three phases), each grid
phase further having an alternating voltage supply and at least one distribution line.
The induction machine has a plurality of induction machine phases, and each induction
machine phase has at least one winding. The winding of the first induction machine
phase is connected to the distribution line such that the alternating voltage supply of the
first grid phase can deliver current to the winding. The winding of the first induction
machine phase is also connected to one or more other windings the other induction
machine phases as required to achieve the desired connection configuration between
the polyphase power distribution grid and the polyphase induction machine. An
adjustable voltage source is connected in series with the winding of the first induction
machine phase, and the adjustable voltage source is configured to produce an output
voltage whose magnitude and phase angle can be adjusted to achieve the desired
power factor.

[0075] The invention also provides an induction machine with a controllable power
factor, the improved induction machine having one or more induction machine phases,
each induction machine phase having one or more windings. A winding of each
induction machine phase is connected to an external alternating voltage supply such
that current can be supplied to the winding of each induction machine phase. An
adjustable voltage source is configured to produce at least one output voltage whose
magnitude and phase angle can be adjusted; and the adjustable voltage source is

connected in series with at least one winding of the an induction machine phase,
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wherein adjusting the magnitude and phase angle of the output voltage changes the
power factor.

[0076] Now examples of the invention are described in reference to the figures.
Referring to Figure 1A, one embodiment of a grid-connected induction machine with a
controllable power factor is shown. In this embodiment, induction machine winding 5 is
placed in series with grid AC source 2 and adjustable voltage source 3, and grid AC
source 2 and adjustable voltage source 3 are both connected to ground 1. In this
configuration, the sum of the voltages across induction machine winding 5 and
adjustable voltage source 3 must equal the voltage of grid AC source 2.

[0077] Referring to Figures 1B and 1C, in operation, the voltage and current flowing
through induction machine winding 5 can be represented by winding voltage phasor 10
and winding current phasor 11, respectively. The voltage of grid AC source 2 can be
represented by grid AC source voltage phasor 13 and the voltage of adjustable voltage
source 3 can be represented by adjustable voltage source phasor 14. The difference in
phase angles between the voltage and current flowing through induction machine
winding 5 can be represented by winding phase angle difference 12.

[0078] Referring to Figure 1C, in operation, the output of adjustable voltage source 3 is
adjusted until the phase angle of the current flowing through induction machine winding
5 matches the phase angle of the voltage of grid AC source 2.

[0079] Referring to Figure 1D, in operation, the output of adjustable voltage source 3
can be further adjusted until the phase angle of the current flowing through the induction

machine leads the phase angle of the voltage of grid AC source 2, producing grid phase
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angle difference 15. As shown in Figure 1D, grid phase angle difference 15 can be
equal and opposite to winding phase angle difference 12.

[0080] Referring to Figure 2, one embodiment of an adjustable voltage source is shown
in the form of floating H-bridge 20. In this embodiment, floating H-bridge 20 includes
transistors 21, DC connections 22, AC connection points 23 and integral DC capacitor
24. In some embodiments, floating H-bridge 20 can be controlled to produce the
required output voltage using pulse width modulated switching signals from a digital
controller. The digital controller can receive inputs from sensors that measure the
voltage supplied by the power grid and the current flowing through the induction motor
winding and adjust the pulse width modulated switching signals controlling floating H-
bridge 20 to produce the required output voltage for the desired power factor. The digital
controller can also receive feedback in the form of the voltage signal across integral DC
capacitor 24 of floating H-bridge 20.

[0081] Referring to Figure 3, one embodiment of a grid-connected split-phase induction
machine with a controllable power factor is shown. In this embodiment, floating H-
bridges 20 are placed in series with main winding 31 and auxiliary winding 32.
Alternating current is supplied to the system via singie phase supply lines 30.

[0082] Referring to Figure 4, one embodiment of a wye-equivalent three-phase grid-
connected induction machine with a controllable power factor is shown. In this
embodiment, first phase winding 43, second phase winding 44 and third phase winding
45 receive alternating current from first phase supply line 40, second phase supply line
41 and third phase supply line 42, respectively. First phase winding 43, second phase

winding 44 and third phase winding 45 are also connected to three-phase adjustable
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voltage source 46. Three-phase adjustable voltage source 46 may incIUde three-phase
alternating current to direct current power electronic converter 47 and DC capacitor 48.
[0083] Referring to Figure 5, one embodiment of a delta-equivalent three-phase grid-
connected induction machine with a controllable power factor is shown. In this
embodiment, first phase winding 43, second phase winding 44 and third phase winding
45 receive alternating current from first phase supply line 40, second phase supply line
41 and third phase supply line 42, respectively. First phase winding 43, second phase
winding 44 and third phase winding 45 are also connected to floating H-bridges 20 as
shown.

[0084] Referring to Figure 6, one embodiment of a floating three-phase inverter with an
integral DC capacitor is shown. In this embodiment, floating three-phase inverter 60 can
comprise transistors 61, DC connections 62, AC connection points 63 and integral DC
capacitor 64.

[0085] Referring to Figure 15, one embodiment of a control system for floating three-
phase inverter 60 is shown. Supply line voltage sensors 100 detect voltages of first
phase supply line 40, second phase supply line 41 and third phase supply line 42 and
transmit supply line voltage signals 101 to digital controller 104. Induction machine
winding current sensors 102 detect currents flowing through first phase winding 43,
second phase winding 44 and third phase winding 45 and transmit induction machine
current signals 103 to digital controller 104. The output voltages of floating three-phase
inverter 60 are controlled by digital controller 104 via pulse width modulated switching

signals 105. Digital controller 104 receives feedback from floating three-phase inverter
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60 in the form of DC capacitor feedback signal 106, which represents the voltage across
integral DC capacitor 64 of floating three-phase inverter 60.

[0086] Referring to Figure 7A, one embodiment of a three-phase grid-connected
induction machine connected in an open winding configuration is shown. In this
embodiment, first phase winding 43, second phase winding 44 and third phase winding
45 receive alternating current from first phase supply line 40, second phase supply line
41 and third phase supply line 42, respectively.

[0087] Referring to Figure 7B, one embodiment of a three-phase grid-connected
induction machine connected in a wye configuration is shown. In this embodiment, first
phase winding 43, second phase winding 44 and third phase winding 45 receive
alternating current from first phase supply line 40, second phase supply line 41 and third
phase supply line 42, respectively. First phase winding 43, second phase winding 44
and third phase winding 45 can be connected as shown in Figure 7B to achieve the wye
connection configuration.

[0088] Referring to Figure 7C, one embodiment of a three-phase grid-connected
induction machine connected in a delta configuration is shown. In this embodiment, first
phase winding 43, second phase winding 44 and third phase winding 45 receive
alternating current from first phase supply line 40, second phase supply line 41 and third
phase supply line 42, respectively. First phase winding 43, second phase winding 44
and third phase winding 45 can be connected as shown in Figure 7C to achieve the
delta connection configuration.

[0089] Referring to Figure 8A, one embodiment of a nine-terminal three-phase grid-

connected induction machine connected in a wye configuration is shown. In this
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embodiment, first phase winding 1 80, second phase winding 1 82 and third phase
winding 1 84 receive alternating current from first phase supply line 40, second phase
supply line 41 and third phase supply line 42, respectively. The connections between
first phase winding 1 80, second phase winding 1 82 and third phase winding 1 84 and
first phase winding 2 81, second phase winding 2 83 and third phase winding 2 85,
respectively, are left open. First phase winding 2 81, second phase winding 2 83 and
third phase winding 2 85 are connected together as shown in Figure 8A.

[0090] Referring to Figure 8B, one embodiment of a nine-terminal three-phase grid-
connected induction machine connected in a wye configuration with the windings
connected to operate at a high voltage is shown. In this embodiment, first phase
winding 1 80, second phase winding 1 82 and third phase winding 1 84 receive
alternating current from first phase supply line 40, second phase supply line 41 and third
phase supply line 42, respectively. First phase winding 1 80, second phase winding 1
82 and third phase winding 1 84 are connected in series with first phase winding 2 81,
second phase winding 2 83 and third phase winding 2 85, respectively and first phase
winding 2 81, second phase winding 2 83 and third phase winding 2 85 are connected
together as shown in Figure 8B in order to achieve the high voltage, wye connection
configuration.

[0091] Referring to Figure 8C, one embodiment of a nine-terminal three-phase grid-
connected induction machine connected in a wye configuration with the windings
connected to operate at a low voltage is shown. In this embodiment, first phase winding
1 80, second phase winding 1 82 and third phase winding 1 84 receive alternating

current from first phase supply line 40, second phase supply line 41 and third phase
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supply line 42, respectively. First phase winding 1 80, second phase winding 1 82 and
third phase winding 1 84 are connected in parallel with first phase winding 2 81, second
phase winding 2 83 and third phase winding 2 85, respectively and first phase winding 1
80, second phase winding 1 82 and third phase winding 1 84 and first phase winding 2
81, second phase winding 2 83 and third phase winding 2 85 are connected together as
shown in Figure 8C in order to achieve the low voltage, wye connection configuration.
[0092] Referring to Figure 9A, one embodiment of a nine-terminal three-phase grid-
connected induction machine connected in a delta configuration is shown. In this
embodiment, first phase winding 1 80, second phase winding 1 82 and third phase
winding 1 84 receive alternating current from first phase supply line 40, second phase
supply line 41 and third phase supply line 42, respectively. The connections between
first phase winding 1 80, second phase winding 1 82 and third phase winding 1 84 and
first phase winding 2 81, second phase winding 2 83 and third phase winding 2 85,
respectively, are left open. First phase winding 1 80 is connected to third phase winding
2 85, first phase winding 2 81 is connected to second phase winding 1 82, and second
phase winding 2 83 is connected to third phase winding 1 84 as shown in Figure 9A.
[0093] Referring to Figure 9B, one embodiment of a nine-terminal three-phase grid-
connected induction machine connected in a delta configuration with the windings
connected to operate at a high voltage is shown. In this embodiment, first phase
winding 1 80, second phase winding 1 82 and third phase winding 1 84 receive
alternating current from first phase supply line 40, second phase supply line 41 and third
phase supply line 42, respectively. First phase winding 1 80, second phase winding 1

82 and third phase winding 1 84 are connected in series with first phase winding 2 81,
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second phase winding 2 83 and third phase winding 2 85, respectively. First phase
winding 1 80 is connected to third phase winding 2 85, first phase winding 2 81 is
connected to second phase winding 1 82, and second phase winding 2 83 is connected
to third phase winding 1 84 as shown in Figure 9B in order to achieve the high voltage,
delta connection configuration.

[0094] Referring to Figure 9C, one embodiment of a nine-terminal three-phase grid-
connected induction machine connected in a delta configuration with the windings
connected to operate at a low voltage is shown. In this embodiment, first phase supply
line 40, second phase supply line 41 and third phase supply line 42 supply alternating
current to the induction machine. First phase winding 1 80 and first phase winding 2 81
are connected in parallel between first phase supply line 40 and second phase supply
line 41, second phase winding 1 82 and second phase winding 2 83 are connected in
parallel between second phase supply line 41 and third phase supply line 42 and third
phase winding 1 84 and third phase winding 2 85 are connected in parallel between
third phase supply line 42 and first phase supply line 40 as shown in Figure 9C in order
to achieve the low voltage, delta connection configuration.

[0095] Referring to Figures 7A and 10A, floating three-phase inverter 60 can be
connected to a three-phase grid-connected induction machine connected in an open
winding configuration as shown in Figure 10A such that the power factor of the induction
machine can be controlled by floating three-phase inverter 60.

[0096] Referring to Figures 7A and 10B, floating H-bridges 20 can be connected to a

three-phase grid-connected induction machine connected in an open winding
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configuration as shown in Figure 10B such that the power factor of the induction
machine can be controlled by floating H-bridges 20.

[0097] Referring to Figures 7A and 10C, floating H-bridges 20 can be connected to a
three-phase grid-connected induction machine connected in an open winding
configuration as shown in Figure 10C such that the power factor of the induction
machine can be controlled by floating H-bridges 20.

[0098] Referring to Figures 7B and 11A, floating H-bridges 20 can be connected to a
three-phase grid-connected induction machine connected in a wye configuration as
shown in Figure 11A such that the power factor of the induction machine can be
controlled by floating H-bridges 20.

[0099] Referring to Figures 7B and 11B, floating H-bridges 20 can be connected to a
three-phase grid-connected induction machine connected in a wye configuration as
shown in Figure 11B such that the power factor of the induction machine can be
controlled by floating H-bridges 20.

[00100] Referring to Figures 7C and 12A, floating H-bridges 20 can be connected
to a three-phase grid-connected induction machine connected in a delta configuration
as shown in Figure 12A such that the power factor of the induction machine can be
controlled by floating H-bridges 20.

[00101] Referring to Figures 7C and 12B, floating H-bridges 20 can be connected
to a three-phase grid-connected induction machine connected in a delta configuration
as shown in Figure 12B such that the power factor of the induction machine can be

controlled by floating H-bridges 20.




WO 2014/107802 PCT/CA2014/000019
23

[00102] Referring to Figures 7C and 12C, floating H-bridges 20 can be connected
to a three-phase grid-connected induction machine connected in a delta configuration
as shown in Figure 12C such that the power factor of the induction machine can be
controlied by floating H-bridges 20.

[00103] Referring to Figures 8A, 8B, 13A and 13B, floating H-bridges 20 can be
connected to a nine-terminal three-phase grid-connected induction machine connected
in a wye configuration with the windings connected to operate at a high voltage as
shown in Figures 13A and 13B such that the power factor of the induction machine can
be controlled by floating H-bridges 20.

[00104] Referring to Figures 8C and 13C, floating H-bridges 20 can be connected
to a nine-terminal three-phase grid-connected induction machine connected in a wye
configuration with the windings connected to operate at a low voltage as shown in
Figure 13C such that the power factor of the induction machine can be controlled by
floating H-bridges 20.

[00105] Referring to Figures 8C and 13D, floating three-phase inverters 60 can be
connected to a nine-terminal three-phase grid-connected induction machine connected
in @ wye configuration with the windings connected to operate at a low voltage as shown
in Figure 13D such that the power factor of the induction machine can be controlled by
floating three-phase inverters 60.

[00106] Referring to Figures 9A, 9B, 14A and 14B, floating H-bridges 20 can be
connected to a nine-terminal three-phase grid-connected induction machine connected

in a delta configuration with the windings connected to operate at a high voltage as
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shown in Figures 14A and 14B such that the power factor of the induction machine can
be controlled by floating H-bridges 20.

[00107] Referring to Figures 9A, 9B and 14C, floating three-phase inverters 60 can
be connected to a nine-terminal three-phase grid-connected induction machine
connected in a delta configuration with the windings connected to operate at a high
voltage as shown in Figure 14C such that the power factor of the induction machine can
be controlled by floating three-phase inverters 60.

[00108] Referring to Figures 9C, 14D and 14E, floating H-bridges 20 can be
connected to a nine-terminal three-phase grid-connected induction machine connected
in a delta configuration with the windings connected to operate at a low voltage as
shown in Figures 14D and 14E such that the power factor of the induction machine can
be controlied by floating H-bridges 20.

[00109] Referring to Figures 9C and 14F, floating three-phase inverters 60 can be
connected to a nine-terminal three-phase grid-connected induction machine connected
in a delta configuration with the windings connected to operate at a low voltage as
shown in Figure 14F such that the power factor of the induction machine can be
controlled by floating three-phase inverters 60.

[00110] Additional details on the embodiments described above are provided in
the attached Appendices “A” and “B”. The references listed in each of the attached
Appendices A and B are hereby incorporated into this application by reference in their
entirety.

[00111] Although a few embodiments have been shown and described, it will be

appreciated by those skilled in the art that various changes and modifications can be
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made to these embodiments without changing or departing from their scope, intent or
functionality. The terms and expressions used in the preceding specification have been
used herein as terms of description and not of limitation, and there is no intention in the
use of such terms and expressions of excluding equivalents of the features shown and
described or portions thereof, it being recognized that the invention is defined and

limited only by the claims that follow.
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WE CLAIM:

1.

A method for controlling the power factor of an induction machine connected to a
power distribution grid, the grid comprising an alternating voltage supply and at
least one distribution line, and the induction machine comprising at least one
winding, the method comprising the steps of:

a) connecting the at least one winding to the at least one distribution line
such that the alternating voltage supply can deliver current to the at least
one winding;

b) connecting an adjustable voltage source in series with the at least one
winding, the adjustable voltage source configured to produce an output
voltage whose magnitude and phase angle can be adjusted; and

C) adjusting the magnitude and phase angle of the output voltage until the
desired power factor is achieved.

The method as set forth in claim 1 wherein the adjustable voltage source

comprises an alternating current to direct current power electronic converter and

a direct current energy storage device.

The method as set forth in claim 2 wherein the alternating current to direct

current power electronic converter comprises a floating H-bridge.

The method as set forth in any one of claims 2 to 3 wherein the direct current

energy storage device comprises a capacitor, a super capacitor or an electro-

chemical battery.

The method as set forth in any one of claims 1 to 4 wherein the induction

machine comprises an induction motor.
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The method as set forth in any one of claims 1 to 4 wherein the induction

machine comprises an induction generator.

A method for controlling the power factor of a polyphase induction machine

connected to a polyphase power distribution grid, the grid comprising a plurality

of grid phases, each grid phase further comprising an alternating voltage supply

and at least one distribution line, and the induction machine comprising a plurality

of induction machine phases, each induction machine phase further comprising

at least one winding, the method comprising the steps of:

a)

connecting the at least one winding of a first induction machine phase to
the at least one distribution line of a first grid phase such that the
alternating voltage supply of the first grid phase can deliver current to the
at least one winding of the first induction machine phase;

connecting the at least one winding of the first induction machine phase to
one or more other at least one windings of one or more other induction
machine phases as required to achieve the desired connection
configuration between the polyphase power distribution grid and the
polyphase induction machine;

connecting an adjustable voltage source in series with the at least one
winding of the first induction machine phase, the adjustable voltage source
configured to produce an output voltage whose magnitude and phase
angle can be adjusted; and

adjusting the magnitude and phase angle of the output voltage until the

desired power factor is achieved.
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The method as set forth in claim 7 wherein the adjustable voltage source

comprises an alternating current to direct current power electronic converter and
a direct current energy storage device.

The method as set forth in claim 8 wherein the alternating current to direct
current power electronic converter comprises a floating H-bridge.

The method as set forth in claim 7 wherein the polyphase power distribution grid
comprises a three-phase power distribution grid and the induction machine
comprises a three-phase induction machine.

The method as set forth in claim 10 wherein the desired connection configuration
between the three-phase power distribution grid and the three-phase induction
machine comprises one or both of a wye configuration and a delta configuration.
The method as set forth in any one of claims 10 to 11 wherein the adjustable
voltage source comprises a three-phase adjustable voltage source configured to
produce three output voltages whose magnitudes and phase angles can be
adjusted, and the three-phase adjustable voltage source is connected in series
with two or more at least one windings of one or more induction machine phases.
The method as set forth in claim 12 wherein the three-phase adjustable voltage
source comprises an alternating current to direct current power electronic
converter and a direct current energy storage device.

The method as set forth in claim 13 wherein the alternating current to direct

current power electronic converter comprises a floating three-phase inverter.
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The method as set forth in any one of claims 8, 9, 13 and 14 wherein the direct

current energy storage device comprises a capacitor, a super capacitor or an

electro-chemical battery.

The method as set forth in any one of claims 7 to 15 wherein the induction

machine comprises an induction motor.

The method as set forth in any one of claims 7 to 15 wherein the induction

machine comprises an induction generator.

An improved induction machine with a controllable power factor, the improved

induction machine comprising:

a) at least one induction machine phase, each induction machine phase
further comprising at least one winding;

b) means for connecting the at least one winding of each induction machine
phase to an external alternating voltage supply such that current can be
supplied to the at least one winding of each at least one induction machine
phase,

c) at least one adjustable voltage source configured to produce at least one
output voltage whose magnitude and phase angle can be adjusted; and

d) means for connecting the at least one adjustable voltage source in series
with the at least one winding of the at least one induction machine phase,
wherein adjusting the magnitude and phase angle of the at least one
output voltage changes the power factor.

The improved induction machine as set forth in claim 18, further comprising

means for connecting the at least one winding of each at least one induction
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machine phase to one or more other at least one windings of one or more other
induction machine phases as required to achieve the desired connection
configuration between the induction machine phases.

The improved induction machine as set forth in any one of claims 18 to 19
wherein the adjustable voltage source comprises an alternating current to direct
current power electronic converter and a direct current energy storage device.
The improved induction machine as set forth in claim 20 wherein the alternating
current to direct current power electronic converter comprises a floating H-bridge.
The improved induction machine as set forth in claim 18 wherein the number of
induction machine phases is three.

The improved induction machine as set forth in claim 22 wherein the desired
connection configuration between the induction machine phases is a wye or delta
configuration.

The improved induction machine as set forth in any one of claims 22 to 23
wherein the adjustable voltage source comprises a three-phase adjustable
voltage source disposed to produce three output voltages whose magnitudes and
phase angles can be adjusted, and the three-phase adjustable voltage source is
connected in series with two or more at least one windings of one or more
induction machine phases.

The improved induction machine as set forth in claim 24 wherein the three-phase
adjustable voltage source comprises an alternating current to direct current

power electronic converter and a direct current energy storage device.
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The improved induction machine as set forth in claim 25 wherein the alternating
current to direct current power electronic converter comprises a floating three-
phase inverter.

The improved induction machine as set forth in any one of claims 19, 21, 25 and

26 wherein the direct current energy storage device comprises a capacitor, a

super capacitor or an electro-chemical battery.

The improved induction machine as set forth in any one of claims 18 to 27

wherein the improved induction machine comprises an induction motor.

The improved induction machine as set forth in any one of claims 18 to 27

wherein the improved induction machine comprises an induction generator.

An induction machine with a controllable power factor, the induction machine

comprising:

a) a first induction machine phase, the first induction machine phase further
comprising a first winding; wherein the first winding of the first induction
machine phase is connected to an external alternating voltage supply
such that current can be supplied to the first winding of the first induction
machine phase;

b) an adjustable voltage source configured to produce an output voltage
whose magnitude and phase angle can be adjusted; and

C) wherein the adjustable voltage source is connected in series with the first
winding of the first induction machine phase, and wherein adjusting the
magnitude and phase angle of the output voltage changes the power

factor.
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The induction machine of claim 30, further comprising a second induction phase

having a second winding, the winding of the first induction phase connected to
the second winding.

The induction machine of one of claims 30 or 31 wherein the adjustable voltage
source comprises an alternating current to direct current power electronic
converter and a direct current energy storage device.

The induction machine of claim 32 wherein the alternating current to direct
current power electronic converter comprises a floating H-bridge.

The induction machine of claim 30 further comprising second and third induction
machine phases, having respective second and third windings.

The induction machine of claim 31 wherein the connection between the first and
second winding is a wye or delta configuration.

The induction machine of claim 34 wherein the adjustable voltage source
comprises a three-phase adjustable voltage source disposed to produce three
output voltages whose magnitudes and phase angles can be adjusted, and the
three-phase adjustable voltage source is connected in series with two or more of
the first, second or third windings.

The improved induction machine as set forth in claim 36 wherein the three-phase
adjustable voltage source comprises an alternating current to direct current
power electronic converter and a direct current energy storage device.

The improved induction machine as set forth in claim 37 wherein the alternating
current to direct current power electronic converter comprises a floating three-

phase inverter.
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The induction machine of one of claims 32 or 33 wherein the direct current
energy storage device comprises a capacitor, a super capacitor or an electro-

chemical battery.

The induction machine of one of claims 30 to 39 wherein the induction machine

comprises an induction motor.

The induction machine of one of claims 30 to 39 wherein the induction machine

comprises an induction generator.




WO 2014/107802 PCT/CA2014/000019
1/16

©

VAR
=

= -:\5

@ Figure 1A

®

<%

@ Figure 1B

® Figure 1C



WO 2014/107802 PCT/CA2014/000019
2/16

Figure 1D



WO 2014/107802 PCT/CA2014/000019
3/16




WO 2014/107802 PCT/CA2014/000019
4/16

@\

o } 1
Figure 3



PCT/CA2014/000019

WO 2014/107802

5/16

P ainbi4




Qe

[T




WO 2014/107802

7/16

PCT/CA2014/000019



PCT/CA2014/000019

WO 2014




WO 2014/107802 PCT/CA2014/000019

Figure 8A



WO 2014/107802 PCT/CA2014/000019

Figure 9C

Figure 9B

Figure 9A



WO 2014/107802 PCT/CA2014/000019
11/16

Figure 10C



WO 2014/107802 PCT/CA2014/000019
12/16

@

® —

@ -5

20}

Figure 11B



WO 2014/107802 PCT/CA2014/000019

. @
@<\ ' : | /@

_Ye

Figure 12B

’ ’ \\‘ifw\\ﬁé"l
/ —Xe

Figure 12C




PCT/CA2014/000019

WO 2014/107802

14/16

ag| s4nbig

Og) ainbiy




PCT/CA2014/000019

WO 2014/107802

15/16

4| 2inbig

® |9

0 L

J¥1 ainbiy

@ G
Ok




WO 2014/107802 PCT/CA2014/000019
16/16

Figure 15



INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2014/000019

A CLASSIFICATION OF SUBJECT MATTER
IPC: HO2P 27/02 (2006.01)y., H02J 3/18 (2006.01), HO2P 25/02 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification svmbols)
HO2P 27/02 (2006.01), HO2T 3/18 (2006.01), HO2P 25/02 (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included m the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Databases: EPOQUE (English databases, EPODOC, [EEE), Canadian Patent Database

Kevwords: reactive, power, factor, grid, induction, floating, bridge, phase, angle, voltage, shift, motor, machine, DC, link, capacitor, correction,

injection, series, adjust

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A Wiik et al., “Tmprovement of Synchronous Generator Characteristics Using Bi-directional
Current Phase Control Switch =, Power Electronics and Motion Conirol Conference, 2006.
EPE-PEMC 2006. 12th International , Portoroz, Slovenia , XP031009132, Pages 1506-1511,

1 September 2006 (01-09-2006)

P Knight et al., “A grid-connected induction machine capable of operation at unity and leading
power factor =, Energy Conversion Congress and Exposition (ECCE), 2013 IEEE, Denver,

CO, US4 , XP032516500, Pages 238-245, 19 September 2013 (19-09-2013)

P Kunight et al., “A cage rotor induction generator capable of supplying reactive power™,
Industrial Electronics (ISIE), 2013 IEEE International Symposium on, Taipel, Taiwan,

XP032439555, Pages 1-6. 31 May 2013 (31-05-2013)

?m Further documents are listed in the continuation of Box C. T‘ See patent family annex.
*  |Special categories of cited documents: =T |later document published after the international filing date or priority

A" |document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E™  |earlier application or patent but published on or after the international X |document of particular relevance: the claimed mvention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L"  |document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other Y™ |document of particular relevance: the claimed mvention cannot be
special reason (as specitied) considered to mvolve an inventive step when the document 13

(" |document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents. such combination
document published prior to the international filing date but later than being obvious to a person skilled in the art

“P  [the priority date claimed “&” |document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

02 April 2014 (02-04-2014) 02 April 2014 (02-04-2014)

Name and mailing address of the ISA/CA Authorized officer

Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT Darren Cassidy (819) 934-7887

50 Victoria Street

Gatineau, Quebec K1A 0C9

Facsimile No.:  001-819-953-2476

Form PCT/ISA/210 (second sheet ) (July 2009)

Page 2 of 2



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - wo-search-report

